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Abstract

An intertidal sediment core has been analysed for the principal transuranium
elements present in the BNFL Sellafield radioactive waste discharges (Np, Pu,
Am) and the high yield fission products "Tc and 137Cs. In general, the profile
distributions of Cs, Pu and Am closely resemble the historical pattern of dis-
charges whereas the distribution of Np, for which the actual discharge history
is unknown, cannot be matched easily either with the likely pattern of dis-
charges, or with a recent reconstruction of them. The Np data can be inter-
preted as suggesting remobilisation and upwards transport of this element
within the sediment profile. The apparent mobility of Np is plausible, given
the stability of the NpO2+ ion in the environment and its known, low solid-
solution partition coefficient. The Tc distribution apparently matches that of
137Cs, which suggests that there has been no significant Tc redistribution. Al-
though only Np has been remobilised on a large scale, detailed analysis of the
isotopic and elemental ratios found in deeper sections of the profile suggest
that most, if not all elements are also moved downwards to a limited extent,

62



STUK-A145

being affected in the order Tc > Cs > Np > Pu > Am. The radionuclide distri-
butions are difficult to explain in detail, although measurements (Carr &
Blackley, 1986a) show that the hydrology of the salt marsh is very complex,
with both upwards and downwards water movement occurring.

Interstitial water samples have been collected using porous cup samplers and
early results from these analyses show that there is a pronounced seasonally
in the pattern of dissolved Pu, which apparently relates to changes in dis-
solved Fe and Mn. More recent work has concentrated on the characterisation
of changes in the sediment microbial community and on the development of
analytical methods for the analysis of dissolved Np, apparently the most read-
ily mobilised of the transuranic elements, which is present at concentrations of
the order of 108 atoms litre1.

Introduction

Since 1952, low-level, liquid radioactive wastes have been discharged from the
BNFL Sellafield reprocessing plant into the north-eastern Irish Sea. These
effluents have contained a wide variety of fission and activation products, of
which the ones discussed in this paper are "Tc, 137Cs, 237Np, 238Pu, 239Pu, 240Pu
and 241Am. The effluents have changed substantially over time, both in isotopic
and elemental composition and in activity concentration. The discharge histo-
ries for some radioisotopes (137Cs, Pu-a (= 238pu+239pu+24opu); 24iAm) are well
known (see e.g. Kershaw et al. 1990; 1995), whereas for others ("Tc, 237Np),
information is much less comprehensive.

Many of the elements present in the discharges have complex environmental
chemistries (see e.g. Allard et al., 1984; Choppin & Stout, 1989; Dozol &
Hagemann, 1993). Note that in the following brief summary, Ra is used to de-
note a solid-solution partition coefficient, but does not imply that the system is
at equilibrium. Tc is likely to be present as TcCV except in strongly reducing
conditions, when it can be reduced to cationic Tc(IV) species. The TcCV ion
reacts only weakly with particles and surfaces (Rd < 10 ml g1) and therefore
behaves conservatively in the water column. In contrast, the Tc(IV) species are
much more reactive, particularly with organic matter, and are readily removed
from solution.
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The transuranium ions have different but related chemistries. Np has access to
oxidation states IV and V, Pu to III, IV, V and VI and Am to III at environmental
Eh/pH values (Lieser & Muhlenweg 1988; Morse & Choppin, 1991). The low
valency species form simple cations which are extensively hydrolysed and conse-
quently behave non-conservatively (Rd « 105 - 106 ml g"1 for M3+ and M4+)
whereas the higher valency species form the much more soluble dioxygenyl ions,
MO2"1" and MO22"1" (Rd * 104 ml g-1).

Many of the radionuclides discharged into the Irish Sea from Sellafield are thus
highly particle-reactive and become readily associated with suspended particu-
late matter (Kershaw et al., 1990; 1995). Even those with relatively low Rd val-
ues are significantly associated with particulates at the relatively high particle
concentrations typical of inshore Irish Sea waters (McKay & Walker, 1990;
McKay et al. 1993). The sediment-associated radionuclides are removed from the
water column and accumulated in areas of fine-grained sediment on the sea bed.
To a first approximation, the redistribution of these fine-grained sediments then
controls radionuclide transport. It is well known that sediment from this source
is transported by water movements into estuaries along the Irish Sea coast
where it can be deposited and/or trapped by vegetation (Horrill, 1984). This has
led to substantial radionuclide accumulation in a number of estuaries, most no-
tably in those of the Rivers Esk, Mite and Irt, which he about 15 km south of the
Sellafield site (Kelly & Emptage 1992).

Offshore, data from numerous sediment cores shows that the historical pattern
of discharges from Sellafield is well preserved, although extensive bioturbation
can occur (Kershaw et al., 1984) and it has been possible to match sediment
profile activity distributions with known discharge patterns (MacKenzie et al.,
1994). Similar patterns can be observed in harbour and estuarine sediments (e.g.
Aston & Stanners, 1981; Kershaw et al. 1995) and tide-washed soils (e.g. Hurst-
house et al., 1991) and have been used to reconstruct previously unknown dis-
charge histories [e.g. for 238Pu, 239pu and 240Pu individually (Kershaw et al., 1990;
Kershaw et al., 1995) and for 237Np (Kuwabara et al., 1996)]. Comparison of the
distributions of different radionuclides in the same sediment profiles and
matching with known or reconstructed discharge histories can allow identifica-
tion of post-depositional remobilisation, if it occurs. The purpose of this paper is
primarily to interpret data from an intertidal sediment profile in terms of the
known or reconstructed historical discharges and hence to identify possible post-
depositional remobilisation. Since any remobilisation must involve the intersti-
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tial solution phase, a secondary objective is to attempt to define geochemical
controls on element solubility.

Methods

a) Sediment Cores. The site used in this study is a vegetated salt marsh in the
valley of the River Esk, estimated frequency of inundation 20-30 times per year.
An intact block of sediment was collected in late 1992 and sectioned at approxi-
mately 1 cm intervals.

The samples were sieved through a 2mm mesh and air-dried. Samples for acti-
nide analysis were ashed at 550°C and extracted by boiling in aqua regia.

b) Interstitial Waters. Porous cup samplers were installed and allowed to bed in
for 6 months. During this time, they were pumped out monthly and the solutions
discarded. Subsequently, the samples were retained for analysis. These were
initially evaporated to dryness, wet ashed with nitric acid and redissolved in 9 M
HC1 for radiochemical separations.

c) Radiochemical Separations. In brief, Pu was separated from the sediment
extract solutions by anion exchange and electrodeposited on to a stainless steel
planchet for cc-spectrometry using a 242Pu yield monitor (Livens & Quarmby,
1988). Np was also separated by anion exchange but determined by ICP-MS
using a 239Np yield monitor which was separately analysed by y-spectrometry
(Morris & Livens, 1996). "Tc was determined on separate aliquots of dried
sediment, which were wet ashed with H2O2/HCI, then purified by coprecipita-
tion, anion exchange and finally extraction chromatography. The "Tc recover-
ies were monitored with stable Re and concentrations were determined by
ICP-MS (Butterworth et al., 1995). Activity concentrations of 137Cs and 24iAm
were determined by high resolution y-spectrometry using dried sediment
samples (Morris & Livens, 1996).

The chemical separations used for the analysis of transuranium elements in
the interstitial water samples were based on those used for the sediments,
modified where necessary to cope with the high salt content and much lower
activity concentrations. Accelerator mass spectrometry (Fifield et al., 1997)
rather than ICP-MS, was used to determine 237Np concentrations. The activity
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concentrations of 241Am were determined by anion exchange, extraction chro-
matography and a-spectrometry with a 243Am yield monitor.

Results and Discussion

The results for all elements in the sediment profile are presented in Table I,
expressed as Bq nr2, and illustrated in Fig. 1. Data tor the interstitial waters
are presented in Table II and illustrated in Fig. 2. The discussion of the results
is conveniently divided into three sections.

a) Cs, Pu and Am. The distributions of these elements down the salt marsh
profile qualitatively resemble the discharge histories of these radionuclides
from Sellafield (Kershaw et al., 1990; Mackenzie et al., 1994). It is possible to
match profile distributions and discharge histories to give an estimate of the
sediment accumulation rate. In the case of Cs and Am, there is a single peak,
whilst there are two for 239,24opu The accumulation rates estimated from each
of these peaks are consistent with each other at around 6 mm yr 1 (Table III)
and agree well with those measured directly by Carr & Blackley (1986a,b) and
Emptage & Kelly (1992). The peak in the 137Cs distribution is broader and less
sharply defined than that in the discharge history, which could result from
extensive mixing of contaminated sediment in the offshore sediment reservoir,
or a significant input of 137Cs in solution. There is certainly evidence for an
occasional flushing of the sediment with sea water and complex hydrological
behaviour in the marsh (Carr & Blackley, 1986b), which could introduce addi-
tional 137Cs.

However, the ratio of the 137Cs to 238Pu + 239.24°Pu inventories found at this site
is 2.38. Since the total discharges of 137Cs and Pu-a up to the date of sampling
were 31550 and 671 TBq respectively and the measured Ra values in near-
shore Irish Sea waters are of the order of 104 and 105 ml kg-1 respectively
(McKay & Walker, 1990; McKay et al., 1993), the ratio which might be ex-
pected if sediment is the dominant input is 4.7. Although the observed and
expected inventory ratios are of the same order of magnitude, the fact that the
expected ratio is a factor of two higher than the observed ratio could be ex-
plained by one or more of: a lower 137Cs Rd, a higher Pu Ra or an additional Pu
input equal to that associated with sediment particles. This last possibility
seems very unlikely and since published Ra values show such variability, this
seems the likely explanation.
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Figure 1. Radionuclide distributions in a sediment profile. Each section is
approximately 1.2 cm thick.
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Table I.
Depth

Interval

(cm)

0.0-1.2

1.2-2.4

2.4-3.6

3.6-4.8

4.8-6.0

6.0-7.2

7.2-8.4

8.4-9.6

9.6-10.8

10.8-12.0

12.0-13.2

13.2-14.4

14.4-15.6

15.6-16.8

16.8-18.0

18.0-19.2

19.2-20.4

Total

Radionuclide

99Tc

(Bq nv2)1

460 ±30

750 ± 50

1500 ±110

1300 ± 90

250 ±30

290 ± 30

330 ± 30

290 ±30

5200 ± 160

activities

13'CS

(kBq m-2)

16.5 ±0.1

38.7 ±0.3

65.8 ± 0.4

195 ±1

310 ± 1

360 ±2

370 ±2

335 ±2

196 ± 1

87.0 ± 0.4

91.0 ±0.5

75.3 ±0.4

70.3 ± 0.4

70.3 ± 0.4

47.1 ±0.2

72.9 ± 0.4

55.2 ±0.3

2460 ±4

in the saltmarsh sediment

237Np

(Bq m-2)

107 ±4

153 ±5

95.9 ± 0.9

102 ±3

113±4

118 ±4

64.1 ±2.0

59.1 ±1.9

41.4 ±1.3

17.7 ±0.6

18.1 ±0.6

13.2 ±0.5

11.2 ±0.4

13.2 ±0.5

7.4 ± 0.2

11.0 ±0.3

9.2 ±0.3

955 ± 10

238pu

(kBq nr2)

2.2 ±0.2

3.9 ±0.6

4.8 ±0.5

11.0 ±1.8

20.0 ±3.5

39.7 ±5.1

31.1 ±2.4

28.5 ±3.9

14.6 ±3.2

1.3 ±0.2

0.90 ±0.12

0.58 ±0.13

0.56 ± 0.06

0.72 ±0.13

0.39 ± 0.06

0.82 ±0.07

0.34 ±0.07

120 ±9

profile (Bq

2239.240pu

(kBq nr2)

10.4 ±0.5

16.7 ±1.0

23.6±1.1

53.7 ±3.3

99.3 ±7.0

169 ±9

112 ±6

153 ±8

209 ± 10

9.5 ±0.5

14.1 ±0.9

12.2 ±0.6

7.3 ±0.3

7.4 ±0.5

4.2 ± 0.2

5.7 ±0.3

2.9 ±0.1

910 ±18

m-2).

(kBq nr2)

19.1 ±0.4

38.7 ±0.8

46.7 ± 0.9

90.3 ±1.8

162 ±3

210 ±4

251 ±5

380 ±7

151 ±3

32.4 ± 0.7

15.2 ±0.4

7.5 ±0.2

6.4 ±0.2

5.0 ±0.2

2.7 ±0.2

7.0 ±0.3

3.4 ±0.3

1420 ± 10

1 Note that only alternate sections of the core were analysed for "Tc and the inventories for this

isotope were determined by interpolation.
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Table II. Concentrations of plutonium (mBq I1) in interstitial waters Jan-Dec
1994.

Date

11/1/94

10/2/94

18/3/94

3/5/94

3/6/94

12/7/94

11/8/94

6/9/94

11/10/94

15/11/94

20/12/94

15/1/95

239.240pu ( m B q 1-1)

2.3 ± 0.2

2.2 ±0.2

2.2 ± 0.2

2.3 ±0.2

3.5 ±0.3

1.9 ±0.2

1.2 ±0.1

1.1 ±0.1

1.9±0.1

Sample lost

3.0 ±0.2

2.1 ±0.2

Table III. Sedimentation rates at the saltmarsh calculated from peaks in 137Cs,
23S.24opu and 241Am profile distributions in the saltmarsh and compared with
those reported elsewhere.

239,240pu

239,240pu

241Am

137CS

Direct measurement

137Cs

Sedimentation Rate

(mm yr1)

5.0

5.6

5.2

4.8

<10

4

1978 peak

1973 peak

Carr & Blackley, 1986a

Kelly & Emptage, 1992
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Figure 2. Dissolved Pu concentrations in salt marsh interstitial waters.

Although there is a good qualitative similarity between discharge histories and
sediment profiles, the proportion of the 137Cs inventory in the deeper sections
of the core (Sections 13-17, corresponding approximately to deposition between
1968 and 1959 or, allowing a 2 year lag (Mackenzie et al., 1994), to discharges
between 1966 and 1955) is 12.9% compared with 1.6% of the total discharges
which occurred in that period. The presence of such a high proportion of the
sediment inventory at depth suggests that there has been a limited redistri-
bution downwards of 137Cs. In contrast, there appears to be a deficiency of
239,24opu a t depth, with 2.9% of the inventory actually present, as against 5.3%
expected. The 241Am data are inconclusive since they are greatly complicated
by ingrowth from 241Pu decay. As yet, there is no convincing explanation for
these observations.
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b) Np and Tc. It is difficult to interpret the data for these two elements in as
much detail, since they were not measured in the discharges for most of the
period of interest (Tc and Np data exist only from 1978). Nevertheless, there is
no reason why the concentration patterns of these elements in the discharges
should be substantially different from those of Cs, Pu, and Am, increasing
from the start of discharges to maxima in the 1970s and falling after about
1980. Kuwabara et al. (1996) have recently reconstructed the 237Np discharge
history from an intertidal sediment core and concluded that the total released
was 6-8 TBq, with the broad pattern of Np discharges resembling those of the
other elements. Little appears to be known of the total "Tc discharge and its
marine chemistry is so different to that of the other elements that estimated
releases are unrealistic.

The "Tc profile generally resembles those of 137Cs, 239,24opu a nd 24iAm( all of
which can be interpreted as showing relatively little redistribution, so it seems
reasonable to interpret the "Tc one in the same way. However, a higher than
expected proportion (11.9%) of the "Tc inventory is in the deeper sections of
the profile and, if the excess of 137Cs and 237Np (see below) at depth is evidence
of limited downward migration, then the "Tc is affected to an even greater
degree.

The 237Np profile distribution is quite unlike that of any other radionuclide.
237Np is the transuranium element with the greatest proportion of the inven-
tory at depth (5.6% compared with the 0.15-0.2% respectively of the total dis-
charges [the expected value is based on data in Kuwabara et al. (1996)]) but its
distribution in the upper sections of the profile is very different from that of
any of the other elements. In marked contrast to the data of Kuwabara et al.
(1996), which suggest that there should be a substantial increase in 237Np re-
leases in about 1978, there are no pronounced peaks in activity comparable to
those observed for 239,24opu o r 24iAm The preservation of Cs, Pu and Am dis-
charge histories in the sediment profile provides evidence against substantial
redistribution of sedimentary material, so we interpret the Np pattern as rep-
resenting geochemical remobilisation and upward transort of this element.
Upwards migration in association with low salinity water is possible, given the
complex hydrology of the marsh (Carr & Blackley, 1986b) although, as noted
above, there is also evidence for downwards transport of several radionuclides.

c) Interstitial Waters. Although Np is clearly the element of greatest interest
in the interstitial waters since it is apparently subject to the most extensive
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redistribution, the accelerator mass spectrometry technique for measurement
of Np in these samples has only recently been developed (Fifield et al., 1997).
Only Pu data are available for the earliest interstitial water samples and Np
and Am data are only now being obtained using different samples to those in
which Pu was measured.

The Pu data for the samples collected during 1994 are illustrated in Fig. 2 and
show a pronounced seasonal pattern. Trace element (Fe and Mn) data (not
shown) for these samples suggests that there is a complex relationship be-
tween dissolved Pu and dissolved Fe and Mn. Dissolved Pu concentrations
appear to rise with Mn concentrations, then fall as Fe increases. Later in the
year, dissolved Fe falls and Pu rises again, before finally falling as dissolved
Mn declines at the end of the year. Such a close relationship with Fe and Mn
suggests strongly that Pu is incorporated in the microbially-driven redox cy-
cling of these elements. Further work is in progress to characterise the micro-
bial communities in more detail by analysis of microbial phospholipid fatty
acids. The limited amount of data available for other transuranium elements
suggest that there are significant temporal variations in these as well al-
though there are, as yet, too few data to identify any patterns.

Conclusions

The distributions of "Tc, 137Cs, Pu and Am in the profile of an intertidal sedi-
ment from west Cumbria closely resemble the known or expected temporal
variations in the Sellafield discharges. In contrast, the distribution of Np is
difficult to interpret in the same way, which suggests that this element has
been remobilised within the profile. In addition, the profile distributions of all
the elements suggest that they have been transported downwards to a limited
extent.

Studies of interstitial waters have concentrated so far on Pu and show that
there is a seasonality in its solubility, which is apparently related to changes
in Fe and Mn solubility. More recently, dissolved Np concentrations have been
measured for the first time and found to be of the order of 108 atoms I1. Fur-
ther work is in progress to obtain more transuranic element data and to char-
acterise the microbial community quantitatively.
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