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FOREWORD

The Agency sponsored this Coordinated Research Programme to improve
knowledge of various long—lived radionuclides likely to be dumped in the deep
sea. During 1981 the first steps were taken to organise the programme, and the
precise objects were;

1. To identify and quantify the factors which control the migration and
chemical forms of long-lived radionuclides in deep—ocean sediments.

2. To quantify the rate and degree of transport of the radionuclides from
sediments to overlying waters.

3. To improve knowledge of the dispersion of dumped waste from the
deep—sea to surface and other water bodies.

4. To determine the redistribution of radiocactivity by burrowing organisms
(bioturbation).

5. To develop quantitative estimates of radionuclide uptake by benthic
organisms and transfer through the marine food-chain.

During the period of the programme, meetings were held in Lisbon (8-12
November 1982), Hamburg (24-28 October 1983) and Monaco (29 October -2
November 1984).

If radionuclides can diffuse from a point where they are dumped in the
deep ocean to man, it is necessary to accumulate knowledge of the paths and
their relative importance. This must be done for many isotopes, and the amount
of research involved 1s therefore large. It necessarily involves prediction,
since actual transfer to man from such dumpsites has not yet been demonstrated.

Because of the international character of such potential pollution,
international investigation is appropriate.

The isotopes studied were mainly 238pu, 239,240py, 241am, 226Ra, 210po,
90Sr, 137Cs, 60Co, and 99Tc.

With sediments a knowledge of the way these isotopes distribute themselves
between the water and solld phase helps in predicting diffusion. This is
usually considered in terms of a parameter known as "Kq". However, there has
been some controversy whether that parameter 1s applicable when the
solid/liquid ratio 1s very high. One study in this TECDOC considers this and
the great importance of good phase separation In experimental studies. Some
authors describe the actual distributions and inventories of isotopes found in
sediments and in waters, while others describe work on how biloturbation has
probably influenced those concentrations. Bioturbation seems to be rather more
important than previously emphasized, and more work will therefore be
necessary.

When radionuclides enter the water phase, at least two obvious pathways to
man exist; through material ingested by fish which are them caught, or through
the water carrying the radlionuclides to the coast where exposure could arise
through other paths. Two authors describe concentrations of various isotopes
in fish, one in various trophic levels of an ecosystem which is in relatively
shallow water, but contains high quantities of such radionuclides (weapon
testing grounds in the Pacific) and another in a deepwater fish, which may
live relatively near a dumpsite.

As regards speciation much work remains to be done, but some useful data
are supplied which describe amounts of various forms of isotopes including
those attached to particles in the oceans.



Investigatlions on areas even closer to man are described by some workers,
who analysed littoral biota, such as mussels, for various radionuclides, and
finally a paper glves a perspective on likely levels of ultimate transfer to
man, or risk.

Durlng the three years of this coordinated research programme the state of
knowledge has advanced significantly in this area, and this document provides
a review of the progress.

The authors discussed each others' contributions at the last meeting held
in Monaco, but this should not be construed as meaning they have all reviewed
in detail the final form of contributions as presented here.
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ACTINIDE SORPTION ON MARINE SEDIMENTS

J.JW. HIGGO, L.V.C. REES, D.S. CRONAN
Imperial College of Science and Technology,
London, United Kingdom :

Abstract

Sorption experiments with Pu, Am and Np were carried out using deep sea sediments
collected from near the North-east Atlantic dump site. Experiment times were as

long as 100 days and sediment concentrations ranged from a few tens of milligrams

to a few tens of grams per litre because the aim was to model diffusion within the
sediments. If Rd has the same units as Kd but with no assumption of equilibrium
then the Am Rd was 106, but that for Np only 600 for red clay and about 1000 for

carbonate sediment. For Pu (Rd normally 1000) there was a decrease in R, with

d
. ; -1
sediment concentrations of greater than 10 mg 1 ascribed to carbonate complexation.

Calculations showed that if Rd is high, imperfect phase separation may easily

produce artificially low apparent Rd values. The effect of changing the oxidation
state of Pu was important. The results showed that if such isotopes in the form of
waste were emplaced 20 m or more below the sediment surface, the amount ultimately

reaching the surface would be negligible, at least for this clay and carbonate

sediment,

1. INTRODUCTION

The disposal of high-level nuclear waste in subseafloor
sediments 1s under anvestigation in several countries as an
alternative to disposal on land. 1If cannisters containing the
vitrified waste are buried in the sediments the main barrier to
the final emergence of the radioactive nuclides to the marine
ecosystem will be the near-surface sediments. How effective the
sediments will be as a barrier will depend upon the extent to
which they interact with any nuclides that escape from the waste
packages. This paper is a brief summary of a series of
experiments desigred to study the interaction between the
actinides americium neptunium and plutonium and deep-sea
sediments. The work has been described ixn more detail in
references 1-5.

The sea water/sediment system 1s extremely complex and in
order to assess the suitability of marine sediments as a barrier
to radionuclide migration it was decided to adopt an empirical
approach. Thus, a set of thirteen carefully selected sediments
was contacted with sea water which had been spiked with the
nuclide of interest under conditions as close as possible to
natural conditions and thear sorption behaviour studied. The
sediments were never allowed to dry out after recovery from the
seabed, the temperature was maintained at LOC througnout the
experiments and natural sea water was used. No attempt was made,



however, to control the E, and 1t was assumed that the effect of
pressure would be small. Because the actinides may exist in
several oxidation states the oxidation state distribution was
determined at each stage of the experaiments.

The samples were chosen to represent a wide variety of
sediments occurring in the deep sea. The calcium carbonate
content varied from less than 27 to 897 and X-ray diffraction was
used to 1dentify the other components present. In addition to
the sediments containing calcium carbonate and various types of
clays, two manganese nodules were crushed and studied in the same
way as the other samples.

The reason for including these nodules 1in the study 1s that
hydrous oxides of manganese and iron occur 1in virtually all
sediments, both as discrete oxide particules and as partial
coatings on other minerals and 1t 1s laikely that they exert an
influence on the sorptive properties of the sediments which 1s
out of all proportion to their concentration. The 10n exchange
capacities of these oxides 1s large, but possibly more important zis
the fact that they themselves participants in oxidation reductian
cycles and evidence 1s accumulating that retention of actinides
in sedaiments 1s fregquently the result of precipitation during
redox reactions rather than by ion exchange. All the samples
were characterized as fully as possible to assess whether any
particular property had an effect on the sorptive properities.
Thus 1n addition to the mineralogical analysis, chemical
composition, surface areas and cation exchange capacities were
determined.

The results of the sorption experaiments are given in terms of
the distribution rataio Rd defined as

Ra= Concentration of a species on the solid at time of measurement
Concentration of the species in the liquid at time of measurement

the unit used being ml/g. This 1s an empirical ratio and unlike
the distribution coefficrent, Kd, does not imply reversibility or
equilaibrium and no_attempt 1s made to relate 1t to a specific
sorption mechanism

2. EXPERIMENTAL

2.1 Sample Characterization

The mineralogy of the sediments was determined by X-ray
diffraction and the elemental composition by inductively coupled
plasma spectroscopy after fusing with LiB0O_ (major elements} and
by atomic absorption spectroscopy after digestion in
HF /HNO_/HC1O {minor elements). Surface areas were determined
by the Sl?pﬁlfled ethylene glycol monoethyl ether (EGME)
procedure ' and cation exchange capacities were determined by
the caesium ex?Bange procedure described by Beetem. The sodium
acetate method was also used on some samples and agreement
between the two methods was found to be good.

2.2 Determination of Distribution Coefficients

The batch partitioning exeriments were carried out as far as
possible according to t?? method prescribed by Relaya 1in the
"Task &' Status Report. K . values reported by different
laboratories for similar or even the same materials tend to
differ widely and Relaya has emphasized the need for
standardization.



The temperature was kept at 4°C at all times and the sea
water was filtered through 0.22y filters before wuse. 1In order
to ensure that representative samples were obtained sediments
were mixed with sea water to form a slurry and samples weighing
between 50 and 100 mg (dry weight) were transferred by pipetting
while agitating into 58 ml Oakridge-type polycarbonate centrifuge
tubes. After an 1initial prewash 1n sea water they were
centrifuged for 90 minutes at 7000 rpm and the supernate
discarded.

Spiked sea water solutions were prepared by adding 1-2 ml of
the tracer i1n acid solution to 500 ml sea water. The pH was
readjusted to 8.2 with NaOH and the solutaions left to equilibrate
for several weeks. Immediately before use they were filtered
through 0.22py filters and analyzed for tracer concentratlon._ghe
final conceggﬁatlons in these sg%Eed solutions were 1;3 x 10 M
or 1.B_§210 M for Am = 2 X 10 M for Pu and 3 X 10 or
1 X 10 M for Np. Even at these low concentrations the Am was not 1in
true solutaion., Thus, filtration of the more concentrated
solution through successive pailrs of millipore filter papers
showed that about 17 of the total actaivity was in the size range
941“ t029522u 399 anothegaéz was 1n the size range 0.025p-0.1p.

Am, Np, Np a Pu were the 1sotopes used in the
sorption experiment. Np concentrations were determined by
counting ngg?rt109§70f llqu&ﬁeln a Nal well-type scantillation
counter. Am, Np and Pu were determined by alpha
spectrometry after extraction into TTA (2-thenoyl
ggéfluroacgggne) dissolved 1n cyclohexane or benzene.
N nd Pu were used as yield monitors. The oxidation state

distribution was determined before and after sorption using a
combination of lanthaalgesf%gorlde precapitations and sclvent
extraction with TTA. ~'°'7°

In the first set of experiments the solid/solution ratio was
kept constant at 3.3g sediment/l (on a dry weight basis). Later
1t was found that this was a critical parameter and the results
of a thorough investigation into the effect of varying solaid/
solution ratio are given i1n section 4.

243Am.

3. RESULTS AND DISCUSSION
3.1 Sediment Characterization

The results of the mineralogical and chemical analyses and
of the surface area and cation exchange determinations are given
in Tables I and II. It can be seen that the samples fall into
several categories, viz:

1. Those haigh 1in calcium carbonate and containing minor-
amounts of montmoraillonite, quartz, and clay minerals. The
calcium carbonate content of these samples ranges from 457 to 807
and, as many of the other variables show a direct relationship to
this value, the samples have been arranged in order of decreasing
CaCO3 content.

2. Red clays. These were obtained from the mid-Atlantic at
a depth of about §000m. they are almost completely carbonate
free and contain guartz and various clay minerals. Although not
detected by X-ray diffraction, the chemical analysis suggests the
presence of 57-107 amorphous 1ron oxy-hydroxides. Although the
surface area of these sediments 1s high the cation exchange
caicaty 1s low.



TABLE L

Mueralogy ot Sediments

Cowposition

Sample No Major Minor Trace
10S 3 Calone e, Koodinte
M77 20 Culcrte Qu oty
1039957k Cilane Navhiute, dhite Plhigiocdase teddspat
Siicente o
10S o Chln Quuts Kaohte
e, Montimonttom
10S 4 Caluitn Manunoniionite Quatz
e
Kiolunte
105> Calere Quuaite, haolute
e
108 2 C oo Quuiiz, Mie Mised layer chionte
Momimontionie
5702 Caluite, Quuarnie e
St 1578 Smectite (30 10%)
Fe Oxyhydroxides t8 10°0)
S04 a5 wiurplious sthica
1040073K e Kaohinite
Quaits Simctite
o onyhydrovdes
1051 IHite Quuits
haolme plagioctase teddpar Cuue (< 59)
e uayhy diovides
MV 651 Birtessite Quurte
Todorokite
6269 No 2 Amutphious
Miomd Te 6 - Mn0,
Oy hydrosades
Table 2+ Chemical Composition of the Sediments.
Sample CaCUa S1 Fe Hn Al Hg Na X N1 Cu Zn Ta P Pb CEC S’
No 1 1 1 1 1 1 1 1 ppm ppm pam ppm ppm ppm  MEg/100g m /g
105-3 89 07 06 0 05 0 85 018 055 031 20 68 s 150 140 10 1 24
MIT-20 88 22 [ 012 14 - 020 632 2t 291 109 550 1] 8 1 30
10399=7K 85 33 18 0 o 34 073 088 24 - - - 1800 250 - 17 85
10S-6 73 19 1.6 0 o3 24 D5 038 08§6 35 90 65 1200 310 s 19 546
105-+4 69 27 12 ¢ 07 30 0 51 055 096 32 90 15 1500 130 <5 17 63
105-5 59 31 2.3 013 36 0 76 040 1 10 43 92 87 2200 330 20 43 58
108 2 50 1% 25 0 03 3 10 044 130 SO 89 101 2300 500 20 31 131
s 102 45 52 31 0o1s L - 044 113 165 53 89 2500 430 ] 20 97
SH 1578 ¢ 120 146 43 z 0 - 070 0 34 555 13 135 1100 340 15 124 196
10400+ 8K 3 24 6 50 0 32 [ 168 08 25 - - - 5500 680 - 43 190
105-1 2 T 53 D 31 [ 18 085 25 109 157 137 - 590 30 45 1939
HV 65 1 - - 22 329 22 - - - 1800 1200 1340 - - 22 100 95
5269 No 2 - - 131 168 17 - - - 4680 1580 580 - - 760 82 340
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3. Manganese nodules., 6269 No.2 1s high 1n amorphous iron
and manganese hydroxides whereas MV 651 1s composed mainly of the
minerals pbirnessite and todorokite.

L. SH 1578, a smectite rich sediment containing amorphous
si1lica and 1ron oxy-hydroxides.

3.2. Distribution Ratios
3.2.1 Americium and Neptunium.

Figures 1-4 show how the distribution ratios varied with tame.
For all the sediments studied they were > 10~ for ameracium. Neptunium
drstribution coefficients were more variable, red clay giving
the lowest values and the i1iron and manganese rich samples the
highest. Apart from oge red clay, all the neptunium dastribution
coefficients were > 10°. Conditions used were relatively
oxidizaing and under more reducing conditons R are likely to be
even higher. This means therefore that 1f transport 1s mainly by
diffusion 1t woyld take Np about 10" years (50 Np-237 half lives)
and Am about 10 T3¥? rs {10 Am-241 half lives) to pass through
30m of sediment. Americium would therefore certainly never
reach the sediment/water interface and neptunium 1s unlikely to
pose a significant hazard. Provided, therefore, that the other
properties are satasfactory, all the sediments studied (with the
possible exception of the red clays for neptunium} should form
excellent barriers to the migration of both these nuclides.

It was found that both before and after sorption the
neptunium was i1n the V oxidation state. Americium was
presumably 1n the III state.

The reactions for Np appeared to be reversible {with the
possible exception of the Fe-Np reaction) but descrption R, for
Am are an order of magnitude higher than adsorption R, . This
apparent difference between sorption and desorption R may mean
that the sorption/desorption reaction 1s irreversible or it may be
due to the presence of a poorly sorbed species in the sorption
experiments,

3.2.2 Plutonium: Faigure 5 shows how the distribution ratio for
total plutonium changed with time and 1t can be seen that
although sediments absor?ed plutonium at different rates the
final overall R, was > 10 for all sediments after 12 days.
Faigure 6 shows how the concentration of the various
oxidation states changed with time. At the beginning of the
experiment approximately 727 of the Pu 1in the 1initial spiked sea
water was i1n the oxidised Pu(V + VI} forms. This agrees well
with the values found by Nelson and Lovett for surface waters in
the Irish Sea. Thus, although the Pu concentration in this spiked
sea water was roughly th ?e orders of magnitude hlghe§1§han 1n
the Irish Sea (3.1 x 10 M as compared with 6.7 x 10 M} the
oxidation state distributions were similar. When sediment was
added to this sea water the concentration of reduced Pul(111 + 1IV)
dropped much more rapidly than the concentration of Pu(V + VI,
Thus for sample (10400 8K) the concentration of Pu (111 + IV}
dropped by more than a factor of ten during the first hour,
whereas after that time the Pu(V + VI) was still more than two
thirds of 1ts original value. It 1s fairly meaningless to
calculate distraibution ratios for andividual oxidation states
because there may be interchange between them but 1t 1s
interesting to compare R, after one hour and to note that for
Pu{IITl + IV) 1t was 3000 as compared with 50 for Pu (V + VI).
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With time the oxadised PulV + VI] was also very efficiently
removed from solution. In fact after 102 days there was more
reduced than oxidised Pu in solution for all the samples. It 1s
impossible to tell whether the Pu-V 1s adsorbed as Pu-V or
whether 1t 1s reduced during or before sorption but 1t 1s clear
that 1t 1s the rate of sorption of Pu-V which governs the rate at
which the overall R, increases with time. It 1s probably
significant that there 1s a strong correlation between the rate
at which Pu-V 1s removed from solutaion and the Np dlstrlbutlo?5
coefficient. This 1s 1llustrated in Figure & where the Np R
are written next to the corresponding graphs showing the rate at
which the Pu-V concentration decreases during 22 hours. This
figure also 1llustrates the dramatic difference in the rates of
scrption.

If one assumes that removal from solution 1s accompanied by
reducticn then one can rank the sediments 1in order of reducing
ability, the order being SH 1578 > 10399 7K > 10400 8K. So,
although the range in final distribution coefficients was not
large, the rate at which Pu was adsorbed by the different
sediments varied signifacantly Thus the smectite, SH 1578,
adsorbed 9871 of the total Pu within the first 22 hours whereas
the red clay and the carbonate-raich sediment adscrbed 607 and 801,
respectively, during the same period. This rate appears to be
related to the ability of the sediments to reduce plutonium from
the Pu-V to the Pu-IV form.

Desorption distribution ratios were five to ten times
greater than sorption distribution ratios and the proportion or
reduced plutonium 1n solution was much the same as at the end of
the sorption period. 7o a certain extent the high desorption
distraibution ratios may be explained by the presence of some nan-
sorbable spieces (e.g. organic complexes or micro-plarticulates
that were not removed during phase separation) which lowers the
observed sorption Rd more than the desorption Rd. However,
differences of this magnitude probably indicate that the
sorption-desorption reaction 1s, at least to some extent,
irreversible, 17 18

Edgington, ’ by comparaing the K., values reported in the
literature has ranked the actinides in oOrder of decreasing
distribution coefficient as follows:

Th{IV) = PulIV) = Am{III) > U{VI) >> Np(V)
This ranking was based on the results from a number of different
sediments studied under different conditions. As a result of the
present work we now have a complete set of R, values for Pu, Am
and Np all determined under identical conditidns and on the same
sediments and these values for both sorption and desorption are
given in Table 3. Included :n Table 3, on the assumption that

Table 3 Relationship between distribution ratios and the rate at which Pu V 1s removed from
solutivn by the different sediments,

“Reducing Power Distribution Ratio ml/g
as indicated by
Sample percent Pu Vv
remaining in Np Pu Am
Solution after
thr 2hr jod sorption sorption desorption sorption desorptaon
and 102 d 56 d
desorption
SH 1578 31 i 01 Tox l[]3 9 x ID‘ 4 X 105 4 R l[l5 26 x 105
4
$393 1K 59 27 [ 3 % \03 6 x 10 2 x 105 2 % 105 -5 x 105
10400 8K 8% V7 317 03 x 103 5 x IO‘ 2 x lu5 1 ll]5 -6 x 105
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this 1s a measure of the ability of the sediments to reduce the
actinides, 1s the percent of Pu-V remaining in solution after the
different time 1intervals. Of course, this may not be a valid
assumption and thse figures may simply be an indication of the
relative ability of the different sediments to adsorb pentavalent
actinaides.

4. The Effect of Solid/Solution Ratio on the Measured
Distraibution Coefficient

In all the work described so far a solid/solution ratioc of
3.3 g/1 was used. However, in the disposal situation this ratio
will, of course, be much higher and 1t was decided to investigate
the effect of increasing this ratio. The results showed two
important effects. One, specific to plutonium on high-carbonate
sediments has important implications from the waste management
point of view and the other which applies to all high Rd species
highlights some of the problems associated with the determination
of distribution coefficients by the batch method.

4.1 Plutonium on high-carbonate sediments.

Two sets of samples of the high~carbonate sediment, 1038 7K
were shaken with sea y?aer ygéch had an rnitial concentration of
35000 Bg/1 (2.33 x 10 M} P The solid/solution ratio
ranged from about 0.002 to 0.2 (2g/1 - 200/1) and a series of
experiments were carried out on them. Phase separation was
always carried out by centrafugaing for 90 mins at 7000 rpm.
{5280g) followed by filtration through 0.22y milipore filters.

The first set of sediments was 1) analysed after 24 days
and the distribution ratios calculated. 11) the supernate
remaining after the first sorption was transferred to tubes
containang 08.1g quantities of fresh sediment and a second
distribution ratio determined. 111} Fresh unspiked sea water
was added to the loaded sediment and the desorption distribution
ratlio was measured.

The second set of sediments was (1} analysed after 29 days
{exactly 5g of the solution phase removed) for reduced Pu({III +
1V) and oxidised Pu(V + VI) as well as total Pu, (11} after 128
days the solution phase was again analysed but this time the
excess solution was added to fresh sediment keeping the solid/
solution ratio the same as 1n the original sorption experiments.

Table 4 shows the three sets of distribution ratios together
with the percent reduced Pu in solution after phase separation.
It can be seen that for solid/solution ratios greater than about
0.04 (40g/1) the distribution ratios were remarkably low {100 to
200 ml/g instead of the usual >10 ml/g) and there was no
significant increase in R, as the contact time increased from 24
to 128 days. Furthermore, at these high solid/solution ratios
the plutonium 1n solution was virtually all in the oxidised (V +
VI) forms. At low solid/solution ratios, on the other hand, the
plutonium was mostly in the reduced (III + IV} forms and
distribution ratios were greater than 10 . For the two samples
containing the least sediment the distribution ratio after 129
days did seem to be significantly greater than after 29 days.

We thus have the situation that i1n carbonate sediments
plutonium behaves quite differently at high and low
solid/solution ratios. The obvious explanation 1s that at high
solid/solution ratios carbonate complexes are formed which are
sorbed less strongly than are Pu 0O ’ and Pu(OH)+ which are the
forms in ?Blcqulaaonlum ex1sts ain sea water in %he absence of
sediment, ' No attempt was made to determine whether the

13



Table 4 Pu Oxidation State Distribution During Sorption

Py-238 Concentration (Bq/1) during sorption Ratio
V o+ VI
Sample | Time Total (Il + 1IV) Y+ VI (11141v+Y) 1v 111 Vi —_—
I+ v
Inttial
Sea-water 4356 * 142111242 = 120 {3366 = 144 | 4656 = 186 | 1200 + 138 | 42+183 - 27:+03
31 x 107
1h 1026 = 171 103+ 3 {1053 2 316 | 1022 = 129 90t 104 13:M - 10231
© 22 h 88+ 8 3B 2 44+ 3 89+ 2 46+ 2 |-10: 3 - 12:01
- 0d 24 2 19 2 2407 21+ 1 20+ 1 0-1+2115:+067 01+004
& 102 d 24 ¢ 2 17+ 3 4814 24+ 2 19+ 1(-2+2{03=203 03201
2 1h 2416 + 98 107 ¢+ 11 11983 ¢+ 88 | 2364 ¢+ 709 80+ 5| 28:12 - 19+ 2
22 h 855 = M1 43+ 2 897 &+ 51 766 = 42 43+ 2 5: 3 - 18 =
@ 30 d ¥ 3 19+ 2 22+ 2 44+ 25 18z 1 1+t 2 (14205 1:02
§ 102 d 20 1 13+ 1 6+ 2 20 2 M+ 21 -122109:03 05202
x 1h 2982 * 895 128+ 6 | 3011 + 109 [ 2909 + 146 64+ 14| 64+15 - 242 1
22 h 1724 £ 35 68 £ 4 11589 + 180 | 1345+ 61 65 * 4+ 7 - 23+ 3
- 30d 122 ¢ 15 17+ 1 126 ¢ 6 98+ 9 21+ 2| -4+ 2 12+ 2 7+
g 102 d 26t 2 14 g 1 28+ 1 17+ 1| -3+ 2 T+ D6 01

plutonium was 1n the V or the VI form but the fact that
neptunium did not behave in the same way indicates that we were
probably dealing with Pu(VI} complexes, since neptunium has been
shown to be in the V form in sea water and in our laboratory
experiments. his 1s in agreement glth the predictions of
Skytte Jensen which give PU (CO and PUO (CO } as the most
likely carbonate spec1es at Pﬁ 8 and Eh about gUO mv. The
bicarbonate Pul{( OH)ZIHCO ) may also be present. Sullivan
and Woods22 have studiéd thé interaction of Pu{lIV) with bicarbon-
ate and concluded that in sea water soluble Pu(VI) woyld exist 1in
roughly egual amounts as PuO (OH) and Pu(gQH) (HC03) with about 157
as Pu O (CO }2-

When the soiutlon phase remaining after the first Rd
determination was contacted with fresh sediment the results
depended on whether the solid/solution ratio was kept high or
whether 1t was lowered for the second Rd determination. If the
solid/solution ratio was high for both the first and second
sorptions the distribution ratio was the same both times and
virtually all the plutonium was 1n the oxidised {V + VI} forms
after both sorptions. This must mean either that only one
plutonium species was present 1n solution or that equilibrium
between different species was rapidly re-established as one
specles was removed from solution.

If the solid/solution ratio 1p the second sorption was low
the distribution ratio rose to »10° and the percentage of
oxidised PulV + VI) dropped. Clearly, therefore, in the absence
of large quantities of sediment some of the plutonium carbonates
have reverted to more readily sorbable species.

4.2 Effect of the presence of some "low-Rd" species.
It was found experimentally that in many cases the observed
Rd decreased as the solid/solution ratio was increased. This

effect has been observed by other warkers and various
explanations offered. We considered that the most likely
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explanation was that some "low-Rd" species was present. It
would remain with the solution phase and lower the cbserved
overall Rd. This low-Rd species could be i1in the form of
complexes with organic matter or anions such as carbonates or 1t
could simply be micro-particulates which remained with the liquid
phase duraing phase separation. These micro-particulates could be
true colloids but are more likely to be fine particles of
sediment or iron and manganese oxy-hydroxides to which the
nuclides have sorbed.

In order to assess the effect that the presence of such low-
Rd species would have on the measured Rd a series of theoretical
calculations were carried out and graphs showing the effect that
small amounts of a low-Rd species will have on the observed Rd
are given in Faigures 7 and 8. It 1s frequently convenient to
plot log {Co - C)/C rather than log Rd against Log m/v (where Co
and C are the ainitial and final concentration 1n solution,
respectively, and both sets of graphs are given,

It can be seen from Fig 7 that 1f the Rd of the high-Rd species

1s as high as 10 then very small amounts of a low-Rd species

have a marked effect on the measured Rd. Figure 8 shows that
the effect of a small amount of low-Rd species decreases with
decreasing Rd. Thus 0.05f of a species with Rd=0.1 will_have no
detectabie effect 1f the Rd of the high-Rd species 1s 10 or less.

Figures 11-13 show the effect of varying the solid/solution
ratio on the experimentally determained Rd for Am, Np and Pu oan
different sediments. Superimposed on the experimental curves are
theoretical graphs that best fit the observed graphs. For Am and
Pu 1t 1s possible to fit the experimental graphs very closely to
theoretical ones assuming the presence of between 06.17 and 0.37
of a low-Rd species. Similar amounts of low-Rd Np species may
also be present but the lower Np Rd means that these samll amounts
would not be detected.

The experiments 1n which "second Rd” were determined
confairmed our conclusion that the presence of some low-Rd species
was causing the drop in measured Rd for Am and Pu (apart from Pu
on high-carbonate sediments}. Distraibution ratios obtained when
the solution removed after the first Rd determination was
contacted with fresh sediment were several orders of magnitude
lower than values obtained for the same solid/solution ratio when
the fresh spiked sea water was used. Second Rd for Np were the
same as the first Rd, presumably because the amount of low-Rd
species was too low for detection.

Summary and Conclusigons

From the waste disposal point of view we are now 1n a
position to assess much more accurately the likely mobilities of
the three nuclides studied and to make reccommendations as
regards future research. Modellers must bear in mind the possi-
bilaity that R, obtained using the batch method might have been
affected by tge presence of micro-particulate or complexed
material. In general the effect of such materials will be to
lower the observed R, of the main species and hence predictions
based on such results will be conservative. However, the
mobilities of the micro-particulates and complexes themselves
{assuming that some of them, at least, are not simply generated
during shaking) must also be considered. They are likely to be
neutral or negatively charged and could travel a considerable
dlstagge Effore being converted to a more readily sorbed
form. '



Looking at each element indivadually we can conclude that -
(1) Americaium 1s the least likely of the three elements studied
to escape from the sediments. On both sediments more than 99.95%
was sorbed with a R of 10 and the small amount of nuclide that
did not appggr 58 be sorbed was almost certainly colloidal. There
1s evidence ' that carbonate complexes of americium are
present 1n natural waters. However, these are likely to be in
equilibrium with the main positively charged trivalent species and
will therefore be sorbed soon agter the bulk of the americium 1is
removed from solution. Sandla have developed computer codes
for use 1n sensitivity studies of radionuclide migration in deep-
sea sediments and, using risk methodologies developed for the US
Environmental protection Agency, have calculated the minimum
permissable Kd as a function of burial depth for a number of
radionuclides. These "critical Kd" are listed in Table 5 and 1t
can be seen that the critical Kd for americium, even at a hurial
depth of 2m, 1s two to three orders of magnitude lower than our
measured R .

It 15 recommended, therefore, that investigations into the
behaviour of americium be given a low priority in future
research except where 1ts tendancy to remain in the III oxidation
state makes comparisons with the other actinides of interest.
The readiness with which 1t forms colloids could also be exploited
in colloidal studies.

Table 5 Craitical K, for isotopes of Am, Np and Pu in
ml/g ?from Sandia, 19B3 Status Report27).

Buraial Depth (m)

2 5 10 20 30
Am - 241 103 103 102 10 10
Am - 243 104 103 102 102 10
Pu - 238 102 10 0 0 0
Pu - 239 103 102 102 10 1
Pu - 240 103 102 102 10 10
Pu - 242 0 0 0 0 0
Np - 237 103 103 102 10 10

(2} Plutonium : Because of 1ts complex chemistry plutonaium 1s
always likely to provide surprises and investigations into its
hehaviour should continue. The fact that the R for high-
carbonate sediments dropped so dramatically WLtH increasing
solid/solution ratio emphasises the fact that site-specific
studies are necessary, that experimental results cannot bhe
extrapolated from one sediment type to ancther and that 1t 1s not
possible to predict the behaviour of one actinide from that of the
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others (or from chemical analogues such as the rare earths).
Although at first sight this low R, 1s disconcerting, 1t 1s not
necessarily diasasterous. The main plutonium 1sotopes have
reasonably short half lives and 1t can be seen from Table 5 that
the critical K, for a burial depth of 20m 1is only 10 ml/g which
means that an ﬂ of 100 ml/g gives a satisfactory safety margin
provided that tge waste 1s placed 20m or more below the sediment
surface.

From the waste management point of view 1t 1s clear that Pu
oxidation state 1s not aimportant. Plutonium, whether originally
present in reduced or oxidised form was strongly sorbed by all

three types of sediment, 6 studied, final overall distribution
coefficients beang > 10" 1n all cases.

(3} Neptunium: Neptunium R, did not decrease with increasing
solid/solution ratio probagly because Np has a relatively low R
and small amounts of a low-R, species would not have been
detected. Because 237Np has such 2 long half-life and because

1t 1s poorly sorbed to many geological materials 1t 1s generally

considered to be the actinide most likely to find 1ts way back
into the environment. However, we hgve consistently found that
the R, for carbonate sediment 1s >10 ml/g wich means that even
2m burial depth would be satisfactory in this sediment type
(Table 5). The R, for the red clay was anly 600 and even lower
values have been reported by others e.g. Fowler et.al.28 A
burial depth of at least 20m would be necessary in this type of
sediment., Under the relatively oxidising conditions used an
these experiments the Np in solution was in the V state. Under
more reducang conditions it may be reduced to Np-IV and the
distrabution ratio would almost certainly rise.

Table & Effect of Solid/Solution Ratio « Summary of Results.

RED CLAY - 100404p8K

CARBONATE SEDIMENT  103994#7K

|

Sorption

Desorption Rd

Second Sorption Rd

Sorption Desorption Rd

Second Sorption R

d

R, increased with > Sorption Rd << st Rd R, increased with > Sorption << lst Rd
dgcreas1ng solid/soln decreasing sol1d/ Rd
ratio, Levelled off soln, ratio
at 106 ml/g. % non- Levelled off at
Am | separable ~0.03. 1x106 - 2x108
(0.22 u f1lters) % non-separable
~ 0.02% (0.10 ¢ ~0.05% (0,22 u
filters). filters). 0.02 -
0.03% (0.10 u
filters).
Rq constant at about > Sorption Ry Same as first R4 constant for % Sorption 2 Ist Rd
4g0 ml/g for solid/ Difference Rq for high a?] solid/soln. Rd
soln, ratio » 0.016, greater for solid/soln, ratios. % non-
Np Increase for two lower solvd/ ratios, separable <0.5%
Towest solid/soln. soln, ratios. {0.10 u f1lters),
ratios {580 & 750
mi/g) % non-separable
< D.2% (0.10u falters).
Ry increased with > Sorption Ry << 1st Ry High So11d/Selution Ratios.
decreasing solid/soln. Difference
Pu ratios. levelled off greatest at Rq low 1.e, 100- 2 n %
at 7.9x10% ml/qg. high solid/soln. 380 ml/g A1l n Affrpt;o 153]) Ist Rq
% non-separable ratios. Pu(V+V1) form. fo n Pu(
~ 0,054 (0.22y filters) I
Low Solid/Solution Ratros,
Rg > 104 ml/q, > Sorption Rg | << st R
Mostly n Mostly n d
Pu(IIl + IV) Pu(lil + IV)
form. form.

17



ACKNOWLEDGMENT

The work described in this report has been carried out for the
Department of the Environment as part of 1ts radicactive waste
management research program. The results will be used in the
formulation of Government policy but at this stage do not
necessarily represent that policy.

REFERENCES

10.

11.

12.

13.

14.

18

Higgo J.J.W., Rees L.V.C., and Cronan D.S. 1983a “Sorption of
americium and neptunium by deep-sea sediments”.

Radioactive Waste Management and the nuclear fuel c¢cycle, &,
pp. 73-102.

Higgo J.J.W., Rees L.V.C., and Cronan D.S., 13882.
“Radionuclide sorption by marine sediments: Part 2, Neptunium
and ameracium”. DOE Report No: DOE/83/130.

Higgo J.J.W., Rees L.V.C., and Cronan D.S. 1983h.
"Radionuclide sorption by marine sedimets: Part 3,
Plutonium, americaum and neptunium”. DOE Report/RW/131.

Higgo J.J.W., Rees L.V.C., and Cronan D.S. 1384a "Radio-
nuclide sarption by marine sediments: Part &4, Effect of
solid/solution ratio on the observed distribution ratio”
DOE/RW/84/04

Higgo J.J.W., Rees, L.V.C., and Cronan D.S. 1984b. "Sorption
of plutonium by deep-sea sediments” Submitted to Radio-
active waste management and the Nuclear Fuel Cycle.

NEA: 1983. "Sorptio.: Modelling and measurement for nuclear
waste dispesal studies”. Summary of an NEA workshop held 6-7
June 1n Parzis.

L.J. Cihacek and J.M. Bremner. So1l Sci. Soc. Am. J.43 821-
822 (1879).

M.D. Heilman, D.L. Carter and C.L. Gonzalez.Soil Sciencel00
£09-413 (1965).

W.A. Beetem, V.J. Janzer and J.S. Wahlberg.Geological survey
Bulletin 1140-B Bt-B6 {1962).

H.D. Chapman. Methods of Soxl Analysis Agronomy 9, pp. 891~
901, {1965},

J.F. Relaya, R.J. Serne and D. Rai, Pacific Northwest
Laboratories, PNL-33493. (1980).

$.C. Foti and E.C. Freiling,Talantall 385-332, (1964).

C.N. Murray and D.A. Stanners. Radiocactive Waste Management
2 (1982}.

H.E. Nuttall, A.K. Ray and E.J. Davis, Nuclear Technoloqy5b2
260-272, (1981},




15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

A.K. Ray, E.J, Davas and H.E. Nuttall. Apnals of Nuclear
Energy 8 415-442, {1981)}.

G.R. Heath. Geological disposal of nuclear waste. 13th
Annual Symposium, Albuquerque, New Mexico. March 15, 1979,

Edgington, D.N. 1980a "Characterisation of transuranic
elements at environmental levels”. in Techniques for
Identifying Transuranic Speciation 1in Aquataic Environments.
Proc. of a technical committee meeting. Ispra, 24-28 March,
1980. IAEA, Vienna, pp. 3-25.

Edgington, D.N. 1980b "A review of the persistence of long-
lived radionuclides 1n the marine environment - sediment/
water interactions” in Impacts of Radionuclide Releases into
the envaironment. Proc. Symp. Vienna, 6-10 Oct. 19380, IAEA,
Vienna, pp. G7-91.

Allard, B. 1982b. “"Solubilities of actinides in neutral or
basic solutions”., an Actinidesain Perspective ed. Edelstein,
N.M. (Pergamon Press).

Cleveland J.M., Rees T.F. and Nash K.L. 1983. “Plutonium
speciation 1n water from Mono Lake, California.” Science 22,
pp. 221-223.

Skytte Jensen, B. 1982. Migration phenomena of radionuclides
into the geosphere. (Harwood Academic Publishers).

Sullivan J.C. and Woods M. 1382. "Thermodynamics of
plutonium (IV) 1nteraction with bicarbonate”.
Radiocham _Acta. 31, pp. 45-50.

Eicholz G.G., Wahlig B.G., Powell G.F. and Craft T.F.
"Subsurface migration of radioactive waste materials by

particulate transport.” Nucl. Tech., 58, pp. 511-520.
Harderman J. 1981. “"The influence of speciation on the
geospheric migration of radionuclides.” Nucl. Tech... 56, pp.
102-105. o

Murray C.N. and Avogadro A. 1980. "Effect of a long term
release of plutonaium and americium into an esturine and
coastal ecosystem”™. 1inTechniques for Identifying Transuranic
Speciation in Aquatic Environments.” Proc. Tech. Comm.
Meeting. Ispra 24-28 March 1980. IAEA, Vienna. pp. 103-114.

Avogadro A., Bidoglio G. and Murray C.N. 1380. “The
importance of complexes of plutonium and americium with
inorganic anions present in natural waters.” Presented at
XXVII Congress of International Commission for Scientific
Exploration of the Mediterranean Sea. 9-18 October 1980.
Cagliari Italy.

Sandia: 1883, Sandia 1983 Status Report, Sandia Laboratories,
Albuquergue. New Mexico, U.S.A.

Fowler S.W. and Aston S.R. 13981. “"Applications of 235Np in
experimental agquatic radioecology: Preliminary observations
of neptunium behaviour in sea water, sediments and
zooplankton®. Health Physics, 42, pp. 515-520.

19



5 65269 ND 2
11 - MY-65 T
T MERL]
x [08-1
0~ o j05 6
+ 10400 8K
of. O 5 102 NODULES
!—-
1+ //
/
Ky ] //
3
10 /
sk /
/
N SMECTITE
ml/g
10°
3 L - Y
// ////,//”"”—’ﬂ—j_tij——x RED CLAT
PR ;;/;;/;,;;,,——"""~'~4 J-CARBONATE
-
1 £ T
P - . ’
.- -
1 1, L 1 1 A1 1
70 70 30 a0 1] 5070 80
Time DAYS
FIGURLE 1 Amenaun Distnbution Coutficiunts
& 5269 KO 2
O SH 1518
£ MY 55| SORPTION DESORPTION
o 105-1
x 104004 8K
A——/‘A
NDOYLE
SKECTITE
NODULE o
—r
—— "\ RED OO
CLRY | S o
Y L N L TR 73
TIME DAYS
CIGURL 3 N, Dhstabuuon coctticnents Lox Cirbenate Sediments

20

- 10S-6
a4 |0S-5
+-+  10S-4
a—a 10s-2
4.4 105-3
—s MI7-28
¥—c 10399 H 8K
koo s02
J..
Ky
5
10
2
mifgl
5
10
1+
4 1

20 30 80 30
TIME  OAYS

60

FIGURE 2. Amencinm Distnibution Coetficents High-Curbonate Sednnents

”~—a

-
—a
e X
o-~9
pp—
Bag

SORPTION

M71-20
105-5
165-3
105-4
105-8
51702
103-2

DESORPTION

40 §a a1 a0

TIME  OAYS

120

FIGURE 4 Np Distnbunion Coctficients  High-Carbonate Sediments-



10
10l
Rd
ml/g
3
10|
10 l 1 ! L
0-01 01 1 10 100
TIME , DAYS
FIGURE 5 .,  PLUTONIUM DISTRIBUTION
COEFFICIENTS
\_U, 3000
©

2000

1000

CONCENTRATION IN SOLUTION ,

FIGURE 6

]

. Ky = 290)
Ky = 2660)
Kqa=1110)

TIME, HOURS

CONCENTRATION OF OX!DISEQ & REDUCED PLUTONIUM-— 233
IN SOLUTION DURING THE FIRST

22 HOURS

21



(44

0-0017,

o

Fig, 7 The effect of a fixed proportion of a second species which is rot adsorbed
ent on the relationship between log m/v and {a) loa Ry (b)

log(Cq - €)/C for different percentages of low Ry species (Ry = 106, RL = 0.1).

107,

by the sedwm

1

10
L

-4
5

no

1 log m/v
7 log mg/

log Rd

-2 1 1 1 1

-8 -5 -q -3 -2 - o 1 tag my
o 1 2 3 4 5 6 7 log mg
Fig 8 The effect of a fixed proportion of a second species with Rd=100 on

relationship between Tog m/v and (a) ]og Rd (b} Log&Co-c)/c for different
percentages of low Rd species. (RH =10° , = 104},



= 4
o7 X
et TX Cx . °
-7 .0 7 _
,,' .- -'."I_,..Il——
Pl -
77 o I
PR d3
@)
o1 1]
-
'
< 1 0-:22 44 34 days
’d
X 010 p 24 days
@ 010 g4 74 days 2
]
o
v
o
o
Theoretical _“'
—————— 99-98 % R, =10 : 0-02 Y
. By =10 ¢ » R_ 03
99:377% R, =10 = 0037, R 01
—-—--= = - 99957 ¥ : 0057 @, 0.1
o RH = 10 . * » L ’
1 1 L L 1
—6 -5 -4 -3 log m/v -2 -1 [}
o 1 2 3 log mg/i 4 5 6
Fig, 9 Effect of solid/solin ratio on the value of log (Co-c)/c for americium on the high-carbonate sediment
10399 # 7k
4
] o _
.
s X -
’,”— X}‘I }
R [} 1
R
& 1
4 . -3
X
4 ot
3 ) I o022, 24 daya
- 27 d
s X 0-10 ays
PR H
o 54
. ] 010 p day_s
oo L
1, ° -2
, L
l’ .
S I
. u
/ . 0
. .
(]
A o
Lt . Theoreticat Curves 43
L . o
e 99-98 % Ry =2 X 10 : 002% R =04
I” ’
Kl X 6 .
e - 99.97 & RH:I 10 ! 003% RL:O.I
a 1 ! 1 1 1
-8 -5 -4 -3 log mA -2 -1 °
o) 1 6

Fig.10 Effect of solid/soln ratio o

2 3 1o i 4 5
n the value of log (Co-c?/éng(or americium on the red clay, 10400 #8K.



0
f
/ u
A s
a o
4 l c
/ — —~1
/}"
7
1 § 1 1 |
- -2 -3 -2 -1 ) |og my v
! 2 3 4 5 . 6 10% mg/l
Fig. 11 Effect of solid/soln. ratio on the value of log {Co-c)/c for the sorption of neptunium onto th

hig-carbonate sediment 10399 #7K. Dotted lines represent theoretical curves for different percentages
of a non-separable species. (R, = 3980, R = 0.1)

a4
-3
—2
v
flo
5
—_
o
o
—i1
L 1 | |
-5 -4 -3 -2 -1 0 0
1 2 3

4 5 6
Fig., 12 Effect of solid/soln ratio on the value of log (Co-c}/c for sorption of neptunium on red clay, 10400 4 8K.

Dotted lines represent theoretical curves for different percentages of a non-separable species
(RH = 500, RL = 0.1}).

24

)

o



4
Theoretical Curves
. 4 . - -1
99 987 Ry =7-94%10 : O 02% R = 0 -
’/’I
. 4 o PR} =3
————— 99+957 Ry =7.94X10 , 0057 Ry=01 I
-~
’e
7~
LA
e
7
7
7~
1
< -2
/
] Experimencal e
poings P —
. [
Ve ol0
. °L
s o
s ]
7 —1
e
/
7/
4
rd
7/
V4
7/
L7 L 1 i 1
-6 -5 -4 ~3|09 m /v -2 -1 o]
o 1 2 3 lag mq/l 4 5 6
Fig,. 13

Effect of sol1d/soln ratio on the value of log(Co-c)/c for
red clay, 10400 4;8K

the sorption

of plutonium on

25



FALLOUT PLUTONIUM IN WESTERN NORTH PACIFIC SEDIMENT $*

H.D. LIVINGSTON

Woods Hole Oceanographic Institution,
Woods Hole, Massachusetts,

United States of America

Abstract

The study compared sediment samples from the Mid-Pacific Gyre area north of Hawaii
and from the Western North Pacific. The latter had from 2 7-5.5 the concentrations of
Pu 1sotopes compared with the former, but the profiles with depth were similar.

The 1ncreased levels were probably due to close-in fall-out from the Marshall Islands
weapons tests. The inventories for water column plus sediment were 4 0-4.3 mCa km
for NW Pacific and 2.9 for the Mid Pacific area. The proportions in the sediments are
respectively 8% and 2%. Evidence 1s presented that close-in fallout was more available
to scavenging For NW Pacific, significant bioturbation effects were seen, redistr-
ibuting Pu as deep as 46 cm, even though these sediments are abyssal. This implies

subsurface waste disposal may be more vulnerable to the effects of bioturbation than

previously supposed

1. Introduction
[11

The results of transuranic analyses of water samples collected

as part of the GEOSECS program in the North Pacific revealed two features

found at stations throughout much of this ocean area.

A. A subsurface maximum in Pu concentration centered at about 500 m.

B. A near bottom maximum in Pu concentration--especially in Western, Central
and Northern locations. No sediment samples were collected in the
GEOSECS program so there were no observations about the delivery of
transuranics to Pacific sediments.

This report describes subsequent studies of the contrast between the
sediment distributions of transuranics in Western N. Pacific sediments com-
pared to that found at the MPG-1 {Mid-Pacific Gyre) study site north of
Hawaii. The latter site has received study in connection with the U.S. Sub-
seabed Disposal Program which has been assessing the technical feasibility
of the use of deep ocean sediments for the disposal of high level radiocactive
wastes. Some of the results of fallout nuclide analyses of sediment cores
from the MPG-1 site were discussed in an early CRP technical report.lz]
This report also included some discussion of the fallout profiles in the
sediments in the context of bioturbational mixing in the sediments at the

gite.

* TAEA CRP Research Agreement No 3246/RI/CF
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2. Sample Collection and Analysis

In May 1980, a series of large diameter (21 cm) gravity cores were
collected on a cruise of R/V HAKUHO MARU from Tokyo-Honolulu. The corer was
mounted on a tripod assembly permitting slow penetration of the sediments
with the corer maintained in a vertical position.[3] The locations at
which core samples were collected are indicated in Figure 1--as cores num-
bered 1-4. Also shown in this figure is the general location of the MPG-1
site, where earlier studies were carried out, and one coring station occu-
pied by R/V KNORR in July 1978.

The methods used for extruding and sectioning the cores and performing
239,240

(4]

enced in a recent publication. Some discussion of data quality assurance

the radiochemical analyses for Pu have all been summarized or refer-
also appears, or is referenced, in this publication, both in terms of general
philosophy and specific examples. This laboratory has continued to partici-
pate in both national and international intercalibration exercises of radio-
chemical quality assurance, including recent exercises organized by the IAEA
Mcnaco laboratory. Our performance in these exercises continues to give us
confidence that our data are of high quality.
3. Results

The results of the radiochemical analyses of these Western N. Pacific
sediment cores are tabulated in Tables 1 and 2--together with the positions
and depths of sampling. 238Pu was also measured when detectable, together

238 239,240Pu in the

with several other fallout nuclides. The ratios Pu to
cores fell in the range 0.02-0.06. 1In core #3, there appeared to be a trend

TABLE 1 PU IN WESTERN PACIFIC SEDIMENTS
{(R/V HAKUHO MARU - MAY 1980)

Core No. : 1 2
Latitude 5 39°S8'N 39°01'N
Longitude : 156°01'E 166°02'E
Water Depth: 5530 m 5600 m
Sediment 239,240py* Sediment 239,240py*
Section (cm) Section (cm)
0-1 857+38 0-1 863428
2-3 162415 1-2 657423
4-5 80+8 2-3 343315
8- 6.7+3.3 4-5 262+15
13-15 0.7+0.7 6-7 7547
19-21 0.8+0.7 9-10 73+10
Bottom=29 cm 13-15 128+9
17-19 2142
21-23 2143
31-33 141

Bottom=60 cm

*x 239,2401)11 mBg/Kg (dry weight).
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TABLE 2 PU IN WESTERN PACIFIC SEDIMENTS
(R/V HAKUHO MARU - MAY 1980)

Core No. : 3 4
Latitude : 38°00°'N 30°00'N
Longitude : 179°45'W 170°00'W
Water Depth: 5520 m 5432 m
Sediment 239,240py™ Sediment 239,240p,*
Section (cm) Section (cm)
0-1 1378443 0-2 164+8
1-2 802+25 2-3 7546
2-3 430432 3-4 91+7
3-4 380+13 5-6 115+10
4-5 218120 7-8 90+7
5-6 180+7 9-10 58+22
7-8 87+11 13-15 40+4
9-10 41+8 19-21 542
10-12 3443 31433 1+0.5
14-16 11+2 Bottom=68 cm
18-20 10+3
24-26 1242
30-32 0.7+0.5
36-38 0+l
42-44 6.3+2.7
44-46 4.3%1.0
46-48 ~0.7+1.8

Bottom=60 cm

x
239'2409u mBg/Xg (dry weight).

of decreasing ratios from the sediment/water interface--the upper two centi-
meter sections lying in the range 0.04-0.06, whereas the sections from 3 to
6 centimeters lay in the range 0.02-0.03.

239‘zlmPu found in each core was calculated

The total inventory of
by summing the amounts found in each section on a unit area basis. The re-
sults of these calculations are plotted in Figure 1 for each core besides

its location.

4, Discussion
4.1 Concentrations and Inventories in Northwest and Northeast Pacific
Sediments

Figures 1-2 contrast the differences in Pu concentrations and inven-
tories at the Western Pacific stations with those from the MPG-1 area. It
is clear that the inventories and, especially, the concentrations of Pu are
much higher in the sediments from the Western Pacific stations. The inven-
tories range from 2.7-5.5 times the mean MPG-1 value {(excepting core 4 which
is closer in all respects to those from MPG-1), while the concentrations of
Pu in the 0-1 cm sediment section range 6-10 times higher. The depth distri-
bution pattern of the nuclides in these Western Pacific sediments is not

markedly different from those found in the MPG-1 region.
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It seems necessary, in looking for an explanation of the elevated
transuranics in these Western Pacific sediments relative to those from MPG-1,
to invoke an extra source of supply associated with input via close-in fall-
out of debris from tests conducted at the U.S. Pacific test site in the
Marshall Islands in the 1950s. This source was necessary to explain the
distribut}o? and inventories of Pu in N. Pacific water columns at GEOSECS
1

stations. In the water columns of the Western Pacific in the 30-40°
latitude range, Pu inventories exceeded those of the Eastern end of the sec-
tion by about a factor of 2--the excess Pu being attributed to a close-in
fallout source.

Such an input would be expected to be recorded in sediments underlying
the input area. Although the necessary data are not available, it seems
highly probable that surface seawater concentrations of Pu in the areas
affected by close-in fallout from the 1950's test series must have been much
higher than those subsequently resulting from fallout from global debris from
the stratosphere from the 1960's testing. Euphotic zone scavenging in turn
would have supplied underlying sediments with particles transporting substan-
tially elevated concentrations of Pu.

Comparisons of these Pacific sediment Pu inventories with those mea-
sured during GEOSECS in the overlying waterll] offers an opportunity to
compare, at least qualitatively, the rate of Pu transfer to the deep ocean
as a function of whether its source was from close-in or global fallout. It
is clear from both the sediment data shown here and the GEOSECS water inven-
tories, that Western N. Pacific stations between 30°N and 40°N must have re-
ceived proportionately more "close-in" fallout that did those in the Eastern
N. Pacific. Specifically the locations represented by the Hakahu Maru cores
2 and 3 have water column plus sediment Pu inventories in the 4.0-4.3 mCi/kmg
range. At the MPG-1 location, the corresponding total is close to 2.9
mCi/kmz. At this latitude, the stratospheric Pu input could well be taken
to be about 2 mCi/kmz-—as represented by the stations at the eastern end
of the GEOSECS E/W sectionll] between 30°N and 40°N. When this is sub-
tracted from the total inventories, there is left an estimated inventory of
"close-in" fallout of about 2.2 and 0.9 mCi/ka at the Hakuho Maru core
2/3 positions and the MPG-1 location respectively. At the former location,
Pu is distributed between the ocean water column and the underlying sediments
such that about 92% is in the water and about 8% is in the sediments. The
corresponding figures for the MPG-1 location are 98% and 2%. If the parti-
tion of "close-in" fallout between 160°E and 180°E is put at 2.2 mCi/km2 in
the water and 0.26 mCi/km2 in the sediments (subtracting the MPG-1 average

sediment inventory as being a measure of the stratospheric fallout component),
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the water/sediments proportions become 11% and 89%. The implication

of these comparisons would seem to suggest that the "close-in" fallout Pu
was delivered in a form which made it more available to scavenging and part-
icle sinking processes than was stratospherically delivered fallout Pu. An
alternative explanation for the higher proportion of fallout Pu found in the
160°E-180°E region sediments compared to the MPG-1 site, would be possible
if there were significant differences in the biogenic large particle fluxes

(5] have shown that these fluxes are

between the two areas. Bacon et al.
the major controls on the fluxes of both natural radionuclides and Pu to the
deep Sargasso Sea. No comparable particle flux data exist for the two
Pacific areas in question, but it is very unlikely that primary productivity
differences, and hence biogenic particle fluxes, are sufficiently different
to account for the higher proportion of Pu found in 160°E-180°E region sedi-
ments compared to that at the MPG-1 site. For these reasons it may be more
likely that the observed difference is related to the more reactive character

of "close-in" fallout Pu with respect to particle association and sinking.

4,2 Relevance to Radioactive Waste Disposal

There are at least two facets to these data which have relevance to
questions associated with the consequences of disposal of radioactive wastes
in the oceans.

4.2.1. The elevated Pu concentrations in near surface sediments in areas of
the Western N. Pacific means that benthic organisms including infauna
have been exposed to levels of transuranics ranging up to an order of
magnitude higher than in the MPG-1 study area. This is a favorable sit-
uation in respect to determination of benthic organism concentration
factors for Pu. These are often hard to measure because of the low level
of the fallout signal available. Here, in contrast, levels of organism
Pu concentrations should be more rapidly measurable.

4.2.2. Any waste disposal operations which might be planned for the future
in the Western Pacific would have to be monitored against the higher
fallout background likely to be found there. It makes abundantly clear
the necessity of there being an extensive high quality data set on the
existing patterns and concentrations of fallout isotopes against which

to assess the effects of additional input associated with waste disposal

sources,
4.3 Bioturbation Implications of Sediment Plutonium Distributions
The fallout radionuclides and unsupported 210Pb are often used to in-

fer the depth and nature of organism mixing processes in sediments with slow

rates of accumulation. In contrast to the relatively deep bioturbational

(4,61

mixing of coastal or shelf sediments, deep sea sediment bioturbation is
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generally thought to be restricted to sediment close to the sediment/water
interface. At the MPG-1 site in the North Pacific, for example, fallout
nuclide penetration is seldom detectable at depths greater than 10 to 12 cm
within the sediment.[2'7]

From the data tabulated in Tables 1 and 2 it is possible to draw some
conclusions about the nature and extent of bioturbation in the sediments of
the Western North Pacific at the core sites occupied in 1980--Figure 1. At
core locations 1-3, the Pu concentration fell below 10% of the upper layer
value at a depth 10 cm below the interface. The slope of the concentration
curves were generally similar to those seen at the MPG-1 site--implying sim-
ilar rates of biological mixing. At core location 4, a more intensive mixing
rate is implied by the steeper slope of the Pu distribution curve. Also, the
Pu concentration at depth does not drop below 10% of the top section concen-
tration until a point somewhere between 15 and 19 em. This location is char-
acterized by a Pu distribution indicating both greater mixing intensity and
to a greater depth within the sediment.

The higher concentrations of Pu found in these sediments compared with
those which occur in most other deep ocean sediments, including those at the
MPG-1 site, results in the effects of low intensity deep mixing processes
becoming detectable if they are active. At locations where ambient concen-
trations are low, deep section concentrations may fall below the available
analytical sensitivity. This point is clearly illustrated in the two high
inventory cores (2 and 3). In both cores, Pu is readily measurable in the
20-25 cm depth range--albeit at concentrations 1-2% of their surficial
values. Even more striking, in core 3, is the sediment zone between 42 cm
and 46 cm where a distinct Pu signal was detectable over that in the over-
lying and underlying sediment. When this core was extruded, organism burrows
were noted as penetrating to this depth.

The surprising conclusion is drawn from these sediment mixing profiles
that abyssal sediment mixing activities are not as slow or as shallow as is
generally believed. The evidence in these patterns points to the ability of

deep ocean organisms to move surficial sediment to considerable depth within

the sediment in a relatively short period of time.
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PLUTONIUM DISTRIBUTION IN MARINE AND
RIVERINE SEDIMENTS FROM
LA SPEZIA AREA (LIGURIAN SEA)

R. DELFANTI, C.D. JENNINGS, C. PAPUCCI
CEC, c/o ENEA,
La Spezia, Italy

Abstract

-2
The i1nventory was 3.5 mCi km ~, much higher than for abyssal sediments. The plutonium
. . -1
concentrations in marine samples (15~71 dpm kg ) were about ten times higher than
-1
for the riverine samples (1.7-4.9 dpm kg ). Calculations from plutonium distribution

. -1
in a core suggested a sedimentation rate of 0.56+0.06 cm y .

1. Study area

The study area is under the influence of the Magra river
which supplies to the sea a limited amount of both water
and suspended matter (1) from the drainage of two diffe-
rent basins: above its confluence with the Vara, the
Magra flows through a region dominated by marble and
dolomite, while the Vara drains a region of sandstone,
quartzite and schist. The suspended material coming from
the river is transported by the prevailing currents to
North West into the lLa Spezia Gulf(2,3). Riverine surface
sediments from the two different basins and marine sedi-
ments (6 grab and 1 core samples) (Fig.l) were analyzed
for plutonium determination.
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2. Methods
2.1 Sampling

The marine surface sediments were collected with a Shipeck
grab, while the riverine sediments were collected by hand
from protected areas. For the evaluation of the vertical
distribution of plutonium, a sampling and extruding appa-
ratus was built for the collection of as much as possible
undisturbed sediment cores and for the sectioning of the
core in slices lcm high directly in the field.With this pro-
cedure it is also possible to discard the outer ring of

1 cm, that can be disturbed by core penetratiocn into the
sediment, from each slice.(4)

2.2 Analytical procedure

Among the several published procedures for plutonium
separation and purification from the matrix and interfer-
ring radionuclides, an extraction procedure much similar
to that published by Wong (5) was chosen, but the samples
(aliquots of about 15 grams) were totally dissolved by
sequential treatment with HNO3-HF, HCl—H3B03, HNO3~-HC104.
At the end of the dissolution step Pu was isolated from
the mixture of acids by coprecipitation with CaCs04, that
also provided a preseparation of Pu from the matrix and
facilitated the subsequent double anion exchange procedure.
The accuracy of the method was tested by analyzing three
standard sediment samples from NBS and IAEA. The results
are shown in table 1.

239,240
TAB. 1: RESULTS OF ANALYSIS OF Pu IN STANDARDIZED SEDIMENT SAMPLES
SAMPLE ACCEPTED ACTIVITY MEASURED ACTIVITY
(dpm/Kg) (dpm/Kg)
River sediment .
30.5 T 1.8 29.4 + 1.4
NBS SRM 43508
266 t p7* N
TAEA SD-B-2 N 3s1 Y27
422t 440
TAEA SD-B-3 1265 * 1558 1063 * 19

* Measured at the International Laboratory of Marine Radioactivity
{ILMR) by leaching with hydrochloricand nitric acid.

' Measured at ILMR by total dissolution with hydrofluoric, perchloric
and nitric acids.

§ Average result from 8 laboratories participating in ILMR intercali-

bration exercise.
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3. Discussion

3.1 Surface sediments

. 239,240
Each sample was measured for porosity and Pu concen-

tration(Tab.2). The porosities of the river sediments were

high (0.62 - 0.79) and representative of the smallest particle
239,240 137
TAB. 2: CONCENTRATIONS OF PLUTONIUM, POROSITIES AND Pu/  Cs
RATIOS IN SURFACE SEDIMENTS OF THE LIGURIAN SEA NEAR LA SPEZIA AND
IN ADJACENT RIVER SEDIMENTS COLLECTED IN JULY, 198B4. UNCERTAINTIES
ARE 1-SIGMA PROPAGATED ERRORS.

Location 239,240p, P:?Cs Porosity Depth
(dpm/kg dry) (m)

SP AA 56 23 Laaa- 0.629 100
SP 8B 26 2 ——a-- 0.476 47
SP CC 25 2 oo 0.6484 24
SP PV 7L Y 4 0.08 0.701 12
SP 03 38t 2 0.06 0.588 45
SP 04 60 ¥ &4 0.07 0.646 93
SP 05 15 2 1 0.11 nm* 18
Vara River(VI) 4.6 % 0.6 0.01 0.621 1
Magra River (M1) 1.7 * 0.5 0.01 0.790 1
Magra River (¥2) 4.9 * 0.5 0.03 0.663 1
* not measured

*¥ 239'2“0Pu/137ts. The 13755 data is from Anselmi et al. (1982) and

it is not from the same samples as the Pu data, but from samples col
lected at the same stations.

TAB. 3: CONCENTRATIONS OF PLUTONIUM AND POROSITIES IN A SEDIMENT CO-
RE RAISED AT PV STATION IN THE GULF OF LA SPEZIA, LIGURIAN SEA, IN
OCTOBER, 1983. UNCERTAINTIES ARE 1-SIGRA PROPAGATED ERRORS.

Depth *

in 2! 239,240Pu Porosity
core

(cm) (cm) (dpm/kg dry)

0-1 0.51 51 % 2 0.708
2-3 2.8 51 % 4 0.669
4-5 5.2 52 * 3 0.655
6-7 7.8 66 * 3 0.656
7-8 9.1 62 * 2 0.645
8-9 10.4 75 * 3 0.641
10-11 13.1 59 * 2 0.612
12-13 15.7 24 t 2 0.626
14-15 18.4 20 ¥ 0.644
16-17 21.1 15 £ 0.637
19-20 25.1 0.9 L 0.2 0.636
22-23 29.1 0.8 * 0.2 0.639
25-26 33.1 0.5 * 0.2 0.626
30-31 39.8 nd** 0.627

* 2! = sediment depth corrected for compaction by the overburden of
sediment.
**% not detected



sizes exported by the Magra river. Plutonium concentrations
in marine sediments were about ten times higher than in river
sediments. From literature data on 137¢s concentration in the
same study area 239,240py/137Cs ratios were calculated inthe
two cases. The average ratio in the river stations was 0.016,
while the average from the marine stations was 0.08, indicating
a change inPu adsorption onto the particles as they contact
sea water. Plutonium concentration is highly correlated to
porosity, which in turn is related to grain size (6).
Porosity and Pu concentration in the range of this study

are accurately described by a linear relationship (fig.2).
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Fig.2 - Relationship between porosity and 239+240p, Fig.3 - Vertical profile of 239+240p,,

in sediment core PV collected

Ligurian Sea. in october 1983.

concentration in surface sediments of the

3.2 Vertical distribution of Pu - Sedimentation rate

The results of the analyses on the vertical disftribution of
Pu in the core raised at PV station are shown in Tab.Z2.

The vertical profile (fig.3) shows a well preserved and
clearly defined subsurface maximum which suggests that the
mixing rate at this station is low as also would be expec-—
ted from low tidal and wave energy environments.

On the basis of the depth of Pu subsurface maximum, correc-
ted for compaction (7), the average sedimentation rate at
this point has been calculated to be 0.56+ 0.06 cm/yr.

3.3 Plutonium inventory

The inventory of 239,240p, in sediments at the coring site
was calculated to be 3.5 mCi/ka, a value which is substan-
tially higher than the cumulative fallout deposition at
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this latitude, but in good agreement with other published
values on coastal Mediterranean (8,9,10) and Pacific sedi-
ments (11). These results contrast those in deep water sedi-
ments (12,13,14) in which the inventories are only a fraction
of that delivered by fallout. The inventory differences
between shallow and deep water marine environments may be
explaned by the fact that Pu is removed from seawater in
primarily hydrous Fe and Mn oxide coatings on particles,

both inorganic and biogenic. In the open sea, low particle
population and sedimentation regime result in low inventories
of Pu in deep water sediments. Zooplankton fecal pellets
provide an important transport pathway in this environment.
In shallow water, on the other hand, higher primary producti-
vity, greater runoff from land and resuspension of sediments
near the sea floor provide greater concentrations of particles
and thus enhanced removal of Pu from the water column.
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Abstract

Measurements of long~lived radionuclides in the marine environment have provided
a wealth of information regarding the physical, biological, and chemical
processes which control the behavior of these and many other pollutants in the
oceans., Thelr value as tracers for the dispersion, transport, and fate of
pollutants in the oceans 1s largely dependent on the chemical properties of each
individual radiocelement. Differences in these properties, particularly in
relation to their interaction with biotic or abiotic particulate matter, result
in the separation of parent-daughter radioisotopes in the natural radiocelement
series or in changes in the ratios of fissfion and activation products. Such
differences have provided the means to provide time scales for a variety of
transport processes and to determine sedimentation rates. The properties of
these radionucliides in the oceans can, in general, be predicted from the
chemical properties of the stable elements.

For those elements such a plutonfum, for which there are no naturally-occurring
stable isotopes, studies of their distribution in the oceans have provided a new
important understanding of their chemical behavior. This behavior has not
always agreed with what would have been predicted from laboratory studies
carried out at far higher concentrations. Differences between observed
distributions and laboratory predictions have highlighted the {importance of
correct experimental conditfons 1n order to avold confusing experimental
artifacts. The 1nteraction of radionuclides with particles in the cceans and
marine sediments can be described in terms of simple jon exchange or adsorption
equilibria. The magnitude of the effective equilibrium constant for sach
radionuclide is dependent on the redox properties and complex forming capability
of the element in question, the concentration of the stable slement, if any,

the composition of the water--particularly in relation to the concentrations of
complex-forming ligands-~~and the surface and chemical properties of the
particles.

1. INTRODUCTION

Long~1ived radionuclides, both natural and artificial, have provided geo-
chemists and oceanographers with a serfes of extremely valuable tracers. With
the advent of nuclear fission several more extremely important radionuclides
have become available. Improvements in nuclear radiation measurement technology
have provided radiochemists with the capability to measure radionuclides in the
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marine environment at extremely low concentrations. There are now essentially

three sources of long-ljved radiongclides in the oceans: (1) natural elements
of cosmic origin, e.g. J fﬁ nff 5? and §§ (2) natural elements of

Be
terrigenous origin, e.g. 0’K 12 I, and uranfum and thor1um t88ethei yith their

radiocagtjve progenies and (3) t1ficial radionuclides, e.g. pluto-
nfum (%23 g% %45Pu) and, ég‘Am(i; ,

Measurements of these radionuciides in the marine environment have provided
a wealth of information regarding the physical, chemical and biological proces-
ses which control the behavior of these and other pollutants 1n the oceans. The
range of these interactive processes is 11lustrated in Fig. 1. The value of
these radionuclides as tracers for processes in the oceans is based largely on
differences in their chemical properties, particularly 1in relation to their
apparent solubility or interaction with particles - biotic or abiotic. These
differences result in the separation of parent-daughter radionuclides from the
uranium or thorium series, or changes in the ratios of fission or activation
products for the artificial radionuclides. Since the ratios of introduction of
the natural radionuclides to the marine environment (deposition of those of
cosmic origin, and ip situ producticn of progeny from uranfum and thorium decay) *
are constant and the deposition 25 artificial radfonuclides, while being ex-
tremely variable, is well known'4’, both artificial and natural radionuclides
may be used, depending on their half-11f P) as tracers for rate studies of pig)
ticle movement - vertical or horizontal‘!’, sedimentation and bioturbation.
The differences in the chemical properties of the different daughter products of
uranfium and thorium provide an effective means to disturb the radiocactive
equi11%§6a chagg and erefore rm?})the determination of sedimentation ra%z
using TY?) 22005 and and Ezrticle 8ett11ng rates us1ng
and 8Th. The cosmogenic radionuclides “*C and *““Be have %150 been used for

sediment dating and 7Be to determine particle settling rates.

In addition, because the inputs of the arti{ficial radionuclides have been
extremely variable and effectively occurred over a very few years, they can also
be used as tracers for rate studies of the mixing of water masses for per1od§ ?f
time governed by their radiocactive half-11fe and mixing times of the oceans.
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Since thermonuclear tes 1q? has also fncreased the flux of l4¢ +o the oceans,
this {sotope,as well as Cs, Psr and 239-240py may also be used in similar

studies.

The effectiveness of any radionuclide as a tracer of particles in the
oceans will depend on the chemical {nteractions of the ions or species in
solution with a heterogeneous phase - be it a sediment particle or 1iving or
dead organisms. It is clear then that a knowledge of the solution chemistry of
the fons involved and the surface chemistry of the particles will be critical to
the overall understanding of the adsorption process at the water/particle
interface.

2. SOLUTION CHEMISTRY

The chemical behavior of 137Cs and 90sr in solution w111 be typical of
their stable cogeners in Groups I and II, Therefore they will act as tracers
for stable Cs and Sr in the water column, will be present, at the pH of sea-
water, as sng]e fons, and will participate in exchange reactions with clays.

In addition, Sr will be intimately involved in carbonate equilibria and sub-
stitute for other alkaline earth elements in corals and carbonate shell-
materials. Because of the large concentrations of both alkali and alkaline
earth elements in the ocean, these two radionuclides will be essentially conser-
vative in the water. However, the dec gease in the Iesidence timgs for the Group
I elements in the ocean from 6.8 x 10° years for K', to 4.5 x 10° for Rb¥, and
to 560,000 years for Cs’ 1indicates tha% ?here is a preferential removal
mechanism for Cst fons onto particles. 8 The residence times for the alkaline
earth elements decrease significantly. This is predominantly due to the q%—
crease in the solubility of their sulfates with increasing atomic number,

Of particular importance in this discussion is the behavior of the trans-
uranic elements Np, Pu, Am, and Cm., Since these elements Taye a farggreater
tendency to hydrolyze than those in Groups I and II, e.g. Cs and ““Sr, they
have considerably smaller residence times in the oceans because of their inter-
action with particles. In addition, several of these elements have more than
one oxidation state that can coexist in the environment, and variations in the
ratios of oxidation states can exert a major effect on their behavior. While
thorium and uranium each occur in the marine environment in a 31n91e oxidation
s;ite+$s Th4* - or more Tikely as hydrolysed species Th(OH) and

0,""» which tends to act more like a simple divalent 1on.rboth Np and Pu can
have several different oxidation states coexisting in solution. However the
next two members of_the serjes Am, and Cm apparently occur only in a single
oxidatfon state, Am3* or C

Both Np and Pu can coexist under certain circumstances {in four oxidation
states in acid solution because of the complex relationships involved between
the equilibria and the kinetics of conversio from one ox1dat1fn state ts ++
another. In general, the reactions between M3t and M3t, and M and M
are rapid and those between MT* and M0, are slow. The 1atter two reactfons
are clearly dependent on the hydrogen Ton concentration. Very differe t %?u111—
bria and kinetics probably pertain at the near-neutral pH of seawater!? than
in acid solution where most of the oxidation-state studies have been conducted.

In neutral or basic medfa the relationships between the oxidation states
are less certain because of the difficulties in measuring sensible redox couples
at metal concentrations where hydrolysis or precipitation may occur. However,
estimate? T?ve been made for the formal potentials for plutonium in neutral
sol:tion'l

pust_0.63 PU(OH) ;yH,0 = 1,11 Pu0,t =0.77 Pu0,(OH),)
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Under these conditions Pu3¥ is TB?tabTe and PulY would appear to be more readily
oxidized to Pu(VI) than Pu(V).f

Several years ago Nelson and Lovett developed a simple technique to dis-
tinguish between Pu(I¥) and Pu(V) + PulVI) in natural water‘l?) based on the
separation of different oxidation st%tes by co-precipitating with rare earth
fluorides as developed by Seaborg These experiments showed that a large
but variable proportion of the plutonium in ocean water {s present in the higher
oxidation state.

Nelson and Lovett{12) ang Nelson et al.l1%) have shown that in water
samples collected from relatively shallow basins, and near the bottom of the
deep ocean, where relatively high suspended particle concentrations are present,
the (Pu(V) + Pu(VI)/PullV) ratfo is large ~ 5, but in the open ocean the ratio
is closer to 1.0. 1In fresh waters with high dissolved organic(iisbon concentra-
tions the plutonium is almost exclusively in the Pu(lV) state.

Further experiments by Nelson and Orlandini (16’ demonstrated that a labora-
tory technique developed to separate Np(V) from Np(IV) or (VI) {n neutral solu-
tion on s1%$ca gel where Np(VI) and Np(IY) are strongly, and N_(V) is weakly
adsorbed, could be adapted for use with the very large vo]J)es of water
needed to measure the oxidation states of plutonium at environmental concentra-
tions. They have also shown that 1f a solution of PU(VYI) is added to a sample
of a natural water, the plutonfum is reduced rapidly to Pu(V) unless a holding
oxidant T1ike Mn0,~ is present. With no oxidant present the reduction is >90%
complete in ~2 hours. Furthermore, using a combination of the techniques out-
1ined above, they have shown that the higher oxidation state of plutonium in
natural waters {s Pu(V) and not Pu(VI). Measurements by Harvey have shown that
neptunégg)in the Irish Sea is, not unexpsctedly, in the Np(V) oxidation
state.

The variability in the values of the ratios of PulV}/Pu{lIV) in different
natural waters or in different parts of the oceans raises questions regarding
the process?s controlling the reactions between Pu(lVY) and PulV) and the species
involved.! However, the reaction does appear to be catalyzed or otherwise
involve a reaction with particiles.

The chemical concentrations of Pu(IY) in ocean waters (~0.2 - 0.5 x 1q§&; M
in the open ocean and up to 3 orders of magnitude greater in the Irish Sea
are far greater than ons wou]dzfredict for the fo1ub111ty of Putt 1n equ11Lbr1um
with solid Pu(OH)4 at pH8 (=107 o = 10°6 In contrast, since Pu'0,
behaves essentia]%y as a un1§a1ent {fon, it 1s very soluble in water with a
solubility product KS§ » and {ts maximum concentration at pH 8 could be
as high as 2.5 x ~10° M before precipitation is 11kely to occur. Since up to
20% of the Pu 1s present as Pu(IV), the observed concentrations of Pu(IV) must
be a result of complexing by ligands which are readily available in natural
waters. Pul(lVY) forms strong complexes with a variety of inorganic and organic
1igands which are known to stabilize this oxidation state in solutifon. In par-
ticular it has been shown that 5 x 10"4 M citrate fon solution prevegted the
formation of Pu(IV) hxiggxide polymer in a solution with [Pul, = 1072 M at pH
values as high as 11.

3. INTERACTION WITH JEDIMENTS

It is foolhardy to believe that it will be possible to understand the
behavior of radionuclides in the oceans solely in terms of their solution chem-
istry. The 1interaction of fons with particles in the water and in the sediments
will modify their behavior and perhaps exert the major control on their
transport and fate in the environment.
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Detailed studies of the behavior of plutonium., and other radionuclides 1in
restricted bodies of water have provided a great deal of &%505??t10n on their
association with particles and transfer to the sediments.'<<’ Measurements
of the distribution of radicactivity associated with different geochemically
defined phases ~ such as specific minerals or surface coatings - have provided
1nformat1023%n the chemical nature of the interaction at the particle-water
interface.' Changes in these distributions within the sediment column can
provide 1nsight into possible differences in behavior due to diagenetic reac-
tions(52y31x1ng changes in the concentration of ligands or redox condi-
tions,(19:24) R great variety of chemical techniques have been utilized to
develop a sensible scheme to assess the geochemical association of elements with
particles (in particular, that part not found in sediments deposited 1n pr%—
development times). The different schemes have been reviewed elsewhere. 22)

The basic classification of Gibbs identified four types of association - fon-
exchange, adsorption with iron, manganese and other hydrous oxides, complexation
by surface ?rganic molecules, and incorporation intc a crystaliine or residual
fraction.'26) " However, Edgington has shown that such a simple classification
apparently breaks down for 210pp, since a large fraction of the total loading is
apparently in the residual fraction - an observation that 1s difficult to
reconcile since almost all of the 210pp is of very recen? 9gig1n (via the atmos-
phere) and readily removed from sediment by dilute acid.'?

While clay minerals are generally the major component of the fine grain
sediments which may adsorb trace metals or organics in the ocean, their residual
surface charge permits the formation of organic or hydrous oxide surface layers
which can drastically modify these adsorption properties at the surface. The
hydrous oxides and in particular, hydrous ferric oxide surface layers are
ubiquitous, adsorb many trace metals and have been the subject of intense
studnyS) Thus it is not surprising to find that the extraction results for
plutonium and americium on sediments from the Great Lakes and Buzzards Bay show
that these elements are associated almost entirely with the reducible hydrous
ox1des, and that this association d?§§ EOt change with depth, and presumable
redox conditions, in the sedfTents. +29) Aston has found a similar result for
sediments from the Irish Sea.30

At this point 1t 1s clear that the behavior of the radionuclides in the
oceans is very dependent on not only their solution chemistry, but also the
surface chemical properties of the adsorbing solids. Using plutonium as an
example, because cof its importance and occurrence in multiple oxidation states.
a simple equilibrium model can be proposed to describe the interaction of this
element with particles in the ocean., This 1s illustrated in Fig. 2. The model
involves five different chemical reactions or equilibria:

(1) The oxidation/reduction couple PulV/Py

Pud® + 2H,0  §®  Pu0yt + 4HT + e (3.1)

K1y,y = [Puog*1 [HF14

(3.2)
rpuét)

The studies of Nelson and Lovett‘lZ) and Nelson and orlandini‘1®) have
shown that there are great differences in the values of the ratio of
Pu(V)/Pu(lV¥) 1in ocean water. In the Irish Sea the ratio is strongly in favor of
the oxidized state, = 0.8, but in the Pacific Ocean the ratic decreases to ~
0.5, but in water just above the sediment/water interface rises to ~ 0.8.
Unpublished data from Nelson shows that the ratio also decreases with !ncreas1ng
distance north from the Irish Sea and around the north of Scotland.3}’. Labora-
tory studies have shown that in separate samples of carefully filtered Lake
Michigan water, Pu(V) and Pu(IV) are stable, but in the presence of ~ 1 mg'1”
of sediment particles the Pu(IV) {s rapidly oxidized and the Pu(V) is rapidly
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Fig. 2, The role of hydrolysis and complex formation reactions in the

interaction of plutonium or other actirfdes with sediments and thelr
relation to measured values of Kp,

reduced to the extent that the PQ6V)/PU(IV) ratio ~ 0.8, the ambfent ratio
measured in Lake Michigan water.'1®)  Thus it appears that the redox reaction is
catalyzed by the presence of terrigenous particles.

(2 Ihe Hydrolysis of Pu** and Pu0,"

The study of the hydrolysis of Pu4t has been hampered by the formation of4+
colioidal species at fairly low pH values, and the maximum concentration of Pu
fons in solution is limited by the solubility of PulOH),:

Kgo = [PUATICOHT14 = 10736 (3.3)
The hydrolysis of Putt however proceeds in a stepwise manner:

Putt 4 10 R Pulom3t 4wt (3.4)

PUOH3* + Ho0 =X Pu(OH)Zt + HY  ete (3.5)
with the possible formation of anionic hydroxyl complexes with formation con-

stants:

Pu(OH)4 + OH™ F PuloH)g

' [PuoH3+ICHT]
xK 2 —— (3.6)

L (Pudh]

! [Pu(OH) ,2*1TH] ' 4oH
¥K = when = xKi17xK (3.7)

2 [PuOH3*] P2 12

[Pu(OH)5][H+]
*KSH =
[Pu(OH) 4]
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where *ﬁEH = *K lH'*KZH' « 0 '*KSH

The values of the formation constants for the hydroxyl complexes of Pu4t are
subject to some speculation. f values reﬁorted fog 1?9 #Kq H for Pudt are
almost fdentical to those for U"", log Ky ~ - 1.6, More recently, Allard
has critically examined the solubilities o% he actinide elements in neutral or

basic solutions an% quotes values for log {n.= 1 to 5) based on the

solubility of U The ratios of [Pu(OH) (4~M* « o and the maximum

fpudt] [Ht1n

(Pu(OH) 4" *] concentrations in equilibrium with Pu(OH), at pH 8 and thus
[Putt1(z 10732) at pH 8 are shown in Table I.

Table I. Hydrelysis of Pudt, Stability Constants and Relative Concentrations
of the Principal Monomeric Hydrolysis Products.

Tog #B, -0.5 -2.5 -6.0 -11.5 -20.0

[Pu(OH), (4-n)+3
" 3.2 x 107 3.2 x 1083 1.0 x 1018 3.2 x 1020 1.0 x 1020

Pu?l

[PutoH) (4=M*R 3.2 10725 3.2x 10719 1.0 x 10716 3.1 x 10732 1.0x 10712 M

3Calculated maximum concentrations in equilibrium with Pu(OH)4, Yog Kgg = =56.0

Values of log * nH taken from ref (9).

If the estimates of these formation constants are correct then concentra-
tions of plutonium up to ~4 x 10°12 M in natural water at pH 8 in equilibrium

with Pu(OH)4 can be explained completely in terms of complexing by the hydroxyl
ion.

In contrast, at the concentrations of p]utonium (V) 1ikely to be en-
countered in. the ocean, the dominant species will be Puvoz » since univalent
{ons do not readily hydrolyse or form complexes.

(3) Complex Formation (Inorganic HX. or Organic HL). Ligands

Pu(I¥) and Pu(VIg hydroxides will alsc dissolve in carbonate solutions to
form compTexesf The estimates of the stab1]1ty-cons§gnt for the Pu(lV)-
carbonate complex, based on sclubility measurements, K = 10%", appears to be
rath?E high in comparison wit B%szes for comparable 1igands such as citrate «K
=10 or oxalic acid Ky = 10 It has been suggested that carbonate
anfonic complexes could %e the major species in solution. Such a hypothesis was
attractive before 1t was discovered that the predominant upper oxidation state
in solution was Pu(V) rather than Pu(VI}, since U(VI), the ana1ogue for Pu(vI)
is present in seawater as an anionic carbonate complex, UOZ(CO3)

Even though Putt forms retatively strong complexes with SO%‘ fon, e.g.
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" ) . [PuS042*1[H']
Putt + HSO4~ g2  PuSO4st + H ¥y = (3.8)
< . [PUFFICHSO, ]

where xK; = 740,(22) he [304=] in seawater is only 3 x 1072M, wh}ch is not
great enough to contribute a significant fraction of the total Pu V in solution
in the oceans.

In a discussion of complexing in solution, the formation of organic com~
plexes cannot be ignored. The importance of humic acids as %rgncipal complexing
agents in natural waters and sediments 1s well established.(3%? While 1t ap-
pears that complexation by the hydroxyl ion could account for the observed con-
centration of Pu(IV) in water, the potential role of complexing by humic acids
should be addressed. Unfortunately there are no directly measured values of a
stability constant of Pu(IV) (or any similar element) with humic acids.

However, Nelson et al. have shown that additions of humic acid (soluble
organic carbon) to natural waters significantly depress the adsorption of
plutonium onto autosediments suggesting the formation of co&fkexes and this
permits the calculation of conditional stability constants 6,

(4) Interaction with Sediment.

The interactions of metal lons with sediments that have been discussed
earlier in this paper can be expressed in terms of a simple heterogeneous chemi-
cal reaction analogous to reactions with complexing 1igands. For simplicity 1t
will be assuwed that the only 1onic species interacting with the hydrous iron

ox1des 1? ?9 * (however this could be a hydroxo complex, see Hsi and
Langmuir 3 :
4+ P Iy +
and Wig = {PutIv)SILH]
(3.10)
[Put*] {HS)
where [ ] = moles* 1™} and { } o= mo‘les’kg'1

There are two major problems in using this equilibrium reaction. The first
1s the parameterization of {HS}, which is essentially the concentration of ac-
tive exchangeable sites on the sedhneg% particles. However, several techniques
have been developed to estimate {H$}.138)" The second problem {s that the reac-
tfon with sediment particles may be more complex than illustrated here. James
and Healy have suggested that metal hydroxo species are more strongly adsorbed
than free %e§a1 fons since the adsorption of metals is strongly pH-
dependentf 97 Other models have been developed wpigh explain the pH-dependence
in terms of the activity of the = Fe -~ 0~ groups.28

(5) The Distribution Coefficient, Kp

Since it 4s 1mpossible to measure the concentration of each plutonium spe-
cies 1n soluticn the association of plutonfum with sediments {s expressed in
terms of a distribution coefficient, (a parameter commonly used in describing
heterogeneous equilibrium in solvent extraction and fon exchange).

Total Purg™! sediment

K (3.11)

Total Pu'mi™! 1n solutfon
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(PulVs} + {PuVs}

- {(3.12)
(PulIV)) + [Pu(V)]

where

[PutIy)] = [Pudt] + [PucoH) (AW + 7 ux)t](4—n)++ ﬁ[PuLnM“”)J (3.13)
and also “'Ky = {Pu S)/[Pu({V)] and 'Kp = {Pu'S}/TPu(V)l.* e definition of
these equ111gr1um constants *'Ky and VKO for the interaction of plutonium with
sediments presumes that these reactions are reversible. A large proportion of
the measured values of KD’ which ipso facto are assumed to be the equilibrium
constants, have only been measured for the uptake reaction. Edgington et al.
have studied the uptake and desorption of plutonfum on sediment and have shown
that the same Kn values for Pu(IV) and Pu(¥) can be obtained from upta&i)and
desorption stud?es when approaching the equilibrium from either side. The
oxidation states of plutonfum on sediment particles have been determined using a
mi1d leaching technique. The results show that the plutonium on particles 1is
a\mos?lﬁstirely in the Pu(lVY) ox1dq}10n state, and that very little Pu(V} is
found. However, the value of 'Ky estimated from these experiments, < 1000
is 1n close %Sreement with the value measured by Harvey for Np(V), =250, in the
'Iaboratory.(1 The value of the Ky measured for Np in the Irfsh Sea is greater
than th3§ for Np(V) measured in the laboratory, but far less than the value of
either “'Ky (Np) measured also in the 1a?f§ftory or the value of the overall Kp
for plutonfum measured in the Irish Sea. These data suggest that there is
less reductfon of Np(V) than Pu(V) 1n the Irish Sea and that Kyy,y (Np) << Kyy,y
(Pu)(see equa. 3.2).

A large number of Ky values have been measured for the transuranic ele~
ments: representative values for these, as well as for Th, and U for comparison,
are summarized in Table II. The magnitude of the measured Kp's vary in the
order:

Kp[Th(IV)] = KppPulIV)] = Kp[Am(IID)) >> KpLU(VDI > KpINp(W)1 = Kp [PutV)]

Table II. Comparison of the Values of the Distribution Coefficlents (log Kp)
for the Actinide Elements from Field and Laboratory Measurements

Element Eield Laboratory
Th{IV) 6.949) _ 5 7. 0(42)a —

utvy 3,0(43) _ 3 gpl42)a o

Np(IV) ———- 4.30(18)
Np(V) 3.70(18)b 2.40(18)
Pu(IV) 6.40(14,19 5.70 - 6.40
PulV) <3.00(14)

AM(III) 6.08(44) 5.40 - 5.70(45)
Cm(IT11) 6.09144)

8These values may not reflect a true Kp since no attempt was made to determine
whether all of the Th or U {n the bulk sediment was involved in the surface
exchange reaction,

bSince no separation of Np(V) and Np(I¥)} was made for the sediment this value
probably reflects a contribution from Np(IV}) adsorbed to the surface.

*A similar parameterization {nvolving complexation has been suggested recently
to account for varia tions in the distribution coefficients for hydrophobic
organic molecules between natural waters and sed1qen§s. The authors suggest
organic-organic interactions in the aqueous phase 40,
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Considering the wide variety of sediment types invelved, possible differences in
the particle-size distribution of the sediments examined, and the variation in
the ratio of oxidation states, 1t was encouraging to find that the rep?rg?d
values for Kn(Pu) for oceanic sediments have a relatively small range.l
Duursma and gosch have shown that variations of a factor of 5-10 in the value of
Kp can be exp]a1ne€ €P1e1y by differences in the particle-size distribution in
natural sediments.'4 In those cases where the values of Ky are the greatest,
the sampling technique favored the C°]1?f5§°n of extremely fine~grained sedi-
ments, as has been discussed elsewhere.

There are some di{fferences  between the values of KD measured in the field
and the laboratory. These differences can arise from perhaps two major causes
which are related to experimentaY conditions. First and foremost there is the
question of particle size alluded to above. Values of Kp measured on bulk
sediment in the laboratory would be expected to be lower than those values
calculated from the analysis of suspended sediments. Secondly, a factor,
particularly {mportant when discussing the behavior of plutonium, is the
question of the ratio of oxidation states and the chemical form of the
radfonuclide used for the measurements. As the [Pu(Y}]/[Pul(IV)] ratio
decreases, the value of the measured Kp w111 increase. Secondary factors could
be related to the effect of varfations in the composition of the water or
sediment used, related to changes {n the concentration of potential complexing
agents in the water, sediment, or sediment/water ratio. The depression in the
value of Ky for plutonium 1n the interstitfal water of Irish Sea sediments is
presumably due to an increased concentration of organic complexing aqeg}s due to
the diagenesis of natural organic material 1in the interstitial water 47) a5 are
the observations by Santschi et al. that the Kp for amerdééﬂm js depressed
considerably when the sediment/water ratio {is increased.

The definftion of Ky implies that the total concentration of metal adsorbed
1s a linear function of the concentration in solution. This definition is only
true as Jong as the fraction of the exchanageable sites occupied by metals
remains relatively small. When the surface coverage becomes significant, devia-
tions from linearity are common and the Langmuir or Freundlich 1sotherms must be
employed. However, for the transuranic elements, the probabflity of having
total concentrations present in the oceans, such that Kp ceases to be constant,
is unlikely.

Care must be taken that Ky values are reported for conditions that closely
approximate natural conditions, or that both the solid and solution phases are
well characterized so that extrapolations are valid. Recently Webber et al.
have shown that the decrease {n Kp of hydrophobic organic compound with 1n-
creasing so]i?‘gfter ratio is accompanied by a change in turbidity in the
aqueous phase and this cap(?e interpreted in terms of the formation of
organic-organic association,'4¢)

4., EFFECT OF ELEVATED CONCENTRATIONS OF PLUTONIWM

The problem of the hydrolysis of Pu4t 1n even moderately strong acid has
plagued chemists since this element was first produced by man. Plutonium poly-
mers appear as soon as a solution of Pudt 1n acid was diluted by adding water.
Even though the overall acidity {in solution was ~1 M, local areas of very high
pH are formed causing the collofd to form. Nelson et al., as part of a study to
determine the true solubility of plutonium in water, have 2eve1oped techniques
to prepare stable, relatively concentratff §o1utions of Pu4t and Pu0,* for use
in this and other environmental studies.!*?’ Solutions containing Puoz+ are
made simply by adding solutions of Pu¥l in dilute nitric acld to the Take or
ocean water - reduction of Pu¥l to PuY 1s rapid and complete. Solutions con-
taining Putt are prepared by evaporating a solution of Pudt 1n 8m HNO3 to dry-
ness and dissolving the residue in a 1 M NaHCO3 solutfon.

50



Using solutions prepared in this manner Nelson et al. have shown, by adding
successively higher concentrations of plutonium to Lake Michigan water con-
taining suspﬁgded sed{gent, that the apparent constants estab]ishf at in the 5
field at 1074/ -~ 107 M for the Pu(V)/PU(IV) ratio - 5 and the *YKp ~ 5 x 10
do not change over a concentration range of a ﬂgctor of 1010, At a total
plutonium concentration in solution between 107 and 10°7 M, the value of IVKD
increased dramatically indicating the formation of an insoluble hydroxide re-
sulting from the exhaustion of the complexing capacity of the l1igands in the
water and/or the saturation of adsorption sites on the sediments.

5. EYALUATION EQUILIBRIUM CONSTANTS FOR A MODEL SYSTEM

The observation by Nelson et al. that there 1s a Tinear {increase in [PulV]
in solution with increasing total concentration of plutonium over ~10 orders of
magnitude, indicating a constant value of Ky, and a constant ratio of
(Pu(V)1/[PuCIV)] states provides a means to evaluate a 1imiting~value for {HS},
the concentration of active exchangeable sites on sediments.

Synthetically prepared goethite and FeQOQH have been shown to have a total
number of exchange sites ~ 1 ~ 135 moles'kg™*, but ocean surfﬁge sediments have
1n excess of 2.7 moles’kg™* as determined by tritium exchange. 8 In this
sediment the exchange sites included all hydrous oxides and not iron oxides in
particular. Numerous workers have shown that transition metals, unlike p1%2%3
nium or americium, are not solely associated with reducible hydrous oxides ’
and that the value of Ky starts to decrease when gpe ratio of {MS}/{HS}, the
fractional surface coverageo exceeds 0.1 - 0.2.(3 In fact, Eggington has
shown that only ~ 30% of 10pp {s associated with this phase.(2 In the case
of the Lake Michigan sediment, a direct determination of the number of exchange
sites has not been determined, and a value based on the measured concentration
of readily extractable iron will be used, because plytonium and americium do
appear to be specifically bound to reducible oxides.\23)  The fine-grained Lake
Michigan sediments contain ~ 3-4% total iron, and the concentration of iron that
is released with other hydrous oxides by_reduction and extract109 using the
citrate-dithionite method is ~ 15 mg g"l or ~ 0.25 molestkg 1.2/

Provided that the required surface sites are available in excess and the Kp
is independent of the total metal concentration, an adsorption equilibrium
constant may be calculated for the reaction, egn (3.9)

Pudt + v R pul¥s + HF
where, from eqn (3.10)
Wkgthtl = {PulVsi/rPudtitHs)

Other workers expres§ the constant in terms of the total metal concentration in
solution and thus(37:

e.g. IVKS = IVKD[H+J
(5.1)
{HS}
Now 1f the maximum concentration of Pul{lV¥) that can be held in solution in
a natural water, e.g. Lake Michigan, can be increased to ~ 107° M without any
apparent change in the value of Kp, the fractional surface cogerage can have a
&a]ue where {MS}/{HS} < 0.01 - 0.02. Thus fora Kp =5 x 102, at [PuIV] =10"
» the maximum value of {Pu(IV}S} is 0.005. If the value of {Pu(IV)S}/{HS} is
not to exceed 0.01 - 0.02, and the minimum value of {HS} ~ 0.25 M, assuming all
of the citrate-dithionite extractable iron must be on surface as exchange sites.
While it 1s now possible to calculate a value of *YKq, having established
reasonable values of [Pu4*1, {Pu(IV)S}, and {HS}, thére still remains a question
as to whether a single species {s adsorbed e.g. Pudt, or whether other species

are adsorbed as well, Pu(OH)3*, Pu(OH),2* etc. Under such conditions IVKg may
be defined e.g.
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IV + +
v, {Put¥S}IH™] RET {PU(OH) ,S}LH™] e
[Put*I(Hs) [Pu(OH) 2+ 1{HS)

Balistrieri and Murray avoid the problem of defining the exact species in
so]utzgn by defining the constant in terms of the total metal concentration in
water'37)

{MS)[H'] KpLH']
Kg = = (5.2)
[MIT{HS) (HS}

For plutonium a value of IVKS may be defined 1n this manner as
kg = (5x10% x (1078 = 2x10°2 or Tog ¥k = -1.7.

The definition of the constants in this manner normalizes the observed values of
Kp for sediments with widely differing concentrations of exchange sites, and
a?]ows a direct method of comparison for the complexing strength of metals with
other sediments. Balistrieri and Murray report values of log Kg for Cd, Cu and
zinc in geothite of 0, -13 and --33 » respectively, and for zinc onto a fine-
grain sediment, %3va1ue of =0.6.0 The Kp value for Am(IV) on the same
sediment 1s ~ 10”, log Kg = ~1.4.

6. COMPLEXING BY NATURAL ORGANIC COLLOIDS

In an elegant series of experiments Nelson et al. have investigated the
complexing effects of natural organic macromolecules (humi% 8$1ds) on the ad-
sorption of plutonium and americium to sediment partic]es.3 . The complexing
ability appears to be a function of the source of natural dissolved organic
carbon (D.0.C.). The effect on the value of “'Ky of readding increasing concen-
trations of D.0.C. (concentrated from Lake Michigan water by dfalysis, M.W. cut
off 10000 into depleted Lake Michigan {s shown in Fig. 3.. Up to the normal
concentration of D.C.C. in Lake Michigan water (= 1 mgﬂ'l) the value of IVKD
remains essentially constant. As the concentration is {increased to values >3.0
mg:1-l the value of ! Kp decreases markedly, the slope of the plot of log 1/Kp
vs log D.O.C. Tncreasing rapidly to a value approaching 2, suggesting that a
mixture of Pul and Pul, complexes are formed.

CONC DISSOLYED ORGANK CARBON (mg L))
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Fig. 3. Comparison of the cbserved and calculated effect o{vincreas1ng the

concentratfon of colloical 0.0.C. on the value of
in natural waters.

Kp for plutonium

(a} Observed data for Lake Michigan water and best {ft calculated
from eqn. 6.6 with xlog 4Ki5 = 20.7 and Tog 4K,b = 0.7,

(b) concentration of Pul3™,
(c) concentration of PuL22+,

(d)  calculated change 1n Ky for ocean water fr?El;he Bay of Fundy
using the constants glven by Nelson et al.
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Starting with the definition of Ky given above, i1t 1s clear that since
concentrations of D.0.C. less than gre present concentration 1n Lake Michigan do
not change the measured value of I Ky significantly, then at D.0.C. concentra-
tions <2 - 3 mg*1™*, using the same form as in equ (3.16), but for Pu(IV) only,

{PulVsy

g, - (6.1)
tPud*y + | [PuCOH) T + | [PuX,)

where X represents any inorganic complexes present,

K *
or IVKD = > (6.2)
L+ oK HIOHID Wk XIXIN/IHTIP

where Kg* = IVKS{HS}/[H+J.

Similarly 1f the concentration of dissclved organic carabon is [HL], and

1:1 and 1:2 complexes are formed, the value of the distribution coefficient will
decrease to:

K%
Iv _ S
Kp =

|+ kK HEHTITN 4 XOXANTHYID + kg LIHLIEHTI™L 4 k) LK, MIHLIZIHT 2

Inverting this expression and substituting for IVKD leads to

1 1 W [HLICHTI-L Ky xk [HLIZ[HT1™2
— = — %+ + (6.4)
Vg, Wy, Ks* i

Nelson et al. have studied the effects of 1ncreasing the concentration of D.0.C.
on VKD for several different natural waters - both fresh and marine - and have
found that while most waters collected in the northern United States behave
somewhat similarly to Lake Michigan (Fig. 4) in that they form both 1l:1 and 1:2
comp]géss, fresh and marine waters from the southern states form 1l:1 complexes
only.! They found that the values of *ﬁiL/Ks* giving the best fit to data
varied by a factor of 100 - from 9.7 x 1077 in a southern swamp to 7.5 x 1077 1n
Lake Michigan. Ocean waters from the Gulf of Mexico (1:1 complex only) and Bay

of Fundy (1:1 and 1:2 complexes) had values of 4.0 x 1075 and 8.8 x 10~6
respectively.

¥ T T T v T v Schematic representation of the predicted varfation in the

/’ concentration of plutonium in solution, [Pu(IV)], as a function of
-7 i 1 total plutonium added to the system.
4 (a) No sediment, complexing by hydroxl fon only;
1 (b)Y effect of additional complexing by naturally occurring ligands;
(¢) -0.1g.sediment 171, IVKD =5 x 105;

(d)  the effect of exceeding the adsorption capacity of the
sediment, IVKD decreases by factor of 100;

4 (e same as (c) with IVKD =5 x 103;

CONCENTRATION OF Pu{lV) IN SOLUTION

4 (f) the effect of exceeding the complexing capacity of the natural
Tigands;

-0 -4 -8 - -8 -5 -4 -3 -2 (g} the effect of exceeding both the adsorption and 11gand
TOTAL PLUTONIUM ADDED (M} complexing capacities of the system;

(h)  the varfatfon 1in [Pu(V)) under same conditions as (d).
Fig. 4.
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From the data shown in Fig. 3 {t is possible to estimate values of *KlL and
Bk, The total [Pu(IV)] in solution 1n Lake Michigan (which 1s 1/1Vky is given
by the denominator of equation (6.3)

VK  PutIIT (1 + a8 HIHFITN + ok LOHLIEHRI-L + B LIHLIZIHYI=2) (6.5)

From the experimental data shown in Fig. 3 it {s evident that complexing by a
component of the dissolved carbon contributes a measurable fraction (.~ 25%) of
the total [Pu(IV)] found in the water. The data also indicate that the change
in Ky is due to the formation of 1:1 and 2:1 complexes., Since the only chan%e
made to the system in these experiments 1s to increase the concentration of [HL]
+ [L7], then

/gy 7¢IV = Kk LIHLICHTITL + 8, THLIZIH 12 (6.6)

The ratio of the value of the ratio of *KlL/*BZL glving the best fit to the data
was found to be ~ 5.0, Using the same assumptions made earlier #K;~ =5 x 1020
and xB L= 1 x 1020 o Ko = 0.2. The variations in the concentrations of
the Pul and Pul, complexes alone are also shown in FiP. 3. At the concentration
of colloidal D0.0.C. in Lake Michigan water (~ 1 mg'17%), the increase in
concentration of Pu(lV) is solely due to the formation of Pul. The
concentration of D.0.C. would have to increase by a factor of ~ 10 before the
concentration of the [Pul,] became significant.

The conditional stability constants (*Klz'-) for the humic acid complexes in
the marine environment vary between 2.7 x 10 1 for the Gulf of Mexico and 5.8 x
102} for the Bay of Fundy. Considering that the concentration of 0.0.C. in
ocean water is < 03 of the concentration 1n Lake Michigan, it is still apparent
that complexing by humic acids could be very important at certain locations in
the marine environment. Also shown in Fig. 3 is the calculated change in
concentration of Pu(IV% n?r water 1n the Bay of Fundy based on the consfants
givep by Ne]sox}_ ot a1.t3%) If the concentration of D.0.C. 1s ~ 1 mg*1~+, then
[PuL?*1 7+ [PuL,%*1 account for - 903 of the total [Pu(IV)] in solutfon. If the
concentration of D.0O.C. 1s 0.1 mg*1™~ the complexes account for ~ 50% of the
total [Pu(IV)] 1in solution.

The effect of increasing ligand concentrations, presumably D.0.C. on the
[Pu(IV)] 1in solution 1s also apparent from st%91es of interstitfal water. Nel-
son and Lovett have shown that the values of *'Ky calculated from measured
concentrations of Pu{IV¥) on sediments and in interstitial water taken from the
Irish Qﬁ are an order of magnitude lower than the value of Ky in the overlying
water.!4 The ratio of [PuV1/[Pu(IV)] decreases from ~ 5.0 fn the overlying
water to ~ 0.1 in the interstitial water. Presumably the decrease in the value
of Ky for Am(III) with gncreasing sediment/water ratio 1s also due to a similar
com&%ex1ng reaction. Clayton et al. have shown that concentrations of EDTA
greater than 1076 M ngress the value of Kp for Am(III) the formation of a
complex in solution, ' However, part of the decrease in the value of Ky may
be due to the destruction of the hydrous oxide layer as a resuit of the com-
plexing of {ron etc. It must be stressed that the values of these stability
constants are based on the assumption that the §tab111ty constants calculated by
Allard for the hydroxyl complexes are correct!9), but this has no effect on
relative concentrations,

Provided that the formation constants for the hydrolysis of Pu4t are cor-
rect, there is no need to invoke complexing by 1igands other than OH™ and humic
acids. In fact, it canh be shown that, even if all the low molecular weight
component of D.,0,C.in the water is assumed to be present as ]lgands fucz gs
citrate and oxalate - known to form strong complexes with Pu™" {ons 11,210 4ng
without considering competitive equilibria with major cations, the complexes
formed would not significantly change the concentration of Pu(IV} 1n solution.
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The interplay between the various factors: (1} solubility product, (2)
complexing by hydroxyl ions, (3) complexing by humic acid, and (4) the
distribution coefficient, is simply 11lustrated. Each of these factors in their
own way 1imit the total and maximum concentration of plutonium that can remain
in solution. This is best fllustrated as in Fig. 4 by showing the change in
concentration in solution as a function of the total concentration of plutonium
in the system (water and sediment).

In the absence of complexing by hydroxyl fons the maximum concentration of
Pu(IV) that can exist in solution as Pu4* before a precipitate forms would be
10732 M. Calculations using the stability constants reported by Allard indicate
that complexing by hydroxyl ions 1?25?ases by a factor of 1029, but the 24
experimental data of Ne1%on et al. suggests that this factor should be 10
with [Pu(IV)] = 1078 - 107, Complexing of further plutonium by organic carbon
will 1increase this concentration by a further factor of ~ 3.0, This is
illustrated in Fig. 4, curves (a) and (b). In the presence of sediment, the
total amount of plutonium that can be added to the system before precipitation
of Pu(OH), occurs will increase by a factor equal to Kp» larger curves {c) and
(d). A complication arises when the fraction of adsorption sites occupied by
plutonium on the sediment increases beyond ~ 1% and the value of the Kp de-
creases. In this example it is assumed that the decrease is a factor of 100
between %ﬁ and 100% coverage, a value that appears to be typical for other
metals.(3 This is 1llustrated in curve (d). As the surface coverage {is in-
creased the Ky decreases and th? concentration in solution moves towagds a value
1imited by a Kp value of 5 x 107 rather than the original Kp = 5 x 10-.

A further complication will be introduced when the total concentration of
complexing ligand [HL] + [L71 = [PuLy). If the total concentration of plutonium
added approaches this value, the concentration in solution will move towards the
value governed by just the hydroxyl ion concentration, curves (f} and (e).
Finally if exhaustion of ligand occurs before the saturation of surface ad-
sorption sites on the sediment a behavior approximated by the curve (d) -~ (g)

might occur. The behavior of Pu(¥) under similar conditions 1s also show, curve
(h).

1. The behavior of the long~lived radionuclides in the oceans is con-

trolied by the formation of complexes and the interaction of specific species
with sediments.

2. The maximum concentration of plutonium that can exist in neutral or
s1ightly basic natural waters is influenced by the ratic of [PuV1l/[PulVl]. As an
univalent fon, the solubility of Pu(Y) {ig large and in equilibrium with PuO,0H
at pH 8, the mgximum [Pu02+] =25 x 1070 M., The maximum [Pu(IV)] at pH 8
approaches 107/ M, a concentration which is several orders of magnitude higher

than would be predicted from published values of Kg, and hydroxyl fon com-
plexing.

3. Under normal environmental conditions, these radionuclides are under
adsorption/desorption control, thus confirming Goldberg's hypothesis of equiiib-
rium distribution,‘®}) but in situations where extremely large concentrations

are discharged precipitation/dissolution could become the major controlling fac-
tor.
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4. At environmental concentrations of plutonium or americium their ef-
fective solubility is controlled by the total concentration of solids present fin
the system. However, if the total concentrations of Pu or Am added is doubled,
the final concentration in solution will be doubled also. Thus expressing solu-
bilities as a percentage of total radionuclide added is meaningless.
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Abstract

Concentrations found are similar to other seas at the same latitude and probably
originate from fallout. Both elements increased in concentration in surface waters in
summer. Americium was more closely associated with particulate matter than Pu.
Analysis of partaiculates showed similar concentrations to those in surface layers of

sediments. K values for both were 105—106, very similar to results reported elsewhere.

d
In contrast to deep sea regaons, 2% of Pu and Am were 1in the water column and 98% in
v v,VI
the sediments. A method for separating PuIII'I and Pu ‘' in water was developed

which relies on NdF3 coprecipitation.

1. INTRCDUCTION

The behaviour of transuranic elements plutonium and americium in the
water of the Baltic Sea and its Gulfs have been studied since 1979
[1,2]. The first phase of the investigations was to determine the
239'240Pu and24lAm concentrations in the water and especially to
investigate the distribution of plutonium and americium between

filtered seawater and the particulate fraction.

The Baltic Sea and its Gulfs is a shallow brackish water area. The
salinity of water samples collected varied between 3 - 8 %, in surface
waters and 7 - 13 %o in bottom waters. The highest sampling depth of
our study has been 235 m. In the Baltic Sea there is also a large
seasonal variation in temperature. Thus, the conditions in the Baltic
Sea are very different from those existing in the locations studied as
possible deap-sea dumping sites. This gives an opportunity to consider
the effect of some factors on behavior of transuranic elements in

marine environment.

61



During the project period of 1982 - 1984 the effect of seasonal

239,240, 4241 .

variation and salinity on the distribution of
the Baltic Sea was studied. In addition the distribution coefficients
for these radionuclides in particulate matter of water and surface

sediments have been calculated.

To understand the interaction of transuranic elements between water
phase and particulate fraction (or sediment) information about
chemical form and oxidation states are needed. In present study a
method for determination the oxidation states of plutonium as a

function of sampling depth in the large volume samples was developed.

2. MATERIALS AND METHODS

2.1. Samples

Water and sediment samples have been collected 1n the Baltic Sea
during the years 1879 - 19B4. Figure 1 indicates the locations of the
sampling stations. Collection of water and particulate samples have

been described earlier {1,2].

Figure 1. Sampling sites in the Baltic Sea and its gulfs.
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The water samples was filtered through Millipore cartridge filter,
pore size 0,30/4m. No effect of pore size, in the range of (.22 - 0.50

pm, on the concentrations and distribution coefficients of Pu and
and Am was found. The sediment samples have been taken

with a gravity corer having an inner diameter of 21 cm [3] . The

cores were split into transverse sections of 1.5 - 5 cm.

239,240, 241

2.2. Determination of and Am

Tne water and air dried particulate samples were analyzed for

239'240Pu and 241Am by procedures reported earlier[ 1,2]. To improve

241

the chemical yield and separation of Am a method reported by

Bojanovsky et al [4] and modified at our institute[ 57 was introduced.

This method 1s based only on anion- and cation-exchange and 1t 1s
especially suitable for sediment samples. The alpha-activity of
samples were measured with Si-surface barrier semiconductor detector
for 3 - 10 days.

2.3. valadity of the results
To check the reliability of the plutonium and americium results the
intercalibration samples SW-N-I (seawater) and SD-N-I {sediment)

obtained from the IAFA were analyzed.

The reagent background was regularly controlled. The background count

rate for alpha-spectrometer used for determination of low 239’240Pu
and 241Am concentrations was 0 - 3 and 2 - 5 counts per 10 000 min for
239,240 241

Pu and Am energy regions, respectively.

2.4. Separation method for determination of plutonium oxadation
states
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FILTERED OR UNFILTERED i

242

0.70 dpm 236 Pu({IV)-TRACER

2.518M HNO3

2.515M H2304 -~ 0.02 M !(2Cr207

200 ML Nd-CARRIER (100 mg/ml Nd)
ALLCW TO STAND ABOUT 30 MINUTES

200 ml 4C % HF

STIR AND ALLOW TO STAND FOR 30 MINUTES

FILTER ON 0.22 vm CARTRIDGE FILTER

s

| 0.70 dpm Pu(IV)~TRACER
|
|
|l
|
t
i
|

T — - !' - - ——— - - - - -
FILTRATE (Pu (V + VI) l FILTER (Pu (III + IV) }
| J
80 g (NH4)2 Fe (304)2 6 H,0
200 ml Nd DETERMINE Pu BY
ALLOW TO STAND ABOUT 30 MINUTES STANDARD PROCEDURE (6)

FILTER ON 0.22 -+ m CARTRIDGE FILTER

FILTER (Pu (III + IV)) |

DETERMINE Pu BY
N7 STANDARD PROCEDURE (6)

* IF UNFILTERED IT IS ALLOWED TC STAND 24 HOURS
Figure 2. Determination of the oxidation states of plutonium.

The analytical scheme to separate the lower oxidation states of

plutonium (III, IV) from the higher oxidation states (V, VI) 1s indicated
in Figure 2. The method 1s based on the method suggested by Lovett and
Nelson [6]. Pu(IV) will coprecipitate quantitatively on lanthanum
fluoride whereas Pu(VI) stays in solution. The holding oxidant,

K,Cr,0,, was added to prevent reduction of Pu (VI) by any reducing

agent and also to oxidize Pu(V) to Pu{VI) as well as Pu(III) to

Pu(IV). Both filtered (pore size 0.22[4m) and unfiltered seawater

samples were analyzed. Also the particulate matter was analyzed for

total Pu.

3. [RESULTS AND DISCUSSICN

The results for water samples collected in 1981 1in the Baltic Sea
Proper are given in Table 1. These results will complete our earlier
data [ l,2] .

64



239,240, g 241

Table 1. Am in water of the Gulf of Finland and
the Baltic Sea in 198l. The filter pore size used was
0.30ym. The standard deviation of the radioassay (1 0) is
indicated.

Station Date of Depth Plutonium -239,240 Avericium -241

collection Filtered water Particles Filtered water Particles
1981 m mBq/m3 mliq/m’3 mBq/m3 mBq/m3

(mBg/g dry wt) (mBq/g dry wt)

LL-7 14.7 surface | 6.3 + 0.7 0.48 + 0.07 1.5 + 0.7 0.15 + 0.07

“ " €0 a1+ 1 0.26 + 0.07 1.1 + 0.4 0.11 + 0.04

F81 15.7 surface | 4.4 + 0.7 0.18 + 0.07 - -

. " 0 3.0 + 0.7 0.059 + 0.022 | 0.7 + 0.4 < 0.1

" " 130 2.2 4 1.1 0.18 + 0.07 0.7 + 0.7 0.18 + 0.15

" . 220 4.8 + 1.1 0.30 + 0.07 0.4 + 0.4 0.15 + 0,07

LL-3A 16.12 surface 6.0 » 2.2 3.29 + 0.36 0.6 + 0.6 0.60 + 0.15
(3.70 + 0.40) (0.67 + 0.17)

" " 50 3.4 3+ 0.7 1.46 + 0,18 0.5 + 0.5 0.44 + 0.09
(1.42 + 0.17) (0.43 + 0.09

L7 17.12 surface |} 5.0 + 1.5 1.98 + 0.46 0.8 + 1.0 0.44 + 0.11
(2.26 + 0.53} (0.51 + 0.13)

" " 50 3.8+ 1.3 0.97 + 0.22 1.1 + 0.8 0.67 + 0.16
(0.73 + 0.17) (0.51 + 0.12)

. 239,240 241 . .
The average concentrations of ! Pu and Am in the Baltic and

its Gulfs during 1980 - 1981 were 5.9 + 2.5 mBg/m> and 1.8 + 0.8
mBq/m3 respectively. These results are in good agreement with those
fourd in Danish and Swedish waters [7 - 9].

239,240 241

The integrated total concentrations of Pu and” ""Am in the
entiré water column at the station F81 (depth 235 m) were 0.68 Bq/m2
and 0.17 Bq/m2 respectively. Comparing these values with the total
cumulative fallout in the water column and sediment core it was found
that in 1981 only 2 % of plutonium and americium is present in the

water column.

3.1. Vertical distribution of Pu and Am in water column

The variations at different depth are rather small especially for Am.

The vertical profile of 239,240

Pu content, water temperature and salinity
at the deepest sampling site of the Baltic in July is shown in Fig. 3.
It can be seen that the vertical distribution of plutonium in filtered

water and water particulate has a minimum in water under a sharp



thermocline and halocline. The water mass at the depth of the
minimum plutonium concentration is surface water originating from
previous winter. Similar distribution of plutonium as a function of

depth was found in the water columns of the other sampling sites, too.

T SALINITY Y
s TEMPERATURE *C
B: v
i
c
el
U o, - a1
‘b’ - L
1 pn i 260 t lsb — Iy
n ) na
DEPTH (M) DEPTH(M)
239,240

Figure 3. A) Pu concentration in filtered water and

particulate matter as a function of depth.
B) Salinity and water temperature as a function of depth.

The determinations were carried out at the station F81 in
July 1981.

3.2. Seasonal variations

239,240 241

No effect of season on total concentrations of Pu and Am in
).

sea water samples of the Baltic Sea was found (Table 1

239,240Pu 241

and

sea water samples collected at different time of year showed

The concentrations of Am in particulate fraction of

significant differences (Table 1.) [2]. In Fig. 4. the concentra-
239,240pu ang 241

station LL-7 as a function of season are presented. A significant

tions of Am in particulate matter of water at the
decrease in concentrations of Pu and Am occured in July. These results
indicate that plutonium and americium are depleted from the surface
water but do not reach bottom water during the summer months. In

winter the concentrations of particulate Pu and Am in surface water

66



increased to the concentrations existing in the spring. This is due to
the winter mixing pericd, which can be seen in Fig. 5. In May and July
there are a sharp thermocline and halocline at a depth about 50 m., In
December the differences of the water temperature and salinity are

much smaller because the water bulks are mixed. Similar behavior of Pu
ard Am as a function of season as at the station LL-7 was found at the
other sampling sites, too. The transfer of plutonium and americium to

the surface sediment was delayed by the seasonal circulation.

- 240
mqu’ meqm'3 om Pu
I}‘ -
2
2| SURFACE WATER BOTTOM waTER &AM
o
4 4
{ T T L4
S M A M T ATs o D s T M AT L TATsTo N D

239’240?’1,1 and 241Am in the

Figure 4. The concentrations of
particulate matter in spring (May 1980), summer
(July 1981) and winter (December 198l). Water samples

were collected at the station LL-7.

SALINITY “ae Yes A2
TEMPERATIRE T *C »C
it

o s ®m o som 0 D7
MAY LY DECEMBER
Figure 5. Salinity and water temperature as a function of depth at the
station LL-7 in spring (May 1980), summer (July 1981) and

winter (December 1981).
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3.3 The K.-values of and™ ""Am

o}

3.3.1. Particulates of water

The particulate mass (> 0.30[1m) in water of the Gulf of Finlard in
December 1981 varied from 0.9 to 1.3 mg/l. Using the concentrations
of plutonium and americium in filtered sea water and particulate

matter and the total mass of particulates in the water the K. -factors
d
239,240 241
for Pu and

Am were calculated (Table 2.) The Kd—values
obtained for 23%.240p, Lere the same order of magnitude (10° ml/g).

For 24lAm the Kd-values varied from 105 to lOsml/g. These results

are in good agreement with those reported in literature (10, ll].

239,240

The higher Kd-values of 241Am compared to those of Pu agree

also with the data presented in Figure 6. The percentages of

particulate bounded 241Am are consistently higher than those of

239,240 241, ,239,240
' Am/ r

matter seems to be higher (0.5 + 0.3) than in filtered water (0.3 + 0.2).
These observations may suggest that americium tends to be more

Pu. The average Pu activity ratio in particulate

efficiently associated with particulate matter than plutonium.

. . . .. 239 240 241 .
Table 2. Distribution coefficients (Kd) for d Pu and Am in
particulates of water (> 0,30/4m) and in surface layer of
sediments.
Station Sample Date of Ky (ml/g)
collection Pu Am
LL-3A Pacticles, surface water | 16.12.1981 | 6.2 x 10° | 11  x 10°
" 50 m " 4.2 x10° | 8.6 x 10°
S S
LL-7 Particles, surface water | 17.12.1981 4.5 x 10 6.4 x 10
" S0 m " 1.9 x 10° | 4.6 x 10°
5 5
EB-T Sediment, O - S cm 04.08.1980 | 6.0 x 10° | 2.5 x 10
. S S
F81 Sediment, 0 - 1.5 cm 15.07.1981 | 5.0 x 10° | 24 x 10
" 1.5 - 3 cm " 0.8 x 10° | 2.3 x 10°
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Figure 6. The pergentage of particulate bounded Pu and Am from
total concentrations in water. The samples were collected
at the station LL-7.

3.3.2. Surface layer of sediments

The total integrated 239'240Pu in sediment cores at the

sampling sites of EB-I and F81 were 38 and 26 Bq/mz, respectively.

For 241Am 6.3 Bq/mzat the EB-I was obtained. The average activity

241, .o 239,240

ratio Pu in these sediment cores was 0.27.

The distribution coefficients of 239'240Pu and 24lAm in surface

layer of sediments are given in Table 2. The Kd—values for Pu
and Am are the same as in particulates of water being lOS ml/g for
Pu and from lOS to 106 ml/g for Am. The Kd—values of Pu and Am for

surface bottom sediments (0 - 3 cm) in Danish water are slightly
lower, 1.1 x lOS and 3.3 x lO5 for Pu and Am, respectively [7] .
This is probably due to the higher salinity (30 - 34 %.) in Danish

bottom waters than in bottom water of the Baltic Sea (7 - 13 %.).

4. SUMMARY
. 239,240
The concentrations of Pu and Am found in the Baltic Sea

are very similar to those reported for sea areas located in the
same latitude band and where the plutonium present in water

predominantly originates from global atmospheric fallout.

A seasonal variation in concentrations of particulate bounded
plutonium and americium in surface water was found. There was a

significant decrease of Pu and Am concentrations in summer. During the
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winter mixing pericd the concentrations increased back to the sprang
values. Americlum seems to be more efficiently associated with

particulate matter than plutonium.

239,240, 241

and Am, expressed as mBg/g dry wt,

are the same as those of surface layer sediments. The Kd—factors of

239'240pu and 24lAm in particulate matter of water and in surface

The concentrations of

sedaments are the same, too. The average Kd—values for Pu and Am
were 105 and 105 - lO6 ml/g, resp..These values are 1in agreement
with Kd—values reported for other regions.

In contrast with the deep-sea regions only about 2 % of total
1ntegrated concentrations of plutonium and americium in the Baltic

Sea was in water and 98 % in sedament [12].

For the determination of oxidation states of plutonium in
seawater a method for separation Pu(III,IV) and Pu(Vv,VI) from
large volume water samples was developed. This method 1s based on
tne NdF3—coprec1p1tatlon. The oxidation states of plutonium will
be studied especially at deep sampling sites (e.g. Gotland deep,
F 8l) where the hydro—chemical observations indicate practically

oxygen-free conditions and high HZS—concentratlons in bottom water.
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MARINE BEHAVIOUR OF LONG-LIVED RADIONUCLIDES (FALL-OUT)
AT THE PROPOSED DISPOSAL SITE OF RADIOACTIVE WASTES IN
WESTERN NORTH PACIFIC*

T. MIYAMOTO, M. HISHIDA, N. SHIBAYAMA, M. SHIOZAKI
Hydrographic Department,

Maritime Safety Agency,

Tokyo, Japan

Abstract
7 0 239,240
Water and marine sediment was sampled Analysis was for 9oSr, 13 Cs,6 60, ? Pu,
and 230’232Th. The 1integrated values of 9OSr and 137Cs were 78 and 120 mCa km—z,

similar to GEOSECS figures. All isotopes were detected 1n sediment, which i1ndicates
fast sinking particulate material transport, since water depth 1s 6000m. Cores showed
biloturbation effects surprisingly often. Pu penetrates to about 15 cm, 137Cs to 20cm
Inventory values for 1980-1983 for water and sediments gave the following ranges;
90Sr {water) 78-89 mCa km_z, (sediment) 0.03-0.09; 137Cs 115-151 and 0.53-0.91

respectively; 239Pu (sediment) 0.09-0.12. These are smaller than for the Atlantic.

1. Introduction

In Japan, land disposal and deep sea disposalhave been discussed as the
disposal methods of soliadified low level radiocactive waste.

As for the latter, a proposed disposal area was chosen in the western
north Pacific, and now we are conducting environmental research such as bottom
topography, geology, deep current, diffusion, marine organisms and radioactivities
of marine environments. Among them, the measurements of radiocactivily of sea
water and seabed sediments have been carried out by the Hydrographic Department
of Maritime Safety Agency at the proposed disposal site.

At this site, the solidified low level radicactive wastes have not yet been
disposed, therefore, all radiocactive materials which we are measuring are
global fallout radionuclides derived from the atomic bomb tests.

Research about the radiocactivity level and the behavior of fall out
radioactive nuclides at this area are very 1mportant to assess the effects of
ocean disposal of solidified low level radiocactive wastes on the marine environ-
ment 1n the western north Pacific in advance of disposal operations.

In this report, the results of radiological researches conducted from
1980 through 1983 by the Hydrographic Department at the proposed disposal site
for test disposal of solidified low level radicactive wastes are described.

2. Research area

The research area (named as B area) 1s 900 km south east of Tokyo and 100

km square centered at 30 N, 147 E (Fig.1). The bottom 1in this area is mostly
flat and covered with soft red clay (1). Manganese nodules have been
scarcely found. The mean depth 1s approximately 6200 m.

* Part of IAEA-coordinated research programme on the ‘“Manne Behaviour of Long-
Lived Radionuclides Associated with the Deep-Ocean Disposal of Radioactive Wastes™,

73



I [ I IZ¢
— ! é4ﬁ’9 ' ]
L.
I"\/)N ) (‘l

40 —

3

ey o

1 !
S B Area
o!

= - &3 w0

‘/ -

130 € 135 140 15 150

! I Ly v

Fig. 1. Proposed ocean disposal site for radiocactive solid wastes

3. Sampling and pretreatments
Bampling of sea water and marine sediments for the radiochemical analysis
were carried out on board the Hydrographic Department surveying ship "Syoyo"

(1842 tons). Sampling locations were determined by a combination of rolan C
and NNSS. Sampling locations of sea water and marine sediments are shown

in Fig. 2. Sea water samples were collected at several stations in each
year. At one station among them, sea water samples were collected from
about 12 layers from a 10 m layer to near a bottom layer. At other stations,
only two water samples were collected from 10 m and 100 m above the bottom
respectively. The sampler used 1s made of polypropyrene and 100 liters
volume. The cistance of the sampling layer from the bottom was determined
by a pinger at the bottom water sampling. Sea water samples were acidified

by adding hydrochloric acid immediately after the sampling and brought to Tokyo
where the radiochemical analyses were performed.

Marine sediment samples were collected at several stations in every year
by using a Smith-McIntyre grab sampler. Sediments from top 1o 2 cm depth
were taken. At some stations among them, three more sediment samples deeper
than 2 cm were taken. These deeper slices were 3 cm thaick. 2-5 cm, 5-8 cm,
8-11 cm.

At the center of the proposed area, a core sediment sample of about 85 cm
length was taken by using a gravity corer with a 9 cm diameter. The sample
was divided on board into 17 segments of 5 cm thickness except for the top one
which was 2.5 cm thick.

4, Radiochemical analysis

Radionuclides analysed were Sr-90, Cs-137 and Co-60. They were selected
taking into account the contents of low level radicactive wastes which are to
be disposed and the half lives of the radionuclides.
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Fig.2. Sampling locations of sea water and marine sediments

Although the plutonium content of low level radicactive wastes 1is very
small, the half life of plutonium-239 1s very long (2.44 x 10 years).
Plutonium analysis was also made on the marine sediment sample.

Core sediment samples collected at St. 1 by gravity corer were analysed for
Th-230,232 1n addition to Pu-239,240, to discuss the possibility of bioturvaticn
effects.

Outlines of analytical procedures are as follows.

4.1 Sea water
4.1.1 Cs-137
Sea water sample was acidified by adding hydrochloric acid and cesium was

adsorbed to ammonium phosphomolybdate and precipitated. After the precipitate
was dissolved in alkali media, cesium was separated from rub:idium by cation
exchange column chromatography with Duoclite C-3 resin. The radiocactivity of

cesium-137 was measured by low-background gas-flow counter as cesium chloro-
platinate which had been previously filtered on filter paper, was dried and
welghed.
4.1.2 Sr-90

Strontium was precipitated as carbonate with calcium from the water sample
in which cesium-137 was previously separated off. The carbonate precipitate -
was dissolved 1in acid and left for a period of more than 2 weeks after addition
of yttrium carrier. Yttrium was precipitated as hydroxide with magnesium
hydroxide precipitates and was purified by cation exchange column chromatography
(2) and solvent extraction method using HDEHP (3). The radioactivity of Y-90
was measured by low background gas flowcounter as yttrium oxalate which was
previously filtered on filter paper, dried and weighed.
4.1.3 Cow60

Cobalt which was precipitated together with carbonate precipitates of
calcium and strontium was separated from alkaline-earth metals as hydroxide
precipitates and then purified by anion exchange column chromatography with
hydrochloric acid and then cation exchange column chromatography with tetrahydro-
furan (THF)-hydrochloric acid mixture (4). Cobalt was at last electroplated
on copper plate. The radicactivity of Co-60 was measured by low back ground
beta-ray spectrometer.



4,2 Marine sediments
4.2.1 Co-60

Cobalt was leached from sediment sample by hot 8N hydrochloric acid and
separated from large amounts of 1irocon, aluminium and manganese by anion exchange
column chromatography by Kraus method and cation exchange column chromatography
by using the tetrahydrofuran (THF)-hydrochloric acid mixture as eluent.
The purified cobalt was electroplated on copper plate. The radiocactivity of
radiocobalt was measured by low back ground beta ray spectrometer.
4.2.,2 Cs-137

The effluent of the anion-exchange column operation of cobalt analyses was
used for cesium and strontium analysis. Cesium was adsorbed on ammonium
phosphomolybdate precipitate and precipitated and thereafter procedures were
the same as procedures of sea water analysis.

4.2.3 Sr-90

The sclution from which ammonium phosphomolybdate precipitates were
filtered was used for the determination of strontium-90. Strontium was
concentrated by precipitation as carbonate and Lhen treated by the same
procedures as sea water analysis.
4.2.4 Pu-239,240

Known amount of Pu-242 ( for the samples collected i1n 1982, Pu-236)
which was calibrated by NBS was added to the marine sediment sample and
then leached by hot 8N nitric acid. After the Pu was oxidized, the leached
solution was passed through an anion exchange column. Pu was purified by
washing the column with nitric acid and then hydrochloric acid. Pu was
eluted by hydrochloric acid containing ammonium 1odide. Purified Pu was
electroplated on stainless steel plate. The radiocactivity was measured by
alpha ray spectrometer.
4.2.5 Th-230,232

Thorium was leached by acid solution from the sediment sample and
purified by anion exchange column chromatography in nitric acid medium.
Purified thorium was electroplated on stainless steel plate and radio-
activity was measured by alpha ray spectrometer.

5. Results and discussion

5.1 Sea water
The vertical distributions of Sr-90 and Cs-137 from near surface to 10 m

above the bhottom are shown in Fig. 3 together with those of water temperature
and salinity. Sr-90 and Cs-137 are almost identical throughout the surface
layer (0-500 m) and the concentrations of these nuclides decrease abruptly
from 500 m with depth. At deeper than 1500 m, we could hardly detect these
radionuclides by using 100 liter sea water samples.

These features of vertical distribution have been almost the same since
1980 when the vertical observations were begun. The only exception 1s the
decrease of radicactivities of these nuclides in the surface layer.

The integrated values of Sr-90 and Cs-137 are 78 and 120 mC1/km? respec-—
tively and they are slightly decreasing. These values are fairly equal to
the values obtained during GEOSECS observations (5) and the values 1in the
North Atlantic (6) taking into consideration of latitudinal variation of
inventory.

5.2 Marine sediments
The concentrations of Pu-239,240, Cs-137, Sr-90 and Co-60 1n the uppermost

2 cm layer are 1.6-4.2, 7.1-32.6, 0-3.9 and 0.1-2.5 pCi/kg-dry respectively.

There 1s remarkable difference between the results of the radioactivities
of sea water and those of sediments: Cs-137 and Co-60 are concentrated in
sediments compared with Sr-90. Co-60 was detected 1n sediments which has
not been detected in sea water samples. The detection of these artaficial
radionuclides 1n deep sea bottom over 6000 m depth may indicate the presence
of particulate materials which concentrate some artificial radionuclides
considerably and sink fast to sea bottom.

As for the temporal variations of these nuclides, any variation was not
observed since 1977 except the gradual decrease of Co-60 by 1ts short half life.

The vertical distributions: of Pu-239,240 and Cs-137 1n marine sediments
since 1981 are shown in Fig. 4. These vertical distributions are classified
into two types. The first types are those concentrations of radionuclides
which decrease with depth, the second type are those concentrations of radio-
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nuclides which do not decrease conspicuously with depth.

The former dis-
tribution indicate that the sediments are not so disturbed by biomaterials in

sediments while the latter indicates that the sediments are considerablly
disturbed by bioturbataion.
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Fig. 4. Vertical distrabutions of Pu-239 and Cs-137 in sediments

To determine whether this bioturbation reaches a depth of more than 10 cm
or not, a 90 cm depth core sample was taken by using a 9 cm diameter gravity
corer. Ionium and Th-232 were also analysed, as well as Pu-239,240 and Cs~
137. The results are shown 1in Fig. 5 and 6. As apparent from these
figures, Pu-239,240 penetrate to about 15 cm depth. Though it was difficult
to say clearly owing to the large counting error, Cs-137 reached about 20 cm
depth. The vertical distribution of +the ratio of Th-230/Th-232 1ndicated
exponential decrease down to 40 cm depth which corresponds to an age of 10.8 x
104 years. Mean sedimentation rate 1s calculated as 3.75 mm/103 y.

Below the 40 cm depth, ratios are disturbed down to 65 cm depth. As this
disturbance 1s observed at other part of the ocean (7), 1t may be due to other
causes than bioturbation. Below 65 cm, ratios exponentially decrease again.
These results considerably agree with other investigator's results (7).

In the present core,the remarkable effects of bioturbation are not
observed 1n the vertical distribution ratio of Th i1sotopes i1n the sediment
column from surface layer through 40 cm depth. The concentrations of Pu-
239,240 and Cs-137 also decrease abruptly with depth.

In Fig. 6, two more vertical distributions are shown, which 1llustrate
ratios that suffered the effects of considerable bioturbations.

On the other hand, in the sediment samples collected by Smith McIntire
grab sampler, we found 1 cm diameter and several cm long green burrowing worm.
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In conclusion, in some part of this area, marine sediments are not so
disturbed by biomaterials, but in other part, they are considerably disturbed.
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Fig. 5. Vertical distributions of Pu-239 and Cs-137 in core sample
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Integrated radiocactivity from surface to core bottom was calculated and

the results are shown in Table 1. Temporal and horizontal variation of the
integrated values was not observed but these values are relatively smaller
than those 1n deep sea sediments of the Atlantic Ocean. These difference

may be due to the latitudinal variations of plutonium inventory in the Pacifac
Ocean.

2 240
Table 1. Inventory values of 9oSr,l37Cs, 39, Pu 1n sea water and sediments
(mC1/kme)
1980 13881 1982 1983
Sea water Sr-90 89 82 78
Cs-137 151 115 120
Marine
sediments Sr-90 0.07 0.09 0.03
Cs-137 0.91 Q.77 0.53
Pu-239 0.12 0.09 0.09
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NORDOSTATLANTISCHES MONITORING PROGRAMM (NOAMP)

An environmental study of the
deep layers of the North-East Atlantic*

G.A. BECKER, R. BERGER, I. BORK, H. HEINRICH,
E. MITTELSTAEDT, H. NIES, U. SCHAUER
Deutsches Hydrographisches Institut,

Hamburg, Federal Republic of Germany

Abstract

The NOAMP area 1s 460—48030' N 180-22OW. Topographic details are given and
distribution of sediments, with comments on sedimentation and geology. Eight

vertical profiles for 137Cs were taken down to depths of about SO000 m. Down to-

about 500 m the layer is well mixed and concentrations vary between 2.52 and 5.56

mBg 1—1. Within 100-200 m of the bottom a slight increase of 137Cs 1s observed,which

1s assumed to be due to the nepheloid layer. The hydrography 1s variable and described
in detail. Bottom current measurement results are described and results of a model

for dispersion based on the above findings.

1. Introduction

The NOAMP area extends from 460 to 480 30' North and 180 to

220 West (Fig, 1.
The field work of NOAMP covers the period from 1883 to 1985.

Durineg spring and fall there is a MOAMP-cruise with the re-
search vessel METEOR to study the regional

- bathymetry and geology

- radiochemistry and marine chemistry

- water masses and nepheloid layers

- water transports, especially within the near-bottom layer.

Additionally, the research vessels POLARSTERN and SONNE under-
took bathymetrical, geophysical and geological surveys in the
framework of NOAMP,

The primary aim of these investigations is the description
of the regional water transports at great depths. Of special
importance are dispersion and the pathways of suspended
matter within the near-bottom layer as well as the possible
transports from the sea floor upwards into the interior of
the ocean.

* Supported by the Bundesminister fiir Forschung und Technologie and performed by
the Deutsches Hydrographisches Institut, Hamburg.
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Besides the observational work theoretical studies are go-
ing on within the framework of NOAMP, Models simulating the
circulation and dispersion in the North Atlantic are used to
complement and to improve the final conclusions provided by
the field measurements.

The following brief descriptions are intended to give an
impression of preliminary observational results from the
first cruise (NOAMP I) during Sept./Oct. 1983 as well as
some examples of the current modelling effort.

2. Geology and Bathymetry

For NOAMP the following geological issues are of interest:

- the topographical features of the ocean floor,

- the compositions of the sea bed materials and their
regional distribution,

- the thickness and the spatial structure of the
sedimentary cover lying upon the basaltic ocean crust,

- the processes of sedimentation and redeposition of
particulate matter.

The results presented here are qualitative observations
rather than quantitative results, except the seismic and
topographic mapping performed with the SEA BEAM Systems of
R/V POLARSTERN and RV SONNE.

A literature review of the surrounding area is given by
R. B. KIDD (1983).

Topographic mapging during two cruises in 1983 (central
NOAMP box, N 47° - 47° 30', W 19° 30' - 21°) and in 1984
(easterly extension, N 472 - 489, W 18° 40' - 19° 30')
yielded a high quality map of the ocean floor. The depths
range between 3600 m and 4600 m. Maximum slope angles are
about 159, The main feature is a system of valleys extend-
ing in a North-South direction which are separated by

chains of hills and ridges. Seismic reflection records with
the Pneuflex-Airgun revealed basaltic basement ridges as

the internal cores of the hill chains, which strike parallel
to the Mid-Atlantic Ridge (MAR). The sediment cover of these
ridges is rather thin, whereas the valleys contain a sedi-
ment filling of up to several hundreds of meters (Fig. 2).

The microphysiography of parts of the sea floor proved to

be unfavourable for structural investigations of the upper-
most sediment with an acoustic sub-bottom profiling system
(2.5 kHz - SBP) due to the physical properties of the system
employed. A noisy and hyperbolic reflection record resulted
apparently due to rough surfaces of the hills. Areas with a
thicker sediment cover reveal a set of distinct reflectors
parallel to the sediment surface, but of unknown origin.

For their identification and for stratigraphic purposes long
piston cores were taken (11.5 m recovery).

Box grab samples were taken from the crest of a hill
(height: 700 m) along a transect extending 4 nautical miles
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away from the hill foot. The surface sediment is a tough
and sandy lime mud produced by coccolith shields and fora-
miniferal tests (mainly G. inflata). On the hill and at the
site furthest from it one observes buried and uncovered
glacial marine remains of continental origin. The region
immediately at the foot of the hill is free of these
clastites.

There are also differences in the uppermost 50 cm as can be
seen from the box grabs: On the hill crest and at the deep
plain positions the lime mud is underlain by a tough clayey
marl, rich in glacial sand and gravel. The transition
between these two layers is relatively sharp, but there is

a continuous increase of clay content in the samples from
the hill foot without any coarse glacial remains (Fig. 3.,
The sediment is pasty and exhibits intense bioturbation
phenomena.

A 5 m long piston core from the deep plain showed at its

base sharp glassy volcanoclastites mixed with angular quartz,
plagioclase and sandstone remains, as well as shell relicts
of shallow water mollusks.

Depending on the topographic features, the NOAMP area is
part of the abyssal hill region. The relief is formed by
ridges of oceanic basement rocks which strike parallel to
the MAR. The ridges have a thin sediment cover whereas the
sediment thickness in the valleys is considerably larger.
The recovered surface sediments consist of calcareous mud
above a clayey marl, both with various amounts of glacial
marine remains. At first sight two sedimentary processes
seem to be of great importance: the primary supply of
pelagic and glacial marine material through the water
cclumn from the sea surface down to the ocean floor, and
a subseguent transport of very fine grains from the hill
crests down to their immediate foot regions.

9.3. Radiochemistry (137Cs)

Within the framework of NOAMP (North East gtlanti%%éoni-
toring Programme) eight vertical profiles of the 1 s
activity concentration were obtained. The positions and
depths of these eight stations are given below in table 1.

Station 1 41° 03,3' N 13° 04,0' W 5270 m

Station 2 42° 14,8' N 14°  15,4' W 5240 m) previous
Station 3 42° 30,2' N 16°  29,6' W 5255 m dumpsite
Station 4 46° 02,7' N 16°  13,7' W 4175 m} actual
Station 5 45° 59,0' N 17 15,7' W 4710 @) dumpsite
Station 31 472 25,8' N 20° 55,001 W 4470 m NOAMP
Station S4 47 18,5' N 20° 06,0t W 4490 m | area

Station 59 47° 21,6' N 19°  35,5' W 4420 m

Table 1: Positions and water depths of the eight radio-

chemical stations on METEOR-cruise 65 in
Sept./Oct. 1983
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Samples at up to 16 different depths were taken at each
station. Due to the decreasing concentration of artificial
radionuclides with depth (Kautsky et al., 1977, Feldt et al.,
1981), the sample volume had to increase with depth: from

50 1 at the surface to 400 1 below 2000 m and 500 1 close

to the bottom below 4000 m,

The 137Cs activity concentrations of the NEA dumpsites and
reference locations are shown in Figs. 4 ard 5,
respectively. A well-mixed surface layer was found down to
500 m depth with some peak values.

The values of this layer vary between 2,52 (20,17) and 5,56
(10,23) mBg/1l. From 500 m depth to about 4000 m the values
decrease by 50 % approximately every 550 m. Some values are
below detection limits (about 0,1 mBg/1). Witpﬁg 100 to

200 m above the bottom, a slight increase of ‘Cs concentra-
tion is observed. As the water was not filtered, it is con-
ceivable, that this slight increase is due to the particle
cencentration of the nepheloid layer. It is not the result

of locally dumped radicactive waste, because in the NOAMP
area (where no dumping takes place) similar trends are found.

There is no significant difference between the profiles ob-
tained at the dumpsites (Fig. 4) and those obtained at the
reference locations (Fig. 5). The values are consistent
with fallout levels.

9.4. Hydrography

During NOAMP I a grid of 80 stations were surveyed by means
of a Neil-Brown-CTD-System including a nephelometer to-
gether with a rosette sampler. The CTD work was cocperative
between DHI, Hamburg, ard PROSPER, Neuchitel. The spacing of
the grid was 10 n.mi. and 20 n.mi. respectively (Fig. 6).

The CTD-casts all reached to within 5 - 20 m of the sea
floor., Water samples were taken to calibrate salinity and
to determine oxygen content, phosphate and silica at

13 depths.

411 parameters show a distinct variability throughout the
whole water column, suggesting that in the NOAMP box
different water masses exist side by side down to great
depths. The 8-S diagrams show large differences in the
surface layer down to about 125 m, uniformity in the B8-S
domain of the North-East Atlantic Central water below the
surface layer, and again large variations around the core
of the Mediterranean Water between 650 m and 1250 m

(Fig. 7). The salinity minimum of the Middle North
Atlantic Deep Water (MDW) origirating in the Labrador Sea
(Lee and Ellett, 1965) is clearly visible at most of the
stations below the Mediterranean Water.

Whether the observed relative salinity maximum below the
MDW is due to eastern Overflow Water coming from the North
or whether it is caused by Mediterranean water, which has
been mixed down to about 2000 m far away from the NOAMP
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area and 1s then laterally transported to the NOAMP site
is uncertain. The water below 3000 m fits well in the

characteristic 8-S relationship found to be valid at manry
sites in the North-East Atlantic (Saunders, priv. comm.).

The profiles of oxygen and phosphate show considerable
scatter as well (Figs, 8 and 9). Maximum variations
are within the layer of the Mediterranean water around
1000 m depth and in the layer of the relative salinity
maximum in about 2500 m. Also in the layer close to the
bottom the differences of oxygen and phosphate between

the stations clearly exceed the accuracy of the determination.

5. Mear-Bcttom Currents

About 7 long-term moorings with 40 to 50 current metres

are in operation for the period from fall 1983 until fall
1985, They are to be replaced every half-year. Five moorings
with 5 to 6 current metres each cover the 300 m thick layer
above the deep sea bottom (water depths between 3600 and
4800 ). Two moorings cover the water column up to 400 m
below the sea surface (12 current metres each). The two
lowest instruments at 10 and 30 m above the bottom are
acoustic vector averaging current metres (Neil Brown).

The other current metres are Aanderaa (RCMS).

Additionally use is made of 3 moorings of the Centre
Oceéanologique de Bretagne, Brest, which have been deployed
in the framework of 'Topogulf'., These moorings within or
near the NOAMP-area, respectively, have been out deployed
for one year and have been replaced by a single one-year
mooring during summer 1984. All French moorings have been
and are equipped with a NOAMP current metre close above the
bottom,

Moreover a joint field project will be carried out between
the Centre Oceanologique de Bretagne and the Deutsches
Hydrographisches Institut, Hamburg, using deep sea neutral-
ly buoyant floats in the NOAMP-area. The float experiment
is scheduled for one year starting in spring 1985 with
METEOR. The 14 floats are supposed to move at a prescribed
depth of 3500 m. There will be 4 listening stations moored
in the NOCAMP-area,

During some cruises short-term current measurements with a
higher sampling interval of 5 to 10 minutes during periods
of 1 to 3 weeks are carried out by means of deployed current
metres.

One example 1is short current measurements of about 17 days
duration during NOAMP I by means of deployed current metres.

Fig. 10 represents the vector velocities averaged over the
whole observation period at 5 positions. The topography dis-
played in Fig. 10 is the result of an echo sounder survey

of R.V., POLARSTERN in May 1983 of the central NOAMP-box.

Trhe moorings are 10 to 20 n.mi. apart. The current records
reveal remarkable differences of the mean flow within the
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near-bottom layer at the varicus mooring positions (Figs.

10 and i1). This apparently has to do with the roughness
of the local topography. Among points of special interest 1is
the obvious large deviation of the mean flow direction 10 m
above the bottom relative to the flow direction at 30, 70,
15C, 200, and 250 m height abcve the sea floor (Stat. K1,
Ke, K5).

The mean speeds within the layer close to the bottom range
be-ween : and & cm s~ !. The reat importart short-term
urrent variations {(not shown here) are caused by the semi-

diurnal tidal currents., The semi-diurnal speeds are about

§ ¢m s-!. Occasionally “opographically induced inertia

currents seemn to occur. The maximum speed of the overall

current reaches about 14 cm s=1,

9.6. Modelling

The field work of NOAMP is supplemented by numerical
simulations on the transport by an annual mean flow and
mixing of radionuclides in the North Atlantic Ocean.

The underlying current field is computed using a model
developed by Bryan (1¢69) and Semtner (1974). The results
of this calculations are to somne extent questionable
especially at great depth, (For a detailed discussion

see Bork, Schulte, Mittelstaedt, 1Q83.,)

The model itself 1s, at present, the standard model for
three-dimensional circulation calculations of the ocean
and therefore the best and most reliable model, which can
be handled with a reasonable effort,.

The reason for including the transport by the mean
circulation in a dispersion model, at all, is that the
distribution of activity concentration due to a radio-
active source in the ocean is assumed to be primarily
determined by advection and only secondarily by mixing.
That 1is, the resulting distribution will be inhomogenous
in space, even 1f a temporarily steady state will be
reached,

The present appl%cation of the model covers the Atlantic
from 30° S to 70 N. It has a horizontal resolution of
one degree and 17 layers of different thickness.

From the three-dimensional mean annual current field of
the model, particle paths have been derived. As an example
a particle source is assumed in the NOAMP area at a depth
of 4700 m (Fig. 12).

The released particle moves slowly northward at depth
during the first 30 years. After 90 years it emerges near
the continental slope at a depth of about 1000 m and
continues its way until it approaches the continental slope
of f Morocco at depths of about 1400 m after 100 years.

For comparison the trajectory of a particle starting

at 3200 m depth is described in Fig. 13, The particle
remains in the NOAMP area for about 10 years. After the
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first decade it ascends and moves, in general, towards the
South and later towards the West., During a period of

about 65 years it crosses the North Atlantic and turns
with the Gulf stream back eastward. The return transport
from the east coast of the United States to the region
tetween Iceland and Europe takes less than about 15 vears.

Otrer series of numerical experiments deal with Eulerian
calculations simulating a continuous radiocactivity source
of 1000 TBg per year in the NOAMP area at a depth of 4500 n
(TBg = Tera Bqg = 1012 Bqg).

Examples of these experiments are shown in Figs., 14 and
15. The figures represent model results on the con-
centration of activity at 3000 m and 500 m depth, 100 years
after the first release. For these simulations_a h%lf %ife
s

of 30 years and diffusion coefficients AH = 107 c¢m and
Ay = 1 cm s=1 are assumed.
Figure 16 indicates the temporal adjustment of the maximum

activity concentration at various depths. The diagram
suggests an equilibrium of the concentration throughout

the water column after about 100 years. At the source depth
(4500 m) the equilibrium sets in already after about 10 to
20 years of a continuocus release of radionuclides with a
half life of 30 years.

A vertical profile of the maximum equilibrium activity
concentration composed of the maximum concentration at each
model depth is shown in Fig. 17. The maximum indicates
the source depth of 4500 m,
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being released at a depth of 4700 m in the NOAMP area.

The trajectory is annotated at 10 year interval.
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the depth of the particle every 10 years (see table on the left).
The source 1is at O.
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Fig. 13 Three-dimensional trajectory of an advected particle 100 years after

being released at a depth of 3200 m in the NOAMP area.

The trajectory is annotated at 10 year interval.

The consecutive numbers at the trajectory indicate the position and
the depth of the particle every 10 years (see table on the left),
The source is at O.
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Abstract
Methods have been developed for analysis of gch, 222Rn, 226Ra, 228Ra, 210Pb,
210 230 234 . . , . . . .
Po, Th, Th, U nuclides in fish tissue and different oxidation states
[

of Pu, Am and Np. Research, much in the Irish Sea has studied the latter elements
and Tc and provided information about distribution and speciation in water. Pu

isotope ratios give information on the source (Sellafield, Cap La Hague, or fall-
out). The possibility of memory effects in shipboard sampling systems is pointed

239,240 241

out. At least 240 TBq of Pu and 290 TBq of Am are associated with the

upper 30 cm of the seabed within a 30 km belt of the Cumbrian coast. Bioturbation
has been studied using 140, 210Pb, 234Th, Pu, Am, Cm and redistribution down

to 140 cm demonstrated. Pu and Np isotopes were partially reduced in interstitial
water and the presence of artefacts due to subsequent exposure to oxidising
conditions was shown to be important, and to be avoided. Organic complexation is

also being studied. Concentration factors for many of the above isotopes in biota

were derived. A review of Kd factors for deep sea environments was produced.

1. Introduction

Many of the long-—lived radionuclides associated with the
deep~sea disposal of radioactive waste are released into UK coastal
waters, principally from the British Nuclear Fuels plc reprocessing
plant at Sellafield bordering the Irish Sea. The environmental
behaviour of these nuclides is being studied primarily to assess the
long-term consequences of coastal water discharges, but the Irish Sea
also provides unique opportunities to study certain aspects of in
situ radionuclide behaviour which cannot be achieved in the deep sea

environment. It also needs to be borne in mind that a large fraction

* Crown copyrght.
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of the dose to man resulting from any disposal of radionuclides into
the deep sea will arise via coastal water pathways. Direct studies
on deep sea materials have also been made, however, plus research on
physical and chemical oceanographic processes which may influence the
behaviour of radionuclides released in the deep ocean.

Much of the deep-sea programme has involved studies of processes
at the Nuclear Energy Agency (NEA) low-level radioactive waste
dumpsite in the NE Atlantic because of the UK's active involvement in

packaged-waste disposal at thils site in recent years (1’19).

2. Methodology

A considerable effort has been spent on developing and improving
the analytical methodology. A method suitable for the separation of
Tc from water, sediments and biota has been developed and
successfully tested in an international intercomparison exercise
organised by the US Dept. of Energy. (M. S. Feiner, 1984. A 39 Te
vegetation reference material. Environ. Measurements Lab. US Dept.
Energy, New York, 27 pp.) It consists of an initial ammoniacal
ashing at 450°C (where appropriate), a ferric hydroxide scavenge from
chloride solution to remove many contaminating radionuclides,
followed by the uptake of pertechnetate on to an anion exchange
column from NaOH solution. Tc is removed from the column with NaCl10,
and finaliy co-precipitated with CuS prior to B counting for 997c,
Work 1is beiﬁg carried out to investigate the suitability of 99mTc,
9501 and %7 7Tc as yield tracers. A discussion of the use of yield
tracers In the determination of alpha-emitting actinides has been
published(29).

The techniques developed for the measurement of 222Rn, 226Ra,
228Ra, 210Pb, 210Po, 2307Th and 23%Th in samples of seawater, sediment
and biological tissues have been described with some examples of the
data produced(21’22). Further refinements to the method of
detection of 23%Th in sediments are being made.

A technique for the analysis of uranium nuclides in fish tissue
at environmental levels has been developed. Processing blanks of
~ 0.1 mBq kg'l (wet tissue) have been achieved by using non-glass
apparatus and isolating U as U(IV). The latter precaution avoids the
need to use chemicals, for the separation of U as U(VI), which

invariably contain U as a contaminant.
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In order to differentiate between the two higher oxidation
states of Pu (V and VI) in seawater, a technique involving
co~precipitation on Ca-CO; at pH 9.0 by the addition of a
Nap CO3 /NaHCO3 mixture has been investigated. Approximately 807% of
Pu V will co-precipitate under these conditions. Less than 10%Z of
Pu VI co—-precipitates, as can be demonstrated by carrying out a
replicate co-precipitation having made the seawater 0.00lM with
respect to KMnO,, which maintains any 'oxidised' Pu in the hexavalent
state. Preliminary results indicate that the Pu is predominantly in
the pentavalent form.

An investigation has also been made of Fe(OH); (0.1 mg Fe l‘l)
as an alternative co-precipitant for reduced forms of the transuranic
elements. Both this and the NdF; method gave similar results for Pu.
But some 20% of the environmental 2“!Am in seawater failed to follow
the 2103Am(III) yield tracer in the hydroxide precipitation. This
figure increased to 70% in some waters with higher suspended loads
(> 5mg 171y, 1t appears that another form of Am is present which
subsequently can be quantitatively scavenged on to Fe(OH)a, using
2420m(I1I) as a yield tracer, following the addition of a reducing
agent (Na2803 at pH 1.0). Work is continuing to identify the second
Am species or complex.

A reliable 235Np tracer has been produced and used to study the
co~precipitation of Np in different oxidation states, both by the
NdF3 and Fe(OH); (0.1 mg l‘l) methods, and with Ca as CaCOj.
Laboratory experiments in an ultra-violet irradiator indicate an
equilibrium between the two oxidation states which is pH dependent

Fig. 1).
(Fig. 1) 100
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% reduced species remaining after 16h
O
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Fig. 1 Oxidation of 235Np tracer in a U.V. irradiater. HCl
and NaOH added to 800 ml seawater to adjust pH.
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Routine quality control 1s applied to all analytical procedures;
for Pu and Am the vast range of concentrations in samples handled
(> 107 ) creates potential problems of cross contamination, but blank
levels over the whole range are kept below 1%, and are typically
0.1%, of the sample concentrations. The laboratory takes part in
both national and international intercomparison exercises; the
results of a recent one of U are given in Table 1. It should be
noted, however, that 'concensus values' do not necessarily represent
the 'true' concentrations. A number of certified reference materials
are now available, but even these offer little help in detecting
analytical bias at the lowest concentration levels. Ultimately,
confidence arises from continued intercomparison of results. As an
example, Table 2 indicates the concentrations and Pu nuclide
quotients of sea water samples collected in the Arctic Ocean.
Differences in the quotients - from those of fallout to those
associated with coastal water discharges - indicate the ability to

detect these nuclides to a high degree of accuracy and precision.

Table 1. Recent Intercalibration Exercises

Nuclide FRL data Mean value of Range of values
Bq.kg~! all participants Bg.kg™?
Bq.kg—1

(a) Uranium nuclides in a marine sediment (acid leach)

238y 15.28+0.63  14.07%2.22 11.48-16.42
234y 16.10£0.62  14.37+£2.07 11.43~16.10
234/238 pATIO 1.05+0.06 1.02+0.07 0.94- 1.08

(b) 237Np in a marine sediment

FRL data Mean value of Range of values
Bq.kg™! all participants Bq.kg™!
Bq.kg-l
6.25%0.12 6.22+0.29 5.92-6.60

Table 2. Americium and plutonium in filtered seawater CIROLANA cruise
the North Sea to the Arctic 1981

Station Latitude Longitude 24lanm 239+4240p, 238py 239+4240py
number uBq.1-1 pBq.1-1 BBq.1-! _
IBpy,

2 54°N 1°E 2.29+0.14 44.9% 2.1 9.22+0.46 4.9x0.1
10 S58°N 4°E 1.46x0.08 19.42 0.8 2.68+C.13 7.2+0.2
32 67°N 10°E 1.62+0.11 16.3+ 0.8 1.79+0,12 9.1+0.5

106 74°N 10°E 1.86+0.13 13.7¢ 0.6 0.87£0.06 15.8t1.0
123 80° 7°E 1.89+0.17 15.4% 0.7 0.85+0.07 18.2+1.3
140 72°N 6°W 2.46+0.18 12.6% 0.6 0.60+0.06 21.1+1.8
166 64°N 0° 1.58+0.11 4,74%0.22 0.44+0.04 10.8+0.9
181 S8°N Q° 2.39+0.27 49.1+ 2.1 9.92+£0.53 6.9+0.2

Errors quoted are + lo propogated counting errors only
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3. Shelf seas research

Measurements have been made of the chemical nature of the
effluent discharged from the BNFL reprocessing plant at Sellafield,
UK(23’2“). The effluent arises both from water used to purge fuel
element ponds and miscellaneous sources routed through 'sea tanks'.
The latter is the major source of transuranium elements (> 90% for
Pu(a)). A large proportion of the Pu(a), 2%}Am, 243/24%%cp and 237Np
was associated with particulate (> 0.22 pm) material which also
contained 'hot' particles, identified as discrete clusters of «
tracks by CR-39 a-track detection. Both Pu(a) and 241 Am were
solubilised on dilution (1:10“) in seawater and there were
corresponding changes in oxidation state(24).

The distribution and speciation of Te, Np, Pu and Am have been
investigated on a number of cruises throughout UK coastal waters. No
evidence has been found so far for a reduced form of Tec in the Irish
Sea. Most Np is present as Np(V) but a small proportion (0.2-0.3%)
is present as Np(IV), consistent with the pH-dependent equilibrium
reaction investigated experimentally with 235Np (Fig. 1).
Measurements of Np have been made in all UK coastal waters. The
discharge from the Cap de la Hague reprocessing plant 1s clearly
superimposed on the distribution pattern of Sellafield-derived Np
(Fig. 2). Kj values for Np between suspended particulate and
seawater (1 E3-7 E4) were similar to those reported previously(zs).
Further data have been obtained on the distribution and speciation of
238Pu, 239/240py and 2“!Am in filtered seawater and suspended
particulate. The variation in Pu isotope ratios has been used to
identify the sources of Pu as Sellafield, Dounreay (N. Scotland), Cap
de la Hague or from fallout (Atlantic Ocean).

Seawater samples are usually collected using the ship's
continuously-pumped seawater supply, which has an intake, 3 m below
the surface, fitted with a zinc screen which acts as a sacrificial
anode. It has been demonstrated, in the later part of 1984, that
this sampling method results in a memory effect which becomes
apparent when passing from waters with relatively high radionuclide
concentrations to waters with relatively low radionuclide
concentrations. This can result not only in anomalously high Np, Pu
and Am concentratlons, but also in erroneous KD estimates. The

magnitude of the effect 1s dependent upon the ship's location, and

105



100 50 00

& 0

6 0% % -

. - 18
CVayk

A
10@ ‘S
‘Dyﬂ
o [ ] -
55 82 160
5 4000 e16
3 [ ]
> 110e 340
460
19°®
7
#
3e
50%-

Fig. 2 Concentration of 237Np (uBg 1_1) in filtered seawater
in UK coastal waters in 1982 and 1983.

the time spent at that location, in the period prior to sampling. A
comparative study is being undertaken using alternative sampling
techniques (e.g. Niskin bottles) and the results of this study,
together with an assessment of the quality of previously collected
data, will be reported in due course. Undoubtedly the most
significant effect will be on samples collected in Atlantic waters
(1.e. fallout levels) immediately after the ship has spent a
prolonged period (several weeks) in the NE Irish Sea. The higher
than expected 237Np concentrations of 3 uBq 1-! peasured in the SW
Approaches in 1982 and 1983 (Fig. 2) almost certainly result from
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this memory effect. This case serves as a warning that problems
concerning data quality may come from unexpected sources.

A considerable analytical effort has been expended to estimate
the quantities of Pu and Am residing in the sediments and water of
the Irish Sea. An inventory of Pu and Am, as of 1977/1978, has been
published(23). At least 240 TBq of 23%/240py ang 290 TBq of 24lanm
were associated with the upper 30 cm of the seabed within a 30 km
wide belt along the Cumbrian coast. An extensive re-sampling
programme has been carried out which will provide an improved
inventory estimate, as of 1983, taking account of the observed
vertical distribution of Pu and Am in the seabed(a“).

The distribution of naturally-~occurring radi&nuclides in Irish
Sea sediments has been used to assess the extent, and quantify the
rates of, physical processes which will influence the future
behaviour of artificial radionuclides. 1%C data fail to show active
sedimentation but reveal deep, homogenous mixing of the seabed over a
period of hundreds or thousands of years(*9). Mixing processes have
been further studied using 210ph and 23%7h. Rapid turnover of the
upper few centimetres (months) and upper few tens of centimetres
(years) 1is a widespread phenomenon. Direct evidence of the
biological control on Pu, Am and Cm redistribution at depths of up to
140 cm by bioturbation has been published(26,27). An extensive
survey of the distribution, density and behaviour of benthic fauna

has been undertaken. The large echiuroid Maxmulleria lankesteri and

the crustacean Callianassa subterranea are regarded as the most

important biloturbating organlisms. [It is worth noting that

echiurocids are also known to occur in deep sea sediments.]

The radiochemistry of interstitial waters has been studied on
two crulses to the Irish Sea. The results of the first cruise in
1982 have been published(?8). The data confirmed previously
published work(?%,2%) on the proportions of Pu in higher and lower
oxidation states. Partial reduction of Np(V) to Np(IV) was observed.
Considerable precautions were taken on the second cruise in 1984 to
exclude oxygen at all stages of the sub-sampling, squeezing and
analysis procedure.

The necessity for the elaborate precautions used in 1984 was
tested by comparing Pu data obtained using methods used previously in
1979 (see 25). Changes 1n oxidation state iIn response to
post-collection redox changes, and enhanced scaveunging of reduced Pu

(III+IV) by the oxidation of ferrous iron, could both arise from
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processing samples in the normal atmosphere, resulting in changes in
the observed sediment-interstitial water distribution coefficient
(KD). There were no significant differences in Pu Kp values for
particular depth horizons obtained using the two methods. It appears
that elaborate precautions to exclude oxygen may not be necessary for
these particular sediments but further work 1is required to confirm
this. The quality of the separation of Np(IV) using both NdF3; and
TTA/xylene was monitored with 235Np as a tracer. The Np data from

this cruise are still belng worked up. Some measurements were made
of 2" Am which indicated a distribution coefficient between solid and
liquid phases of about 1 E6.

The nature of sediment-radionuclide interactions in Irish Sea
sediments is under Investigation. Alpha-emitting 'hot' particles
have been identified in surface and sub-surface sediments using the
CR-39 (plastic) nuclear track detector technique. The spatial
distribution of ‘hot' particles off the Cumbrian coast approximates

to that of 2337240

Pu measured by conventlonal a-spectrometry.
Experiments are underway to examline the partitioning of Pu and Am
between different components of the sediment, such as carbonate and
Mn-oxide phases, by a sequential leaching procedure. Humic
substances have been extracted from sediments and interstitial waters
from the Irish Sea, and from 400 & seawater samples from around the
UK coast. They will be analysed for Th, U, Np, Pu, Am, Cm and Tc to
assess the extent of organic complexation. A project has begun to
study the relationship between suspended sediment load and
radionuclide concentration, and the shorewards flux of sediment-bound
radloactivity using rig-mounted current meter, transmissiometer and
water sampler arrays. Thils project will be developed over a number
of years.

Studles on the accumulation of long-lived radionuclides by
biological materials have continued with emphasis on food species
eaten directly by man(ao). Measurements of Np, Pu and Am have been
made 1n a variety of marine organisms and algae collected from St
Bees Head near the Sellafield discharge and at Balcary Point some 30
miles distant on the southern Scottish coast. Concentration factors
for each species are broadly similar at the two sites. Lobsters

(Homarus gammarus) have been collected over a two-year period, from

locations near to Sellafield, at three monthly intervals and analysed

for Pu, Am and Cm. Analyses are also being made for Np and Tc. The

results to date confirm previous observations on the different
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metabolism of Pu and Am, with the former being preferentially
accumulated by claw muscle and the latter by tail muscle. Observed
241 ppy2394240py quotlents in claw muscle ranged from 1.4 to 3.1, in
tall muscle from 7.4 to 19.2. 1In contrast, the quotients for the
principal routes of entry into the animals, the gut and the gill,
ranged from 0.7 to 1.3 and 0.6 to 1.4 respectively.

Other environmental studies have covered a number of subject
areas, including the species-specific affinity of 997¢ for benthic
algae, the response of benthic algae to variations in time of pulsed
discharges of 9%T¢ from Sellafield, concentrations of transuranium
nuclides in plankton collected off Sellafield, Dounreay and Cap de la
Hague, and the distribution of a number of radionuclides, including
U, in coastal water fish species. Laboratory accumulation
experiments have been conducted with 95mTc, 237py and 235Np to
assess their assimilation, retention and distribution in lobsters

(Homarus gammarus), Nephrops norvegicus, winkles (Littorina littorea)

and plaice (Pleuronectes platessa). The effects of moulting on the

accumulation of Te by juvenlle losbters have been studied in detail;

the results have been prepared for publication(3l).

4. Deep sea research

A provisional assessment of radiation regimes in the deep ocean

environment has been published(32,33). Measurements have been made

of 210Po, 238Pu, and 23%/2%0py in the deep—~sea fish Coryphaenoides

armatus.

Studies of sedimentary processes which may influence
radionuclide scavenging in the deep sea have been concentrated at the
NEA Dumpsite. Discussions of sedimentation and bioturbation
processes based on '*C and 2!°Pb data have been published(®3-37).

The uptake of 237py by calcareous NE Atlantic sediments has been

28
studied(“”). A review of X, and CF values for use in generic
models of deep sea radiocactive disposal has been prepared(sa). The

sorption properties of the NEA Dumpsite sediments and the Ky values

used for the 1984 NEA Site Suitability Review have been
discussed(39).

5, Conclusions

A considerable amount of data on the behaviour of long-lived
radionuclides in UK coastal waters has been generated in the period

1982-1984. An understanding of the environmental behaviour of such

109



radionuclides is required to allow accurate predictions to be made of

the consequences of the deep sea disposal of radiocactive wastes.

Concomitantly, a knowledge 1s required of the physical and chemical

oceanographic processes which will influence the migration of

radionuclides released into the deep ocean.
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BIOLOGICAL MIXING AND RADIONUCLIDE
REDISTRIBUTION IN MARINE SEDIMENTS*

E.H. SCHULTE
CEC, c/o ENEA,
La Spezia, Italy

Abstract

Literature survey indicates that bioturbation strongly affects the recycyling of

239,240
Pu

radionuclides through the benthic boundary layer, and nuclides such as and

24lAm may be resolubilized by anionic complexers released by fauna.Transfer of nuclaides

to fauna which i1ngest particles 1s very low, whereas transfer from water 1is
much more efficient. This suggests that interstitial water 1s probably the predominant

source of transuranics for benthic organisms in sediments.

Biological activities such as feeding, burrowing, and irrigation
of benthic infaunal organisms clearly affect physical and chemical proper-
ties and characteristics of the sediment-water interface.This process of
biological mixing or bioturbation of surface sediments is widespread and
considered to be a possible important mechanism for the migratory behavi-
our of long-~lived radionuclides in marine sediments (1).

In the geobiochemical cycling of many natural and man-made contami-
nants sediments may be considered as a final sink and/or ultimate pollu-
tant reservoir in the marine environment. In addition to physical proces-
ses,bioturbation, generated by biological activties of sediment-dwelling
organisms, seems to be a principle mechanism in transfers and recycling
of sediment-associated pollutants through benthic ecosystems.

Among the sediment infauna deposit- and detritus-feeders are the most
important and abundant groups that redistribute contaminants and radionucides
from sediments to the overlying water, where other benthic organisms of
the benthic boundary layer (2) are responsible for their vertical trans-
port from deep to surface waters.

The extensive biological reworking of the sediment column, generally
results in the disruption of the sedimentary stability and composition evi-
denced by a disturbance of the stratigraphy of the upper sediment layers,
which normally are inhabited by more than 90 percent of meio- and macrofau-
nal species (3, 4).

Population densities of the sediment infauna show great variabilities
in relation to physical and chemical characteristics of the sediment like
grain size, organic matter content, oxygen content, compactness of the se-
diment etc (5). Besides these, other parameters such as depth and distan-
ce from the continent clearly influence benthic faunal densities, showing

* Contribution N° 2197 of the CEC Radioprotection Programme.
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a general decrease of population densities from about 103 1in coastal en-
vironments to some tens or hundreds findividuals per square meter in the
abyssal sea (6). The most abundant species found were Polychaetes, Crusta-
cea, Pelecopoda and Sipunculoidea which comprise 80 to 100 percent of the
fauna. Generally, the importance of the meiofaunal taxa in this context
1s clearly underestimated due to difficulties of quantitative sampling pro-
cedures. Nevertheless, these groups may be found up to 4 times more abun-
dant than the macrofaunal taxa with nematodes as the dominating group (7).

In the process of biological reworking of sediment particles, biolo-
gical mixing or turnover rates of sediments have been reported to reach
values of 102 to 106 cm2/1OOOyearsfbr densely populated, coastal environ-
ments, whereas these rates decreased with depth to 1 to 103 cm2/lOOO years
in the deep ocean reflecting reduced biological activities (8). Sedi-
ment turnover rates induced by bioturbation may vary considerably from
once every 15 years to once every 10 weeks according to species invol-
ved and the population densities present. However, most rates fall in
the range of 1 to 5 years typical for populations of deposit-feeding po-
lychaetes. The annual rate of sediment turnover for polychaetes from the
continental slope (250 m) was reported to be about 10Kg dry sed1ment/m2/
year. Assuming a medium sediment reworking depth of Scm (5 x 104 ml sedi-
ment/m2), a steady state population of polychaetes could completely turn-
over the sediment 1n 4 to 5 years (9). In shallow areas, however, 1t 1s
noct surprising to find that the surface of the muddy sea floor 1s passed
through the benthos at least once, and in some cases, several times a year
(5).

The amount of organic matter in sediments can affect sediment turn-
over rates, which, as a consequence, decrease with increasing food supply.
Deposit- and suspension-feeders entrap biological particles from the wa-
ter column and the sediment, aggregate the ingested material in the gut,
and void the feces as discrete pelletes or fecal straings. This process of
biodeposition 1s known to be important to biogeochemical cycles especial-
ly 1n i1ntertidal areas. Deposit-feeders probably play the quantitatavely
most aimportant role in "pelletizing'' marine sediments by biodeposition
of feces and pseudofeces. In some areas between 40 to 100 percent of the
particles of the sediment surface are in the form of pellets mainly pro-
duced by polychaetes and bivalves, sometimes resulting in an upper, 1lcm,
thick surface layer of pellets (5).

The reworking of the sediment column by populations of deposit-fee-
ding bivalves may reach values of 60 to 120 Kg sediment/m /year. This pro-
cess accelerates the remobilisation and vertical transport of organic de-
tritus together with nutrient-rich bottom mud to the sediment-water inter-
face severving, after resuspension into the water column, as a potential
source of food for suspension-feeders, whereas the particles may act as
scavengers for radionuclides with subsequent sedmentation and incorpora-
tion into the sediment.

Recent field data confirm, that bioturbation strongly affects the
recycling of radionuclides through the benthic boundary layer especial-
ly 1n highly productive areas. The feeding activities of infaunal ben-
thic organisms transfer radionuclides from the overlying water to the se-
diment {10). Pu-239, Pu-240 and Am-241 fixed in sediments may be resolu-
bilized 1n the presence of anionic organic complexes, released deep 1in
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the sediment by metabolic activities of the infauna. In this form the ra-
dionuclides may freely migrate upwards through the sediment via intersti-
tial waters or through infaunal borrows and finally could be released in-
to the overlying waters.

Benthic organisms may play an important role in the redistribution
of transuranium nuclides in near shore and deep-ocean sediments. In the
benthic boundary layer Pu and Am, present in the water, will become readi-
ly associated with a variety of benthic fauna living inor on the sediment.

Accumulation of transuranium nuclides by benthic biota may occur by di-
rect sediment ingestion (11). In tissues of various invertebrate infauna
concentrations of plutonium of 5 to 10 times those in the sediment have
been found.These findings suggest that sediment-associated transuranics
are available to biota (12). In laboratory experiments with polychaetes
more than 90 percent of the plutonium were derived from a source other
than sediment, possibly from deposited material or interstitial pore wa-
ter (11). Thus, the sediment pathway is responsible for only a few per-
cents of the total body burden of plutonium in polychaetes (13). Conside-
ring the high concentration factors in biota of 100 to 1000 reported in
the literature for direct uptake from water one may conclude that water,
possibly interstitial water, is the predominant pathway for uptake of
transuranics by sediment infauna.

The processes involved in the transfer of radionuclides from sedi-
ments to benthic infaunal organisms are still unclear and may depent on
the physico-chemical forms of the different’isotopes present in the se-
diment and interstitial water.

The transfer factors for contaminated sediments and whole bodies of
infaunal organisms that ingest sediment particles continously were found
to be very low for plutonium, americium and technetium.The values obtained
range from 0.1 to 0.001 for polychaetes, molluscs, and crustaceans{11l,14,
15),resulting ina relatively small net uptake of those radionuclides from
contaminated sediments. In this process part of the radionuclides trans-
ferred to infaunal species will come from the sediment's interstitial pore
water while another part would be obtained by direct transfer from sedi-
mentary particles to the organisms (14).

In conclusion, the literature data and experimental results show a
potential remobilisation of transuranic elements from biodisturbed sedi-
ment layers by benthic infaunal species. However, the relatively high con-
centration factors of 1000 determined for the uptake from water and the
very low transfer factors of 0.001 for sediments indicate that intersti-
tial or pore water and not the sediment particles will be the predominant
source of transuranics for benthic infaunal organisms.
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239,240,

In Enewetak and Bikini lagoons, u is always present at levels higher than

for fallout, in water samples, indicating remobilisation from sediments. The

- -1 . .
respective water levels are 21 fCi 1 ! and 42 £Ci 1 7, and lagoon inventories
241
0.96 and 1.2 Ci, which are 0.08% of sediment inventories. Small amounts of Am
. , I11,1V ,
also solubilise. Pu attached to suspended particles is mostly Pu , and if

V,VI1 90S 137C 239,240Pu 241Am 207

soluble is Pu . Concentrations of , , s Bi and

21OPb. 210Bi and 210?0 in fish showed some variation with trophic level. Values

9 239,240 241 137
increased between levels 2 and 5 for 0Sr, ’ Pu, Am, but not Cs.

r,

Concentration factors varied, and a single generic value for all fish species was
not possible. Extrapolation of results from contaminated lagoons to lesser
contaminated lagoons was not possible because in the former radionuclides were
fused with CaCO3 and dissolve in the gut of fish to some extent. Speciation is
different in lesser contaminated lagoons. 80% of 207Bi was in the muscle of goat-
fish but less than 1% for surgeonfish and mullet. Evidence was obtained that the
isotope is translocating. Similarly 21OBi formed in fish bone translocates to

liver. In the North-east Atlantic dumpsite, only global fallout levels were found

for radionuclides which could have potentially leached from the wastes.

1. Introduction

Many of the questions regarding deep-sea disposal of transuranium
elements and other long-lived radionuclides can be partially answered
from studies at contaminated, more accessible locations -- here some of
the processes, reactions, and rates that influence the fate of these
radionuclides in the marine environment can be identified and evaluated.
Reliable information on the environmental behavior of these radionuclides
in the ocean is required to improve our understanding of the pathways
that may lead back to man from any future practices involving disposa|
either onto or into marine sediments. )

For several years, we have conducted studies related to the cycling
of long-lived radionuclides at several locations in the Pacific which
include the Farallon Islands waste disposal site off the coast of
California, USA; Marshall Islands with the emphasis on Bikini and
Enewetak Atolls; the previous United States proving grounds in the
Pacific; Johnston Atoll; and San Clemente Island off the coast of
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California, USA. In addition to the Pacific studies, a deep-sea program
was recently initiated in the#icinity of the iHortheast Atlantic
radioactive waste-disposal site. Many of the sites mentioned in the
Pacific are among the few in the world where long-lived radionuclides,
now found in solution or accumulated-by organisms, originate from bottom
sedimentary deposits. Therefore, research results obtained from these
areas have relevance in assessing the use of the sea bottom for
radioactive waste disposal. Results from a few studies, conducted during
the tenure of- this research agreement and which are relevant to seabed
disposal of radioactive wastes, are briefly discussed in this report.

2. Mobilization of Plutonium from Enewetak and Bikini Laaoon Sediments

to Seawater.

One important question‘*related to the long-term behavior of the
transuranium elements in the marine envircnment is whether the
radionuclides, after deposition in bottom sediments, can return to the
water column and eventually re-enter biological food chains remote from
the point of origin. At some sites, contaminated by global fallout or
surface discharges, where high concentrations are maintained in the
overlying water column, mobilization of p]utonifm from sedimentary
sources to solution is difficult to demonstrate However, at sites
where plutonium was introduced directly onto sedimentary materials or
where current inputs to ?id' ents are small, mobiTization of plutonium
can be easily identified For examo]e, the lagoon sediments at
Bikini and Enewetak, the sites previously known as the Pacific Proving
Grounds, were contam1nated with fission and activation products from
nuclear devices tested there by the United States between 1946 and 1958.
Following the last nuclear test at Enewetak in 1958, the residual
_radionuclides deposited to the laaoon water either settled rapidly to the

bottom sediments or remained as dissolved or particulate species in the
water and were eventually discharged to the ocean. If we accept the
-thesis of no mobilization, we would observe a concentration of dissolved
plutonium {and americium) in the lagoon water mass during any time
subsequent to 1958 at a level equivalent to that from global fallout in
the north equatorial Pacific surface water, the rsgéagigent water for the
lagoon. Table 1 shows the variation of the mean Pu activity in
filtered samples of seawater collected during the years indicated from
different %35a518ns in the lagoons at Enewetak and Bikini. Fallout
levels of Pu in the surface waters of the north equatorial
Pacific have averaged 0 % 5 fCi/1 over the last 10 y 5)

Concentrations of 239+240py greater than fallout background
concentrations are found in the water sampled from all locations
throughout the lagoons. This is a direct indication that 239+240py, has
been continuously mobilized over the years to solution from the solid
phases in these en§§rogmpnts. The variations between the average soluble
concentrations of Pu determined from samples obtained during the
periods indicated zre not, at this time, considered significant and the
assumption is made that the standing average amount of plutonium in the
lagoon water mass at any time, is constant, %t%ESd differently, steady
state conditions have been established for 2 Pu partitioning from
the sedimentary reservoirs at these atolls to solution. Since 1972 the
average “soluble" 239+240py at Enewetak has been 21 fCi/1. At Bikini
the mean value from 1972 to 1982 has been 42 fCi/1. With the appropriate
dimensions for each lagoon, these concentrations convert to lagoon
inventories of 0.96 and 1.2 Ci at Enewetak and Bikini, respectively.
Particulate concentrations are not included in these estimates. These
quantities represent 0.08% of the sediment 1nventor1es det%rmined to a
depth of 16 c¢cm at each atoll. The mean cuantity of 2 Pu mobilized
and found in soluticn at any time represants a small fraction of the
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inventory associated with the major reservoir at the atolls.
Mobilization of 239%240py from marine deposits is a slow, but
nevertheless real proc%zﬁ.

Small amounts_of Am are also capable of dissociating from these
marine deposits. 241pm is_more firmly bound to the sediments than
239+240p, . The amount of 239*240py mobilized to solution at the
atolls_can be reasonably predicted using a K4 of approximately
2.3x10° and the mean_sediment concentrations.

The mobilized 239%240py at Enewetak and Bikini has solute-like
characteristics and different valence states coexist in solution. The
largest fraction of the soluble plutonium is in an oxidized form (+V or
VI). Quantities associated with suspended particulate material and
sediments are predominately in the reduced state (+III or IV). The
sorption-desorption process is not completely reversible because of
changes that occur in the relative amounts of hs mixed oxidation states
in solution with time. The oxidized forms of 39+240py in solution
have a lesser tendency to associate with sedimentary or particulate
material than reduced plutonium. Complexation after mobilization also
affects the resorption rate. Therefore, any characteristics of
239+240py described at a point of reference may not necessarily be
relevant to explain behavior after mobﬁggz%56on and migration in
solution. Some small fraction of any +ealpy, placed on the surface
of the sea floor in oxygenated environments should, in time, disperse to
the overlying water mass and migrate from its original site. The 241
should remain more firmly fixed to the sedimentary material near the
point of introduction. The rate of disappearance of the two
radionuclides from marine deposits will depend on the physical,
biological, and chemical characteristics of the sediments and the rate of
water movement into and out of the contaminated region.

Table 1. The 2394240 py Average Lagoon Water Concentrations. 2

Enewetak Laaoon

933 km2--Lagoon Area
49 m--Average Depth

Month and Year and Number of Water Samples in Parenthesis

10-12/72 (35) 7/74 (71) 5/76 (29) 5/82 (23)

Soluble (fCi/liter) 22 25 16 17
Particulate (fCi/liter) 10 19 13 nd
TOTAL 37 T 29

Bikini Laaoon

629 kmé--Laaoon Area
45 m--Averaae Depth

Month and Year and MNumber of YWater Samples in Parenthesis

12/72 (17) 1-2/77 (26) 9/82 (21)
Soluble (fCi/liter) 4?2 49 34
Particulate (fCi/liter) 13 nd nd
TOTAL 55
a Arithmetic mean values.

nd not determined
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3. 598 E]S 905? ]37(:q 239+240p“ 24]Am 20784 and
81- Po in fTSh from the Marshall Is]ands_

Studies of the accumulation of long-Tlived radionuclides by marine
organisms and specifically by fish eaten by man, have been conducted in
gigfegent Marshall Island Atolls where sediments play a role in determining

ody burdens of radionu 11des som ish

Concentrations of 6 59 53§+§40Pu, and 241Am were
determined in tissues of f1sh, near-shore surface sediments, and seawater
from several atolls contaminated with close-in fallout debris generated at
the Pacific Proving Grounds in the late 1940s through the late 1950's. The
atolls were sorted with respect to present contamination levels detected in
the surface sediments from the lagoons. The "A" group of atolls, which
include Ailuk, Likiep, Taka, Ujelang, Uterik and Wotho, have the lowest mean
level of contamination and Rongelap has the highest. The "B" group of
atolls consists of Ailinginae, Bikar and Rongerik which have higher levels
of contamination in the surface sediments than the "A" group but less than
at Rongelap. Sediment-to-lagoon water concentration ratios for these
radionuclides (a measure of the sediment/ water distribution coefficient)
increased proceeding from the lesser contaminated atolls to Rongelap.
Fractions of the radionuclides still detected in the marine environment are
irreversibly bound with the mineral matrix of the sediments, and equilibrium
conditions do not exist at all atolls. Mean radionuciide concentration
factors were computed for bone and muscle of the fish representing trophic
levels I1-V from the groups of atolls by relating the measured tissue
concentrations to those in filtered lagoon seawater. Values of 90sr
concentration factors for bone and muscle of fish decrease between the Zrd
and 5th trophic level. The concentration factor for bone of bottom feeding
fish is the largest at atolls where ZYSr is more permanently fixed to the
near shore sedimentary material. There was no unique relationship between
trophic levels of the fish and the 137Cs muscle concentration factor.

Some of the variability in the 137¢Cs concentration factors is best related
to differences in diet, with concentration factors being lower for bottom
feeding fish than_for pelagic species. Higher concentration factors are
also found for 137Cs at atalls where the radionuclide is still detected in
bottom sedimenti

Values of 39+240Pu and 241am Boncentration factors for bone
followed the same trend noEﬁd for 9 1 Screasing between II and V
trophic level. Ratios of IAm to 2 9 240p,, increa§ﬁq in bone and
muscle between 2nd and 5th tr%%h}c level species. Am seems to be more
biologically available than ¢ Opy to higher trophic level species from
the lagoons, gger s at Togﬁr trophic levels the opposite seems to be the
case. Both ¢ Pu and Am concentration factors are greater for
bottom feeding species from the more contaminated atolls than found for the
same species at the lesser contaminated atolls. This feature is common for
all the long-lived man-made radionuclides determined in this study. The
following is a partial ranking of the radionuclide concentration factors in
muscle for some species from the different atolls.

rs (Trophic Level II)

ion facto
Am > 903r

Surgeonfish muscle concentrati C
ure 239+ 240pu 5 24

t
A atolls 137Cs > 1

B atolls 137¢s > 239+240py 5> 241an 5 90g,.
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Mullet muscle 533c&25rat10? ;actor ‘Trophéﬁ Level II)
A atolls Pu> 137cs > 24lam >
Goatfish musc] goncen tion (Trophjc Leve III)
A ato]]s Cs > §§8 QEBPU > BE Am > 90gy

Trophic V specie
A1l atolls ?37c5 > 239+240p, 5 241pp > 90gy

This ranking shows there is no precise ordering of the values of
concentration factors for all fish, which neqgates the use of a single
generic value for all fish species. The ordering is altered by
species, trophic level, and degree of bottom sediment contaminations.

Bottom-feeding fish have the ability to extract radionuclides that
are irreversibly bound to sedimentary deposits and attain tissue
burdens that are larger than the concentrations found in the same
species from environments where near-equilibrium conditions have been
established. The values for the concentration factors generated at the
lesser contaminated atolls cannot be used with water concentrations to
generate reliable estimates of concentrations in tissues of species
from the more contaminated lagoons. An explanation for this anomaly is
that some bottom-or coral-feeding fish with diets containing, in part,
carbonate material have the ability to Tower their qut pH during
feeding, which results in dissolution within the qut of a frag}lon of
5 ca%gbum 8arbonate Angested with food. Fractions of the

OSr and 2%4TAm previously fixed or fused within the
calcium carbonate matrix during the period of nuclear testing at
Enewetak and Bikini are released by the digestive juices and can pass
across the gut wall of the fish,

Contaminants jrreversibly fixed to carbonate sediments are not
isolated from biological cycles in the ocean. Hiaher trophic level
species that do not rely on sediments or coral for this source of food
show no such increasing trend in the values for the concentration
factors between differently contaminated atolls.

Another stud¥090nducted at Enegﬁaak gqg 815' i Atolls involved the
determination of %6 and natural Po in tissues
of different fish. /B was produced during the series of nuclear
tests conducted by the United States at Bikini and En%6§tak AtoIIS
between 1946 and 1958, possibly by reactions such as or

6p (p,Y), assuming stable lead was present during testwng as
shielding material B3ar the nuclear devices(8)., Table 2 shows
concentrations of Bi determined by gamma spectrometry in tissues
and organs of several species of fish collected from Bikini and
Enewetak during different years.

Most striking is the range of concentrations in tissues and organs
among different species of fish coIIe%E§d simultaneously from the same
location. Highest concentrations of Bi were consistently detected
in the muscle and other tissues of goatfish and some of the pelagic
lagoon fish compared to those of other reef fish such as mullet,
ggygeonfish, and parrotfish. Over 80% of the whole~body activity of

Bi in goatfish is associated with the muscle tissue, whereas less
than 1% is found in the muagIe of surgeonfish and muilet. The
concentration factor for Bi is not single-valued for fish and
varies with the species.

Concentrations of 210Pg were also determined in the muscle of a
few goatfish, mullet and surgeonfish from Bikini Atoll. The average
concentration in goatfish flesh (0.67 pCi/wet g) exceeded the level in
surgeonfish (0,065 pCi/wet g) and mullet (0.38 pCi/wet g). These data
coupled with the observation of higher levels of /Bi in goatfish,
g?g us to speculate that similar enrlchmg?g might be expected for

(ty72 = 5.01 d),_the precursor of %nd direct daughter
product from decay of 210pp, Any unsupported O8i detected could
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be a potential source for some fraction of excess 210pg detected in
marine organisms. A variety of fish representative of different
trophic levels were caught %H B1k1 Enewetaé Rongelap, and Kwajalein
Atolls for the analysis of 0g OPo and 10 Separations
of these radionuclides were made onboard the research vessel within
24 h of cg]]ection to minimize the unavoidable growth-decay corrections.

The Bi concentrations gn liver and flesh from all species
exceed those of its percursor Pb_measured in these tissues.
Therefore, some account of excess 21087 in edible portions of freshly
caught and rapidly consumed fish should be made in radiological dose
estiga?es from natural radionuclides in marine food pathwa¥§0 Based on
the Bi results and the assumption that any unsupportgd Bi
accumulated by fish from food or water wogxg relate to
concentrations, we anticipated levels of Bi in the musc1e of
goatfish several orders of magnitude larger than the unsupported
concentrations in surgeonfish, mullet, and parrotfish.__Rather, we
found no significant differences in concentrations of Bi in the
muscle among all the species. It is clear, therefore, that the excess
of 21081 in the muscle and liver of surgeonfish, mullet, and
parrotfish is not from its percursor in the tissue nor from the
environmental sources from which 2078 is derived. The data suggests
that the excess 21084 may be translocated to muscle and liver tissue
following the decay of 2:0Pb accumulated in the bone. All
unsupported 210po measured in fish, and possibly in other organisms,
does not necessarily have to result directly from the food ﬁhain. Some
fraction, which may vary with the species, of unsupported Po in
specific tissues such as muscle and liver may result from
redistribution and decay of ¢10Bi generated from 210Pb accumulated
in bone.

Concentration factors for ¢10Pp in muscle to that in filtered
Eqswater have been calculated using a mean value of 313 fCi/1 for

Po measured in 12 lagoon and ocean surface- water samples. Values

range from 8x102 for surgeonfish muscle to 2. 3x10% for goatfish.

4, Plutonium in Northeast Atlantic Sediments

Deep-sea disposal of packaged, low-level radioactive wastes has
occurred at several sites in the Mortheast Atlantic. However, since
1977, disposal has been restricted to a single site, 4 x 103 km
area, within 10 mi north and south of 46°N and between 16°W and
17°30'W. A program of coordinated scientific studies was initiated in
1980 by the Nuclear Energy Agency (NEA) of the Organization for
Economic Cooperation and Development to develop a site-specific model
for predicting radiation exposures from the disposed wastes. Task
groups on physical oceanography-geochemistry, biology, modeling, and
radiological surveillance were established to provide scientific input
on the physical, geochemical, and biological processes controlling the
behavior of radionuclides in the deep ocean and specifically at the
disposal site. As part of this effort, various cooperative studies were
undertaken with other investigators to improve our understanding of the
behavior of long~Tived radionuclides in pelgggc Esdiments.

The concentrations and inventories of Pu in sediments from
within the boundaries of the low-level radiocactive waste-disposal site
in the Northeast Atlantic are no different from global fallout Tevels in
deep~-sea sediments from this region of the Atlantic. No man-made
gamma-emitting radionuclides were above detection limits in the sediment
samples analyzed. There is no indication that past disposal practices
have led to an area- w§de ﬁantamination of the site with waste-related
radionuclides. The ¢ Pu sediment-depth distributions indicate
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Table 2. Concentrations of 207By sn fish from Enewetak and Bikim Atolls

70785 (pCi/kg wet)t

?i%lld e Year Common nameXX Muscle Bone 3§§?Zi: content Skan Liver

E-24 B0 Mullet (Cremimuai1l)(11) 1.1 (27) <2 578 (1) 1490 (2) <l 30 (20)
Surgeonfish (I1) 1.8 (29) 5 (30) 91 (2) - 4.5 (20) 391 (2)
Goatfish (11) 656 (1) 283 (2) 661 (1) -- 465 (2) 190 (1
Snapper (Lethranus)(V) 263 (2) 102 (4) 713 (2) 92 (4} 266 (3) --
Snapper (Lutianus)(V) 191 {2} 198 (2} 1130 (2) -- 150 (2) -~
Bonito (V) 166 (3) 60 (24) 421 (3) 124 (12) 90 (18) 662 (7)

£-10 78 Mullet (Cremimuoil}(11) <2 <5 1150 (1) 1420 (2) <2 <1
Surgeonfish (I1) <1 <6 20 (18) 65 (16) <8 89 (192)
Goatfish (111) 6530 (2) 1770 (1) 9560 (1} 1220 (7) 2570 (1) 7460 (2)
parrotfish (IV) <2 <10 <12 - <4 --

8-5 81 Mullet (Cremimuorl)(I1) <2 <14 44 (9) - <10 <40
Surgeonfish (11) <4 <N 21 (35) <49 <13 36 (29)
Goatfish (II1) 56 (4) 22 (3} 145 (12) 242 (18) 37 (25) 50 {1C)
Parrotfish {1V) <4 <4 <49 51 (23) <22 <50

3-1 78 thullet (Cremimuen1)(I1} 4 (20) <4 54 (1) 124 (11) <3 116 (15)
Mullet (Neomvxus}(11) <1 <8 68 (6) 100 (28) <4 43 {25}
Surgeonfish {11) <2 <25 49 (20) <199 <30 <100
Goatfish (IT1) 1360 (2) 400 (4) 206 (2) 1070 (11} 9€0 (2) 3020 (2)
Jack {1V} 12y (2) 19 (33) 120 (11) <60 -~ 190 (20)

*

€ = Enewetak Atoll and B = Bikini Atoll. Nunbers cesignate 1slands.

* The 1 o counting error expressed as the percentaae of the listed value appears 1n parenthesys, 1 pCy = 37 mBq.

Trophic level shoan 1n parenthesis

that downward transport of labelled surface material has occurred to
depths greater than 15 cm in the sediment cg%gmnd There are
well-defined maxima in the majority of the +240p, profiles. This
feature is not consistent with one-dimensional vertical mixgga ?gde1s.
Heterogenous bioturbation is the dominant mechanism moving +240py,
from the sediment surface downward and laterally in Northeast Atlantic
pelagic sediments.

5. Quality-Assurance and Intergomparison Program.

During the last 12 years we have participated in a large number of
national and international intercalibration exercises and have conducted
a continuing rigorous internal quality assurance program. In the
GEOSECS program we provided quality control data of many kinds for the
measurements of radionuclides in seawater. These results are discussed
in greater detail elsewhare ). Some additional quality-control data
were generatid during the northern Marshall Island survey and have heen
discussed(10). More recently, the sediments from the Northeast
Atlantic were procszﬁed for the radiochemical separation of plutonium
radionuclides and Am using modifications of published techniques
that were tested on an IAEA intercalibration exercise performed in
EggQEEStion wi%E]the sample analysis. The results submitted for

Pu and Am concentrations in sediment sample SD-N-1/1,
distributed by the Monaco Laboratory of the IAEA, are shown in Table 3
along with the T$?ian values chosen as the most reliable estimators of
the true values . Agreement between our reported values and the
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most reliable estimators %f Ehg true value may be considered
satisfactory. The mean 233+240py concentration of the "standard"
sediment is comparable to the mean concentration in surface-sediment
increments from within and outside the dump site.

We currently are conducting other intercalibration exercises with
Portugal (deep sea fish); TAEA (seaweed and sediment); UK (sediment);
and other LLNL divisions. We maintain a large number of Mational Bureau
of Standard samples and [AEA standards that are continually used on our
analytical program to validate detector calibration and separation
procedures.

Table 3. Results of intercomparison of artificial radionuclide
measurements on marine sediment sample SD-N-1/1.

_ LLNL mean? ) Most reliable estimator
Radionuclide fCig™' mBgg™! of true value mBgg~
238y, 5.1:0.8 0.19£0.03 (21) 0.18
239+240; 15.241.1 0.56+0.04 (21) 0.56
280 n 13.041.6 0.48:0.06 (11) 0.49
60¢c, 10.9+0.5 (3) 1.8
137¢ 15.240.8 (3) 14.0
d

Number of samples analyzed shown in parentheses.
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INTERCOMPARISON STUDIES OF TRANSURANICS IN
NORTH ATLANTIC DEEP SEA SEDIMENTS FROM THE
NEA DUMPSITE

A. AARKROG, H. DAHLGAARD
Ris@ National Laboratory,
Roskilde, Denmark

Abstract

Detailled intercomparison of two cores from the dumpsite showed that horizontal

239,240,

activity distraibution was not homogeneous for u. However the vertical

inventory remains the same. There was no systematic bias between the Pu analys:is

238 2 4
by the two laboratories. The Pu/ 39,2 OPu mean ratio was 0.08+0.02 and for

241Am/239'240Pu was 0.26+0.12, both compatible with global fallout.

1. THE SAMPLES

Two cores (Nos 4 and 11) taken on the Tvro 82 cruise to the NEA
dumosite (45050'N to 46°10'N and between 16°W and 17°930'W)in
August—September 1982 [l] were obtained from Dr, V. Noshkin,
Lawrence Livermore National Laboratory. The cores had been
sectioned into 1 cm depth increments and the surface area of
each section is 28.2 cm?. The two cores were subcores from two
different 0.25 m2 Mark III boxcores, from each of which Dr.

Noshkin had analysed another duplicate subcore.

2. RESULTS

Ten (or twenty for the weakest samples) grammes aligquots of
dried sediments were analysed for Pu and Am by the methods of
Talvitie [ 2] and Holm [3].

Core 4 (Table 1) shows an exponentially decreasing 239,240py
concentration with a half depth of 2 cm. Core 11 (Table 2) shows
a subsurface maximum at 2-4 cm depth. The 239,240py inventories
of the two cores down to 11 cm were 5.83 Bg m~2 (0.16 mCi km~2)
and 7.01 Bg m~2 (0.19 mCi km~2), respectively. Noshkin [1)

found 0.16 and 0.22 mCi 239,240py kxm~2, respectively in his

corresponding subcores. The mean ratio of the concentrations
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Table 1.

Plutonium and americium in core T 8204 B collected at

No.

PMSG ©88
- 89
- 90
- 91
- 92
- 93
- 94
- 95
- 96
- 97

- 98

the NEA dumpsite in 1982

Segment

in cm

9-10

10-11

239,240py,

Bg kg1

0.36 (7)
0.164 (10)
0.100 (10)
0.067 (13)
0.049 (16)
lost

0.0148(18)
0.040 (17)
0.0182(21)
0.0092(27)

0.0067(33)

Ba m-2

239p,

Bg kq“l

0.023 (23)
0.0156(30)
0.0084(27)

0.0047(33)

241 am

Bg kg~1

6.093(10)

0.018(32)

The relative SD (in %) due to counting statistics are shown

in brackets.

Table 2.

Plutonium and americium in core T 8211 B collected at

No.

PMSG 198

- 199

- 200

~ 201

- 202

- 203

- 204

- 205

~ 206

- 207

- 208

the NEA dumpsite in 1982

Segment

in c¢cm

8-9
9~10

10-11

239,240py

Bq kq“1 Bg m~2

0.23 ( 9)
0.093 (11)
0.172 ( 6)
0.207 ( 7)
0.054 (17)
0.074 (10)
0.027 (16)
0.030 (17)
0.035 (17)
0.045 (14)
0.0135(27)

1.41

0.66

0.22
0.28
0.33

0.10

239py

Bg kg“l

0.0172(32)

0.0187(30)

0.0040(33)

241 am

Bg kg1

0.098(12)

0.054(14)

0.038(18)

The relative SD (in %) due to counting statistics are shown

in brackets.
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in the various layers found by Rise and Livermore was 1.08 * 0.70
(N=18; * 1SD). This shows that the horizontal activity distri-
bution of the boxcores are inhomogeneous. However, the inven-
tories of the 0~-11 cm layers within a core are the same. The
results, furthermore, show that there is no systematic bias

between the Pu-analysis performed by Livermore and Riso.

The 238pu/239,240py mean ratio was 0.08 * 0.02 (N=7; * 1SD) and
the 241am/239,240py mean ratio was 0.26 * 0.12 (N=5; * 1SD).
These ratios are compatible with those expected from global

fallout. We can thus support the conclusion of Noshkin [l]

who stated that no evidence of plutonium contamination in these
samples from any other source than global fallout had been
found.

3. INTERCALIBRATION

Throughout the years Rise National Laboratory has participated
in the intercalibration exercises organised bv the IAEA Monaco

Laboratory.

In the intercomparison of marine sediment SD-N-1/1 [4] we had
laboratory code WNo. 3. The mean of the accepted 239,240py
results was 0.57, we found 0.53 (mBg g‘l); our 238py and 241lanm

results were also within the accepted range.
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TECHNETIUM DISTRIBUTION AND ACCUMULATION IN
MARINE SEDIMENTS AND BIOTA*

E.H. SCHULTE
CEC c/o ENEA,
La Spezia, Italy

Abstract

Technetium normally exi1sts 1n marine environments as pertechnetate TCVII. However
when sediments are reduced and organic rich, it becomes fixed rapidly to them.
Bacteraial activity does not seem to be responsible. Concentration factors for Tc
in biota are generally 10-20 but two exceptions are macrophytic algae (1100) and
polychaetes (300-800). Biological half lives are weeks or months. Retention was
generally about 20% of that in the food source, and 25% of that was retained in

the digestive gland or liver.

In the last years the principle objectives of radiocecological stu-
dies at this laboratory have been to gather information on and further
understanding of the environmental behaviour of long-lived radionucli-
des with special respect to technetium. The only recent introduction
of technetium, an artificial radioelement which has no stable isotopes,
into the environment has been of considerable concern regarding the
cycling of its long-lived radioisotope Tc-99 in the geo- and biosphere
{1). As other long-lived radionuclides,such as transuranics, technetium
is found in the threemajor compartments of the marine envirconment,i.e.
in solution, in biota, and in sediments. During the period covered by
this report considerable effort has been expended on studying the beha-
viour of technetium in these compartments under laboratory conditions.

In agueous solutions technetium may occur in various physico-che-
mical forms according to thermodynamic considerations, but in the ran-
ges of pH and Eh values normally occurring in the marine environment
pertechnetate (VII) is clearly the most stable chemical form (2),which
has been confirmed also experimentally. It has been shown that about
90% of hydrazine-reduced technetium (IV) is rapidly reoxidized in well
oxigeneted sea water to pertechnetate within less than one hour, while
the remaining 10% being oxidized slowly. Hence, in all further labora-
tory studies only pertechnetate was used in order to ensure constant
physico-chemical behaviour of the radioisotope during the experiments.

A considerable effort has been expended in order to identify the
mechanisms by which technetium becomes incorporated into sediments(3).

* Contribution N° 2196 of the CEC Radioprotection Programme.
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In investigations using reducing sediments rich in organic carbon ra-
pid disappearance of pertechnetate from the water column has been ob-
served. The fixation rate of technetium in the sediment was found to
be dependend on several factors such as physico-chemical characteri-
stics of the sediment bed, mass ratio between sediment and water,area
of the sediment/water interface etc. Investigations on the role of bac-
terial activity in the fixation process of technetium within sediments
revealed only an indirect action of bacteria in that they contribute
in determining chemical and physical characteristics of the sediment
column. Therefore, the principle factors responsible for the immobili-
zation of technetium in sediments are most likely redox conditions
while diffusion to deeper, anoxic layers in the sediment 1s most pro-
bably the limiting factor in the fixation process of technetium.
Studies on the biological availability of technetium to marine or-
ganisms were aimed at assessing and eventually better controlling the
impact of technetium releases on man and the environment. In laboratory
experiments concentratioun factors, biological half-lives as well as as-
similation crpacities of a variety of marine organisms, including algae,
invertebrates and fish have been determined (4). Generally concentra-
tion factors were found to be quite low (10 - 20) with some exceptions
like macrophytic brown algae (Fucus; CF 1100) and polychaetes (CF 300-
800). Rates of loss after accumulation of technetium from water or con-
taminated food were high resulting in relative short bioclogical half-
lives of some weeks or months (5,6). Retention of technetium in marine
organisms was low and amounted about 20% of the radioactivity present
in the food stuff, of which about 25% was retained in the digestive
gland or liver.

Despite the considerable amount of information recently gathered
on the environmental behaviour of technetium there are still require-
ments for further studies in order to sufficiently assess the biogeo-
chemical cycling and potential impact of technetium on man and the en-
vironment.
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MEASUREMENT OF LONG-LIVED RADIONUCLIDES IN
THE ATLANTIC RELATED TO RADIOACTIVE WASTES
DEEP-SEA DISPOSAL*

A.O. BETTENCOURT, MM. BORDALO COSTA,
F.P. CARVALHO, G. FERRADOR, G. ALBERTO
LNETI/DPSR,

Sacavém, Portugal

Abstract

Deepsea fish, possibly potential links in a food chain to main from the N.E.Atlantic

dump~site were analysed for l37Cs, 210P0,238'239’240Pu. 137

Cs 1s lower 1in such

210
fish than most other fish tissues. This was truealso for Po. Sediments from the
site gave similar results to those reported by other authors. Unfiltered water samples

239,240

-3
were analysed for Pu and results were (in mBg m ) 12 for the Tagus estuary,

26 for 1500 m sample off Madeira, and 30 for one 3800 m sample NW of Portugal.

1. INTRODUCTION

The black scabbard (Aphanopus carbo) fishery is the only deep

sea one known in the north-eastern Atlantic, representing a poten-
tial pathway back to man for long-lived dumped radionuclides. So,
a study of this fishery was implemented, including landing statis-
tics, distribution, trophic relationships and radionuclide concen-
trations.

Along this study, fishes from several species also caught at
different depths near Madeira island and south of Lisbon, were
identified and analysed. Two shallow water fish species were
selected for comparing their radionuclide concentrations, the

barracuda (Sphyraena sphyraena) and the scabbard (Lepidopus cauda-

tus).
Fish, sea water and sediment samples were analysed for their
contents in transuranics. l37Cs and 2lOPo were also analysed in

fish muscle.

* Research Contract 3091/RB.
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2. METHODS

Fish muscle was prepared fOr analysis by drying and incinera-
ting; isotopic tracers were added. The ashes were analysed by
direct gamma spectrometry for determining 137Cs. For plutonium

and americium radiochemical separation, samples were spiked with

236Pu, 243Am and 244C

m. Transuranic analysis involve ion exchange
chromatography (AG 1x8), solvent extraction with HDEHP and electro-
plating. The transuranic elements were measured by alpha spectro-
metry, using silicon barrier surface detectors.

Some of the fish were dissected and the different organs were
analysed for their content in 21oPo by spontaneocus plating from
HCl—HClO4 solutions on silver disks followed by alpha spectrometry.
3. RESULTS

3.1. Black scabbard fishery

Fish landing statistics obtained at Madeira, for the last ten
vyears, confirm the economic and social importance of black scabbard
fishery for the region.

Some fishing cruises to south of Madeira (with sampling at dif-
ferent depths) have been effected. They enable us to conclude that
scabbard lives mainly between 800 and 1400 m; besides, it has ne-
ver been caught near the bottom.

Having never got young specimens, we can admit the possibility
of vertical migrations for this species.

Other ones were fished, identified and analysed as well.

3.2. Transuranics

238Pu results were always below detection limit., So, Table 1

2394240, concentrations in fish muscle for some of

only presents
the analysed samples. In black scabbard muscle they are about 0.1
mBg/kg fresh. In other species, either from shallow waters or from
the deep slope, higher values, around 1 mBg/kg, were found. Black
scabbard values were confirmed through an analysis performed by
V. Noshkin at LLNL. Furthermore, the quality of our data in pluto
nium determinations is confirmed by the results obtained in the
intercalibration exercises organized by ILMR, Monaco.

They can also be compared with those reported by Noshkin (1},

Triulzi et al (2) and Bowen (3).
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239+24OPu

TABLE 1: in Fish muscle?®
REFERENCEb SCIENTIFIC NAME DEPTH (m) mBg/kg fresh fCi/g dryfw

1979 M aphanopus carbo 1200 0.12%0,06 0.017%0,009
1980 M Aphanopus carbo 1200 0.13%0,08 0.019%0,011
1982 M Aphanopus carbo 1200 <0,3 <0,04
1983 M Aphanopus carbo® 1200 0.1(35%) 0.02(35%)
1980 P Malacocephalus laevis 600 1.0%0.5 0.13%0,07
1980 P Beryx decadactylus 400 0.8%0,5 0.10%0.08
1980 P Deania calceus 1000 <1 <0,2
1982 M Helicolenus dactylopterus 600 1.2%0.2 0.17%*0.03
1981 M Sphyraena sphyraena shal 1.0%0.3 0.12%0.03
1983 P Lepidopus caudatus 200 1.1%0.4 0.14%0,05

3Lower detection limit at 95% confidence level; error 1 sigma propagated
bM: Madeira; P: west coast of Portugal

cAnalysed by V. Noshkin, LLNL

In some predatory fish, like tuna and squalidae, higher concen
trations (3-4 mBg/kg fresh) were obtained, but they need further
confirmation.

Unfiltered water samples were also analysed for their plutonium
content.239+24OPu concentrations found were 12 mBq/m3 for an estu
arine water (Tagus river), 26 for a 1500 m depth water collected
off Madeira island and 30 mBq/m3 for one 3800 m depth sample from
the north -west coast of Portugal. The statistic errors for these
determinations being about 10%. These results can be compared with
those reported by Miettinen et al (4), Kautsky & Eicke (5), Holm
& Persson (6}, Livingstone et al (7) and Ballestra et al (8), among
many others,.

Such values lead to a concentration factor of about 5 for the
black scabbard fish. For other species it would range from 40 to
80. However few results are yet available from the areas where
these were caught.

Some sediment samples, from the deep sea, were also analysed

137Cs and 226Ra by gamma spetrome-—

for plutonium, as well as for
try. The results correspond to a homogenized 10 cm surface layer.
Results for plutonium (see Table 2) are within the range of values
reported by Noshkin, for the northeast Atlantic (9), and can also
be. compared to those reported by Triulzi et al (2) and Ballestra

et al (8).
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TABLE 2: 238Pu, 239+240Pu, 226Ra and l37Cs in deep-sea sedlmentsa

YEAR  DFPTH  COORDINATES 2385, 239+240p,, 22 a 1370
(m) (Ba/g)  (nBg/q)C /e (mBy/g)®

1980 1790 39932' N 09°47' W <3P 0.18%0.02 0.13%0.02 <4

1981 4200 39%35' N 10°20" W g2 0.04%0.02 0.11%0.02 <4

1982 1465 32°35' N 17°%5' W 9iF 0.27%0.02 0.0650.04 <2

%on dry weight basais
bLower detection limit at 95% confidence level

C
Errors given are lg

TABLE 3: 137Cs in fish muscle
REF.a SCIENTIFIC NAME DEP'TH Bg/kg fresh
{m)

1979 M Aphanopus carbo 1200 0.25%0.04
1979 M Aphanopus carbo " O.38i0.07
1979 M Aphanopus carbo " O.40t0.07
1980 M Aphanopus carbo " 0.47%0.07
1982 M Aphanopus carbo " 0.11%0.03
1983 M Aphanopus carbo® " 0.21%.01
1984 M Aphanopus carbo " 0.51%0.17
1984 M Aphanopus carbo " 0.1910.12
1984 M Aphanopus carbo " <0.22°
1880 A Epigonus telescopus 600 1.7%0.4
1980 P Malacocephalus laevais 1000 <0.5°
1980 P Deania calceus 1000 l.li0.6
1982 M Helicolenus dactylopterus 600 1.710.3
1982 M Fpigonus telescopus 600 l.l:O.B
1983 P Centrophorus granulosus 400 <0.15°
1983 M Helicolenus dactylopterus 600 0.44%0. 38
1982 M Sphyraena sphyraena shal O.45t0.20
1982 M Sphyraena sphyraena shal O.46i0.04
1983 p Lepidopus caudatus 200 O.86t0.04
1983 M Thunnus thynnus shal O.79t0.05
1983 M Sphyraena sphyraena shal O.26t0.16
1984 P Lepidopus caudatus 200 0.70%0.48

aM: Madeira; A:Azores; P:west coast of Portugal
bAnalysed by V.Noshkin, LLNL
SLower detection limit at 90% confidence level; errors given

are 1l ¢
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3.3. Cesium-137

The results obtained for 137Cs concentration in fish muscle

are presented in Table 3. The analysed fish are grouped as fol-
lows: black scabbard; mid-depth species and shallow water fishes.
It can be seen that the l37Cs concentrations are lower in the
black scabbard than in other fish tissues, except the Sphyraena
sphyraena. They are of the same order of magnitude as the ones

reported by Mitchell & Pentreath (10) for the Coryphaenoides ar-

matus in the north east Atlantic deep waters.

3.4, Polonium—-210

The highest doses for marine organisms and for man through food
consumption being due to 210Po, their evaluation becomes important
for us to know background doses and compare them with those re-

sulting from artificial radionuclides. It is also helpful to be
aware of 210Po behaviour in the marine environment for understand
ing analog artificial radionuclides cycling.

210

Some preliminary results on total Po concentration in dif-

ferent fish tissues are presented in Table 4. These results are

not yet corected for 21OPO ingrowth from 21OPb present in the
sample.
TABLE 4: 21OPo (total) concentrations in Fish tissues (mBg/g dry)
(Preliminary results not corrected for ingrowth from 21OPb)
MUSCLE GONADS LIVER SKELETON
Sardina
pilchardus 26 (1) - 1896 (1) 43(1)
Trachurus +
trachurus 19~4(2) 118(1) 1229 (1) 27(1)
Merluccius +
mexrluccius 45~16(2) 295(1) - 31(1)
Scomber
scombrus 6.1(1) 94 (1) 1074 (1) 12{1)
Raja
undulata 3.4(1) 86 (1) 99 (1) 9.5(1)
(cartilage)
Aphanopus
carbo +
(Sesimbra) 0.5-0.1(3) 12(1) 16 (1) 4.2(1)
Aphanopus
carbo + + +
(Madeira) 1.0-0.9(2) 48-57(3) 22-13(4) 6.1(1)

Mean t 1 standard deviation (nr of analysed specimens)
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It can be seen that 2lOPo concentrations in black scabbard fish

tissues are significantly lower than those found in shallow water

fish as well as in other deep slope fish.

4. CONCLUSIONS

Being the black scabbard a species which lives at depths of
about 800-1400 m, It can be considered a potential pathway back to
man for dumped radionuclides. Furthermore, this fisheries is econom
ically important for Madeira population.

Although being classified as a benthopelagic fish, no speci -
mens were wre caught near the bottom: so, some doubts are arising
about such classification.

Radionuclides concentrations in black scabbard tissues are
lower than those found for other species from the same region,
either from shallow waters or from deep slope. This seems to

confirm that this species is not a benthic one.
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STUDIES ON THE BIOACCUMULATION OF
RADIONUCLIDES OF LONG HALF-LIFE IN
MUSSELS IN THE NORTH EAST OF SPAIN

M. MONTESINOS DEL VALLE

Area de proteccion radiologica y medio ambiente,
Junta de Energia Nuclear,

Madrid, Spain

Abstract

Water, sediments and mussels were analysed from areas in the NW of Spain, for 238,239,240

137 90 -
3 C Sr Sea depths were 24-65 m. Ranges of activity for seawater (pCi 1 l)

90
were 0.138-0.335 for Sr, 0.150-0.480 for 137Cs, 0.140~0.190 for 60Co. Levels of

Pu, B
activaties noted in sediments compared closely with those in the Mediterranean by

other workers. In pCi kg—l Pu figures were 5-96. Similarly for Mytilus edulis
239,240

Pu was 0.09-1.5 pCa kg—l wet weight.

1. Introduction

Spain is a country with considerable coastline and there 1s so much
possibility of alteration of the marine ecosystem due to nuclear type of
incidents, that it is necessary to maintain a watch as far as possible on the
levels of activity in the ecosphere.

We have selected the zone to the northeast of Spain for study both because
it is representative for mussel culture, and because of its situation with
respect to the Northeast Atlantic Trench.

2. Objectives in the first phase of the project

2.1 Collection of mussel samples (which are consumed by humans) in the
Gallegas rivers as well as water and sediment samgles/
2.2 Radiocanalysis of the samples for 238Pu, 239py, 240py and 137Cs which

can arise from radioactive fallout, from the production of nuclear energy and
the leaking of dumped radioactivity from the abyssal zone of the Atlantic.

3. Description of the investigation

3.1 Sampling areas

For the present study, the principal Gallegas rivers were selected;
Vigo, Pontevedra, Arosa, Muros, La Coruna, Vivero.
3.2 Samples

The samples collected were water, sediment and Mytillus edulis

3.3 Methodology
3,.3.1 Sampling and pretreatment
3.3.1.1 Water, Sediments

Sampling was done by the Boat B/0 Lura. The coordinates (determined by
radar techniques) are given in Table 1. The samples of water were obtained
with Nansen-type bottles, provided with inversion thermometers, were filtered
through a 20 micron filter and acidified to pH 1.5 with concentrated nitric
acid. The salinity was determined in the laboratory with a salinometer
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calibrated against sea water of known conductivity. Oxygen concentrations were
determined by a modified Winkler method. Sediment samples were taken either
with a Van-Veen drag or hydraulic box-corer. The upper part was dried at 100°
for 24 hours.
3.3.1.2 Mussels

At Vigo, Pontecedra, Arosa, La Coruna and Muros, sampling was done at
various points, and three different depths. The Vivero mussels were collected
by a sailor. They were wrapped in polyurethane foam and rapidly frozen at -200°C.

3.3.2 Method and technique of analysis

The determination of radioactivity was done by analytical procedures
suited to detection of radionuclides at environmental levels, which included
evaporation, drying, ashing etc.
3.3.2.1 Methods applied to the Mytillus edulis and sediment samples

~Gamma spectrometry. Gamma radioactivity was measured with coaxial Ge(Li)
detectors with 25% eiffiency for 2/Co energies and resolution of 2.3 keV at
1173 keV. Spectra were accumulated with a Canberra-80 4000 channel
multichannel analyser, and the SPECTRUM computer program was used for
analysis.

~Plutonium. The samples were ashed at 6000 to eliminate organic matter.
The transuranlcs were dissolved in nitric acid and hydrogen peroxide, then
precipitated with calcium oxalate. The precipitate was dissolved with 8M
nitric acid and hydrogen peroxide. The solution was passed through a column of
AG 1x8 resin to retain Pu. Then the Pu was eluted with 1.2M HCl1l contalning
H202.

The solution was evaporated and the eluted Pu electrodeposited in a NH40H
medium at pH 4 onto discs of stainless steel of 25 mm diameter.

The counting was done by an alpha spectrometer with a solid-state detector
of 300 mmZ2 area and effeciency of 20%.

~Ceslum. Cesium was separated as phosphomolybdate and then purified as a
hexachloroplatinate. It was determined in a gas—flow counter with about 45%
efficiency by its beta emission.

—Intercomparison. Intercalibration exercises were undertaken in
conjunction with the International Laboratory of Marine Radiocactivity at
Monaco.

4 .Results

Standard statistical treatments of the counting data were employed.
The values obtained in the samples analysed are reflected in tables 2 to 6.

5. Conclusions

On viewing the results obtained in this first phase of the project, one is
able to conclude that:

5.1 The methodology applied in collection, pretreatment and analysis of
samples appears to be adequate.

5.2 The radiochemical methods applied for the obtaining of activities of
cesium gave good yields.

5.3 The values obtained for water, sediments and mussels are similar to
those reported by other authors on the same type of sample.
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Table 1. Sampling coordinates

Location Date Coordinates Sea Depth
Vigo 11.07.83 420 13' 48"N 80 47' 48"W 35m
Pontevedra 12.07.83 420 23' 03"N 80 45' 00"W 25m
Arosa 14.07.83 420 33' 30"N 80 54' 18"W 46m
Muros 05.08.83 420 45' 18"N 90 01' 00"W 35m
Coruna 02.08.83 430 22' 18"N 80 22' 03"W 29m
Vivero 27.09.83 430 42' 18"N 70 35' 42"W 27m
Vigo 14.11.83 420 13' 48"N 80 47' 48"W 43m
Pontevedra 10.11.83 420 23' (03"N 80 45" 00"W 32m
Arosa 10.11.83 420 33' 30"N B8O 54' 18"W 65m
Muros 09.11.83 420 45' 18"N 9° 01' 00"W 35m
Coruna 07.11.83 430 22' 18"N 80 22' 03"W 24m
Vivero 03.1 .83 430 42" 18"N 70 35' 42"W 24m

Table 2. levels of activity in sea water (pCi/l1)

| ‘ { | N
5r-90 I Cs-137 ! Co-60 |
! | |
l l
VIGO -—— } 0.170 + 0.030 0.140 I
| l
PONTEVEDRA 0.138 + 0.042 i 0.150 + 0.020 0.19%0 I
I !
AROSA 0.217 + 0.055 { 0.170 + 0.020 — {
| |
| MUROS e 0.170 + 0.020 0.150 !
LA CoRURA —— —— -
l |
| VIVERO 0.335 + 0.063 | 0.480 + 0.050 0.180
| *
|
| l |
i l | I
Table 3. Levels of activity io sediments {pCi/kg dry weight)
1 I I 1 |
! | ! l |
} { Cs-137 ] Pu-239, 240 | Cs/Pu |
| |
} | | |
! |
| VIGO ! 380 + 10 16 + 11 ! 24 !
= : | ]
| |
! PONTEVEDRA I 440 + 10 %6 + 15 ’ 4.6 !
- I
I ! | l
{ AROSA { 240 + 10 ! 51 + 10 : 4.7 I
|
l | | |
l MUROS : 280 + 10 40 + 17 ; 7 I
| l | ! |
} LA CoruRA } 16+ 2 } 22+ 4 { 0.7 l
| | | | [
’ VIVERO ; 15+ 2 ; 54+ 3 : 3 :
! [ ( I I
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Table 4. levels of activity in edible part of Mytillus edulis (pCi/kg wet weight

1 | I !
} : Cs-137 I Pu-239, 240 } Pu-238
{ | i t
I I I !
| VIGO : 6.0 + 2.2 I 0.09 + 0.05 f < o.t
I !
I ! ! !
1I AROSA : 6.5+ 2.4 { 0.1 + 0.1 { < 0.4
| ! ! f
! LA CORUNA i 6.7 * 2.2 ! 0.57 + 0.08 | < 0.4
1 ! { !
! ! ! I
! VIVERO [ 6.5 { 1.50 + 0.03 | £ 0.5
| f | !
i | | |

Table 5. Comparison between the levels of activity of Cs8 and Pu found in sediments (pCi/kg dry weight

I I | T I |
} Location : Depth (m) } Pu ! Cs/Pu I Worker Il
| t 4 |
| | | |
I Ligurian Sea II 12 | 32 12,5 |  Jennings (1984) |
] .
i Ligurian Sea \ 45 I 17 16.7 " |
i |
| Ligurian Sea 93 | 27 | 14.3 "
] |
| COSTAS GALLEGAS: |
: Vigo 33 I 16 24 JEN (1984)
! Pontevedra 24 I 96 5 " }
} Arosa 44 } 51 S "
{ Muros : 33 } 40 7 | "
: La Coruia i 22 } 22 0.5 "
{ Vivero { 25 ; 5 3 "
Table 6. Comparison of levels of activity im Mytillus edulis in Mediterranean
and Atlantic (pCi/kg wet welght)
} i [ | |
} Location { Sanpling date : Pu-239, 240 } Worker f
{ } 4 + !
] | | ! ]
| MEDITERRANEAN | | ! |
= MENACO ! November 1976 : 0.39 + 0.04 { Ballestra {
| Saint Mandrier | June 1976 [ 0.15 + 0,02 l " |
I Martigues Ponteau I " " | 0.20 + 0.03 | " |
i Port de Bouc | " " | 0.06 + 0.01 | " [
| Port Saint-Louis i " " [ 0.09 + 0.01 | " l
| " " " | May 1977 ] 0.23 1 0.2 ] " |
Gran du Roi | June 1976 | 0.11 + 0.Q2 I " |
Séte (Port) | " " | 0.17 + 0,02 | " |
" | May 1977 | 0.11 + 0,02 ] " |
" (étans) | " " | 0.12 + 0.04 | " |
Banyuls i June 1976 | 0.61 + 0.07 | " |
Venezia i May 1977 [ 0.11 + 0.02 | " |
ATLANTIC } } II }
Vigo | June,Dec 1983 } 0.09 + 0.05 | JEN |
Arosa oo e | o1 Fo01 | o |
la Conﬂa 1 n " " ' 0.57 1 0.08 | " [
Vivero I t " " l 1.50 : 0‘03 | 1" ‘
{ | | |
| | I |
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LONG-LIVED RADIONUCLIDES IMPORTANT IN
MARINE WASTE DISPOSAL

A. AARKROG
Ris¢ National Laboratory,
Roskilde, Denmark

Abstract

The calculation starts with high level waste and tabulates results for time periods
of 0, 100,10,000 and a milhon years. The assumed relative activity figures are davided
by the Allowabk Limit of Intake to give potential risk figures. The figures are fur-

ther adjusted by a factor related to K. which allows for the fact that most actavity

d
for some radionuclides will be adsorbed onto sediments. Similarly a further adjustment

1s made to the figures to allow for the different concentration factors for radionu-

clides 1likely for the biota whaich are the probable route to man. In the period

137
100-10000 years the following radionuclides then predominate; C 9OSr

41 2 23 7 2
2 Am, 43A 240?u, 9Pu,23 Np,gch, 93Zr, 44Crn. Future research projects should

S,

!
therefore concentrate on these 1sotopes. Especially laittle information seems avallable

for 932r and 237Np

1. METHODS FOR IDENTIFICATION OF IMPORTANT NUCLIDES

1.1. Inventories

The disposal of high-level waste to the seabed presents the most
important potential source of radicactive marine pollution. Our
study shall be limited to this source alone. Baxter [1] has
made a list of those radionuclides which contribute over 97% of
the total activity oresent at various timepoints after disvosal.
Table 1 shows the inventories in TBg (1012Bq), assuming a mean
lapse of 10 vears prior to disposal.

The wastesarising in Table 1 are those to be expected from a
global nuclear capacity of 2500 GW by the early to mid-2Zlst
century. However, the absolute amounts of waste are not im-

portant in the oresent context. It is the relative 1levels

of the various radionuclides, which are of interest.

1.2. Potential impact

In order to estimate the potential radiological impact of the
waste we may divide the figures in Table 1 with the ALI
values [ 2] for the various radionuclides as given in Table 2.
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Table 1.

High activity waste arisinas ané post-disposal

activities (TBq) {adopted from Baxter 1,.

30v 137¢cs 1.3x10°
2%y 90sr 2.9x108
2y 134cs 1.1x108
2.6y 147pm 1.0x108
8.6y 54Eu 6.7x107

18y 244am 2.5%107

90v 151lam 1.6x107
2.7y 125gp

9.3x106 7x103y

Timeooint (vr)

102

30y 137cs 1.3x108
29y 90sr 7.4x107

90y 151gm 7.4x106
432y 241pm 2.2x106

7

8.6y 134ru 8.9x10°
88y 238py 6.7x103
18y 2440m 4.8x103

243pm 2,7x105

104

2x105y  99Tc 2x10°
7x103y 243am 1.1x10%
7x103y 240py 4,8x104

106y 93zr 2.8x104
2x104y 23%pu 1.8x104

105y 126gp 7.8x103
7x10%v  78se £.2x103
2x106y 237np 5.9x103

106

106y 932

r 1.6x104

2x105y 997 7.8x103

2x106y 237y

o 4.1x103

3x106y 135¢s 3.1x103
7x106v 107pg 1.5x103

1.6x107y 1291
2x105y 234y
4x10%y 238y

5,2x102
7.4x101
4x101

Table. 2. Number of ALI values (divided by 1012) in tne high

activity waste arisings in Table 1.

90syr
137r¢
244
134cg
154¢y,
147 pn
125gp
151gm

9x%102
3%102
3x102
4x101
3x100
5x10-1
1x10-1
3x10-2

Timepoint (yr)

102

50syr
241 nq
137¢c¢
244 o
243 am
238Bpy
154p,
151gn

7x101
4x101
3x101
5x10°
5x100
2x100
4x10-2
1x10-2

104

243pm 2x100
2378p 2x100
240py 2x10-1
23%py 9x10-2
991 2x10-3
1265n gx10-4
93zr 6x10-4
795e 3x10-4

10

2378p
1291
93qy
234y
135¢¢
99 e
238y
107pg

6

1x10°

3x10-3
4x10~4
2x10~4
1x10-4
8x10™5
5x10°5
2x10-6

1.3. Radioecological marine index

If the radionuclides escape from the waste containers to the

the sediments,

the amount of activity entering the water is

influenced by the magnitude of the Kg for pelagic sediments. The

transfer from water to human marine food chains is determined

by the concentration factors
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shellfish. The International Atomic Energy Agency has recently

made a review of sediment Kg's and cocentration factors [3]. we

will define a “"Radiological Marine Index” for the radionuclides

in the waste as the ratio CF/Kg. As CF we shall use the con-
sumption weighted CF for fish, crustaceans and molluses. The

total global catch of fish in 1980 was 56 M tons and of crus-
taceans and molluscs 3.4 and 5 M tons, respectively [4]. In

Table 3 the CF/Kg ratios are calculated for the radionuclides
mentioned in Table 1.

Table 3. Radioecological Marine Index (CF/Kg) for elements in

the high-activity waste arisings in Table 1.

Se : 6x100 U : 8x10-3
Tc : 2x10° Pu : 3x10-3
Sn : 1x10° om : 2x10-3
sb : 8x10-1 Am  : 1x10-3
Pd : 6x1072 Pm : 9x10-4
Cs : 5x102 Sm : 9x10-4
Np : 5x1072 zr : 8x10~4

I : 5x1072 Eu : 2x10-4
sr : 1x10-2

1.4. Marine risk index

In order to calculate a "Marine Risk Index" we may multiply
the number of ALI values from Table 2 with the corresponding

Index values in Table 3 as shown in Table 4,

Inventory cr

Table 4. "Marine Risk Index" values: X ——

ALI Rqg

Timepoint (yr)
0 102 104 106

137¢s 2x101 137¢cs 2x100 237wp 1x101 237Np 5x%10-2
90sr 9x10° 90s5r 7x10-1 9971¢c 4x10-3 99rc 2x10-4
134cs 2x10° 241pm 4x10-2 243pm 2x10-3 1291 2x10-4
244cm 6x1071 2440m 1x10-2 79se 2x10-3 135¢cs s5x10~6
125gp 8x10-2 238py 6x10-3 12635 8x10-4 234y 2x10-6
154y 6x10-4 243pm 5x103 240py 6x10-4 238y 4x10-7
147pm 5x10-4 151gm 9x10-6 23%py 3x10-4 932r 3x10-7
151gm 3x10-5 154g, gx10-6 932r s5x10-7 107pg 1x10-7
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1.5. Marine CF.risk index

If we disregard the absorption on sediments we may calculate

a so-called "Marine CF Risk Index", as shown in Table 5,

Inventory
Table 5. "Marine CF Risk Index" values: x CF
ALI
Timepoint (vyr)

0 102 104 106
2440m 9x105 241nm 8x104 243pam 4x103 237yp 5x101
137¢cs 3x104 2440nm 2x104 2378p 1x102 93zr 2x10-1
134cs 4x103 243am 1x104 240py gx101 1297 3x10-4
154gpy 3x103 137¢s 3x103 12657 4x101 997¢ 2x10-3

90syr 2x103 238py 6x102 239py 3x101 135¢s 9x10-3
147pn 5%102 90sr 1x102 79g5e 2x10° 234y gx1p0-4
125gp 4x101 154gy 4x101 997¢ 4x10-1 107p3 6x10-4
151gm 3x100 151Sm 9x10-1 932r 2x10-1 238y 2x10-4

2., DISCUSSION

The tables in the previous chapter may be used to identify those
long-1lived radionuclides, which are most important in the

context of marine waste disposal.

If we base our indentification on inventories alone we
use Table 1. It is unlikelvy that any waste disvosed in the
deep ocean will reach man before several years have elapsed
after the disposal. We may further argue that if the waste
first enters the human food chain after one million vears the
doses received at that time should have much less weight than
those received now, and we may therefore neglect them. This
leaves us with the time span from 102 to 104 years. The
important nuclides then becomes 137¢cs, 90sr (for the 102 vear
case) and 99Tc, 243Am, 240Pu, 93Zr, and 239%py (for the 104
year case).

If we include the ALI values in our evaluation as shown in
Table 2, the important nuclides in the two cases become 20sr,
241pm and 137cs and for 104 year: 243am and 237np.
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If we include, furthermore, the environmental behaviour of the
radionuclides as shown in Table 4, we get for the 102 vyear
case: 137¢cs and 90sr as the important nuclides and for the

104 vear case: 237Np.

If we disregard the absorption on sediments, Table 5 shows
that 24lam, 244Cm, and 243Am become the important radionuclides
for the 102 year case and 243pm and 237Np for the 104 year case.

If we combine the various methods of identification the
following radionuclides seem to be important: 137cs, 90sr,

The importance of some of these radionuclides are influenced
by the ALI, Kg and CF values. As regards the ALI values,
Harrison [5] has recently shown that the ALI value for 237npo
may be a factor of ten too low, while that of 239,240py pay
be 5 times too high. This will not change the importance of
237Np in Table 4, but it will make 237Np less important than
239'240Pu in Table 5, where the influence of Kq has been
neglected.

The Kg and CF values are encumbered with considerable un-
certainties. The range of the values for a given element
will typically be 2 orders of magnitude [3]. Two of the
radionuclides in our list: 237Np and 93zr have a K4 range
3 orders of magnitude, and in the case of 237Np the range of CF

for fish is the same.
3. CONCLUSION

Future research proiects on radionuclides associated with
deep sea disvposal of high-level radicactive waste should deal

with the following radionuclides: 9OSr, 937y, 997c, 137Cs,
237Np, 239,240py, 241am, 243am and 244cm.

As the information on the environmental behaviour of 937r,
and in particular, 237Np is low, the research activity should

focus on these radionuclides.
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