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Abstract

The purpose of this review is to indicate the present level of understanding of
the vanous processes that influence the transport of atmospherically dispersed
caesium, through catchments and aquatic systems into freshwater fish. The
areas investigated include deposition, soil adsorption, water chemistry,
sedimentation and biological uptake.

The literature tends to suggest that for caesiumn deposition the most important
process is wash-out, since Cs concentrations on grass and in soil are highly X
correlated with rainfall. Furthermore in the case of Cherncbyl, the deposition

occurred over a relatively short period of time, as, unlike the weapons fallout
the Chernobyl radionuclides were only dispersed into the troposphere, and
correspondingly had a  shorter residence time, about a week in the
atmosphere.

When deposited up to 30% of the Cs is intercepted by plants. This is the
main route for contamination of terrestrial foodstuffs. The remainder of the
caesium is rapidly and efficiently adsorbed by the soil. This adsorption is
partly by fixation, and partly mediated by cation exchange sites. As a result
of this strong adsorption there is very little wash off or downward movement
of the radionuclide.

The ‘wash off factor for freshly deposited fallout caesium is estimated by
various authors, values range form 0.1 to 30 %, but most are between 1 and
5 % an average value being about 2%. Wash off of cumulated deposit is
also estimated, values range between 0.1 and 1 %, with the average being
about 0.6%. Thus the most important process by which caesium is lost from
the soil is physical decay (t,,=30 years).

There is also very little movement down through the soil profile, although it
does appear that there is far greater mobility in peats, possibly as a result of
the far lower concentrations of illite and other micaceous minerals.  Thus the
contamination of groundwater by the leaching of atmospherically deposited
caesiom is uniikely, although contamination .of groundwater has occurred in the
U.S. as a result of leakage from underground waste depositories.

~The caesium entering water bodies by direct deposition is in soluble form, and

much of it is probably washed out of the water body in this form. Most of
the remainder is adsorbed onto suspended sediment whilst still in the main

- body of water, or it. is adsorbed onto bed sediment by the mechanism of

diffusion into- interstitial water. and thence onto the sediment. This adsorption
process is of such efficiency that the ratio -of water concentrations to sediment
concentrations i1s of the order of 1:30.




Introduction

Caesium s an alkali metal, atomic no.  55. It is soluble in water were it
exists in the form Cs*. Only the fluoride of Cs* is noticeably insoluble. The
radionuclide appears to form soluble phases in rainwater, sometimes hydrated,
except when fixed.

Although there are no direct results of comparison between the behaviour of
Cs* in weapons test fallout and that in nuclear accident releases, it would
appear reasonable to assume similarity in behaviour after deposition since
caesium rapidly undergoes exchange and is sorbed onto scil materials.

Mobility - in oxidising acid neutral/alkaline reducing conditions
low low very low low/immaobile

It is demonstrated that *?7Cs in microquantities is not present on normal
cation exchange sites of soils, but is rather selectively sorbed at micaceous
sites. In larger quantities the caesium is partly adsorbed onto exchange sites
before migration to non-exchangeable sites. This leaves some caesium available
for uptake by plants. Once the caesium is fixed there is very little evidence
of movement, it is rarely desorbed from soils, although it has been observed
1o desorb from estuarine sediments in conditions of high salinity, as would be
expected given it$ conservative behaviour in seawater.

Radiocaesium is mainly produced by nuclear fission reactions, although there is
a small amount present in naturally occurring minerals(Thornton 1983), Cs-137
accounts for about 6% of all the fission products of wuranium. Once
produced it then decays itself according to the following scheme

B- .
137 — — . 137y Strong Beta emitter
t% = 30 yr
» = 0.034 yrt

The nature of the fission reaction which produced the caesium can be

clucidated by the ratios of it to other radionuclides. For instance there was
very little (’s-134 in the weapons tests fallout of the 1960s, whilst the ratio of
Cs-134 to Cs-137 in Cherncbyl fallout was about 0.6 : 1. Thus it has been

- possible - by analysis- of samples (using .Germanium. drift beta detectors) ~to
"estimate the quantities - of caesium present and its origin. Also ‘quite

importantly, the ratic of Cs to strontium in various environmental
compartments has been measured, allowing comparison of the transport

- behaviour of caesium with that for the better known - strontium. " The ratio of.

Cs to Sr in rainfall after the Chernobyl incident was about 1.6.
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1. Meteorology

1.1  FALLOUT IN AIR AND RAIN

1.1.1  Weapons Tests Monitoring

Data from AERE monitoring stations throughout the UK. give figures for
fallout in air and rain from 1954 onwards (Cambray 1964-). The figures for
the early 1960's (1964) give values of 10-30 p Ciflire for the total activity
deposited in rainfall. This value drops. by about 40% for each of the
subsequent years when no testing was carried out, In 1969 and 1970 this
decrease slows and there was an increase in deposition due to a Chinese
weapons test.

Subsequently concentrations of Cs-137 in rainfall continue to decrease until in
1973 activity is less than 2% of the maximum of 1963/64.

Figure } shows the of cumulative deposition of Cs-137 (Cambray er al. 1987)
and it is apparent that until the Chernobyl accident of 1986 there was liftle
significant deposition of (Cs-137 since the weapons testing of the 1960's.

It is also apparent from Tables 1 and 2 (Cambray et al, 1987) that the
fallout from Chernobyl was mostly deposited in the period of May and June
1986.  This rapid fallout is a result of the lower height that the debris from
Chernobyl was emitted in comparison with the weapons tests of the 1960's. It
is estimated that debris was still being emitted from the reactor at Chernobyl
until it was encased in concrete in July (?) 1986

1.12 Chemobyl

‘The radioactive cloud produced by the chernobyl accident hovered between

1000 - 3000 m above sea level brushing high ground in the western parts of
the north of England, Scotland and Wales. Provincial rainfall caused great
variations in the deposition of radioactivity, with local spots sometimes showing

50 times average values even within areas covered by the same plume,

Initially (28-29 April 1986) the concentrations of Cs-137 remained constant
at 25 Bq m™® in air. On 2 May only small concentrations were observed,
although on the 8 May quite high concentrations, comparable to those on
28-29 April were observed. _bcforc they declmed again- by 2 ordcrs of

* magnitude (Derell; 1986).

It is clear from the observed concentrations of radionuclides that the volatile
nuclides (131L, *37Cs, 136Te, 29Sr) are more. dominant in the fallout than
non-volatile elements (1°3Ru 141, 233Np).

Caesium. activities for air and rainfall are given for May 1986 at ' various
locations are givenin Cambray (1987)
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Table 1 Quarterly concentration of. Cs-137 in rain. mBg.I™!
1985 1986
Station 1 2 3 4 1 pA 3 4
Lerwick <2 <1} <1 <10 <10 30000 260 <20
Glasgow - - - 28000 500 200
Eskdalemuir <10 <10 <5 - <15 1700 52 35
Aldergrove <10 <10 <10 <25 <10 4200 350 290
Conlig - . <10 12500 490 79
Snowdon <25 <10 <15 <10 <20 9100 510 24
Orfordness’ <25 <20 <30 NS N.S. 1450 33 <25
Milford Haven <10 - <30 <10  <S 25 160 29 8
Chilton <20 <10 <5 <15 <20 330 73 <20
Compton <15 <15 <15 <10 810 90 <20
London ' - - 450 200
Tromso <15 <30 <10 <5 <50 960 1500 270
Reykjavik <5 <35 <20 <5 <15 155 <50 <10
Esquimalt ~25 <15 <5 <25 75 410 14
Ottawa <15 <10 <15 <10 <40 71 <10 <10
Gibraltar <150 NR. <10 18 N.R. 270 46
Akrotiri <10 N.R. NR.- <25 <15 3900 1150 350
Nassau NS. NS.. NS. N.S. 74 23 <3
Hong Kong <5 <5 <5 <10 <20 120 69 <5
Singapore <10 <20 5 <5 <10 SL <6 -
Pretoria <1000 <1000 <120 <20 <35 <35 <200 <5
Gaborone - - - <150 <200 <500 <15
Brisbane <3 <10 <5 <5 <]5 <25 <50 <5
Ohakea - <5 18 <5 <10 <10 <10 <10
Argentine s <20 <30 <20 <25 <10 <3 <5 <15
Hally Bay <10 <15 <20 <IS <15 <5 <10 <15
.SL = Sample -Lost,
N.R. = No Rain
NS. = No Sample

" | “ess than” results represent 1o on the background.

1.millibecquerel . = 107 Bq . = . 27 femtocuries.- . . -




Table 2

Quarterly Deposition of Cs-137 by Rain. Bq.m™
1985 1986

Station 1 2 3 4 1 2 3 4
Lerwick <0 <25 <2.5‘ <3 <3 5400 75 <10
Glasgow - - - - 9100 93 92
Eskdalemuir <25 <2 <4 - <6 760 155 28
Aldergrove <1 <2 <25 <4 <2 980 60 75
Conlig - - - <2 2500 90 14
Snowdon 25 <10 <15 <10 20 7300 350 27
Orfordness <25 <4 <6 . N.S. N.S. 100 35 <5
Milford Haven 2 <5 <25 <l <3 36 6 <4
Chilton <3 <25 <1 <2.5 <3 . 53 14 <5
Compton <2 <35 <25 <2 - 105 <10 <4
London - - - - 30 20 -
Tromso <25 <5 <2 <1.5 <10 175 250 41
Reykjavik <15 <4 <Z <2 <5 31 <10 <2.5
Esquimalt 48 <15 <1 - <6 37 16 2
Ottawa <15 <25 <25 <1 <4 19 <2 <15
Gibraltar - <5 N.R. <3 ) 14 NR 17 4.6
Akrotiri <15 NR. NR. <235 <2 50 38 29
Nassau - NS. NS. NS. NS B3 7 <«
Hong Kong <1 <4 <25 <1 <2.5 140 75 <1
Singapore <2 <5 <2 <4 <7 SL. <35 -
Pretoria <30 <25 <5 <50 <3 <3 <2 <5
Gaborone - - - <5 <10 <15 <15
Brisbane <15 <2 <1.5 <1.5 <2.5 ' <3 <15 <2
Qhakea <0.5 17 <Q.5 - <25 <25 <135 1t

S.L. = Sample Lost

"N.R. = No Rain -

... NS..-= No Sample

“less than" results represent lo on the backgrqund.

1 becquerel

27 picocuries
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L13  Deposition

For Chernobyl the observed deposition velocities were  as cxpe'c[cd. but an
order of magnitude lower than those normally uscd in accident studies as
most of the larger fallout particles had been deposited before the plume
reached the UK.

Dry deposition velocity;

quantity deposited per unit area of ground or surface

mean concentrations in air X time

For grass, Cs-137, Cs-134 have calculated Vg of 0.5 mm s!. This is

dependent on geometry of surface, airspeed and particle size.

Deposition in Rain;

Two processes

Rain out: radionuclide absorbed into cloud mass
Wash-out: precipitation scavenging - particles distributed in falling
. rain.

Wash-out factor;

activity per unit mass ef rain

activity per unit mass of air

The wash-out factor for Cs isotopes, **11 and **°La are similar, being

~initially of the order of several thousand, but not exceeding a few hundred in

the second. half of the month (Garland, J.A.. and Cambray R.S.).

Where rainfall coincided with the plume line, Chernobyt deposition was two or
three orders of magnitude greater than in dry areas.  QObservations confirm
the overwhelming predominance of precipitation scavenging over dry deposition
for small partlcles(CIark 1988)

The conoentratlons of Cs‘” in the air measured at Harwell and at scveral
other stations in the UK are consistent with the hypothesis that by 20 May

the Cs-137 had become distributed rather uniformly throughout a well defined
- volume of the -atmosphere, and - that subsequently- concentrations remained

rather uniform and removal could be described as a high order process with
constant_rate coefficient. . The mean residence time of the radioactive materials
in the tropopause of the- Northem Hemlspherc was -~ 7 days (Garland and.

' Combray)
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1.2 RESUSPENSION

After July 1986 the airborne concentrations of 137Cs and the deposition in
ratn decreased much more slowly, and large variations have occurred between
stations.

The sustained air concentrations could result tfrom:
{i} the return of some activity into the lower stratosphere;

(ity . the resuspension and dispersal on a continental scale of material
deposited near the reactor site;

(i) local resuspension.

A further possibility, the resuspension in sea spray of activity deposited in the
sea, can readily be shown to be incapable of contributing significantly.- Local
resuspension seems necessary to explain many features of the variation of
concentrations in space and time. Most puzzling, however, 'is that a large
fraction of material would need to be resuspended to explain the observations.
Within a few weeks of the accident, only a few per cent of the activity on
grassland remained on the vegetation. Most was found in the surface soi
and a few per cent had penetrated to 3 or 4 cm depth. Apparently some mm
of soil would be required in the deposition gauge to explain the collected
137Cs, and such quantities are not observed in the gauges.

A study of resuspension from grass and soil surfaces at Harwell has shown
that a resuspension factor of 10°®* m"! applies for a few months after a
deposit of large (= 8 um) insoluble particles in the conditions around Chilton.
Resuspension factors estimated from the concentrations of Cs-137 in air for
the 3rd quarter of 1986 and the local deposit from the Chernobyl accident
gives values varying from about 10°® m™! at Lerwick to about 5 x 10°® m™*
at Chilton and Milford Haven and 17 x 1077 at Orfordness. The larger
estimates for the resuspension factors generally apply to areas where the
deposit- is low, and this suggests there is aerial transport from regions of high
deposit.

1.2.1 Terrestrial

In the résuspension process surface particles .become airborne due to physical’
disturbances, eg: rain, wind, animals, man. The magnitude and time
dependence of the process is dictated by the nature of the surface and of the
disturbance.. . Resuspension of radionuclides .Can  occur long after their original
deposition, and is of most importance "for long -lived radionuclides especially
thoSe which are Icss readily transferred through food chains.

' Compared with undlstun‘bed surfaces, ploughing and cultwatlon of land on
_Wthh deposition has occurred is expected to reduce the initial wind-driven

resuspended -air concentrations because. of dilution of thé contaminated surface

- layer, -although in the iong term it may increase if by retummg contamlnanon

to the. surface
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The resuspended air concentration is observed to decline with time after the
material is first deposited. The decline is due to the surface deposit becoming
progressively less available for resuspension as a result of chemical and physical
changes.

) Resuspended air concentration (Bq m™*)

K = resuspension factor m”

Surface deposition (Bq m™?)

Data suggest K declines from values in the range of 10™* to 10°° m™* shortly
after deposition to 10°® - 107® m™* after a few years (Gartand).

One resuspension model (NRPB,CEA: CEC July 1979) is based on the
retationship

K = 107 %(exp (- (O + X+ M) + 10°° exp(-(e * A)b)

K = resuspension factor m™?

t = time after initial deposition (s)

A = decay constant for initial decline of K

dy = decay constant for longer term decline of K

X = radioactive decay constant of the nuclide of interest

Values used in a model

1

M o= 146 x 1077 57 half-life 0.25 years

22 x 1074° §7¢ hal-life 100 years

mn

L)

1.2.2 Maritime

From a study in Cumbria (Cambray 1982) it appears that Pu and to a lesser
extent An are being resuspended from the sea, and are enriched in the spray;
whilst Cs-137 shows no significant enrichment. The_ apparent existence of an
enrichment effect -for Pu and An in sea 'spray, and its- absence for G-174
suggests that the mechanism may be related to the sediment in seawater
rather than to material in solution. :

2. “Fluvial processes .

21  RUNOFF

- Upon deposition a portion of the fallout Csl37 is retained on foliage, this

portion ‘may vary ‘but for grass is 0.05 - 030. . The loss of **7Cs_from

"the . grass can be described by a simple exponentlal process with ‘a half-life of

about 14 days

:Subsequcntly the Cs s absorbed by the so:l 8911986-t'he_ Cs-137. remaining -




from weapon tests was 200 Bq m? per 1000 mm annual rainfall, 75% of
which was retained in the top 15 ¢m of spil. Run-off accounts, therefore, for
only a small proportion of the caesium.

Values from Japancse rivers imply that 1.39% of Cs-137 and 72% of S$r-90
from the land surface which originated from fallout would be washed into
rivers (Yamagata 1963). This is corroborated by figures given by (Carlsson
1978) who stated in his study of a small watershed in Sweden that only 19%
of the freshly deposited Cs!?7 and 0.56% per year of the accumulated Cs-137
in the drainage area of the lake is transported to the lake.

In his review Helton (1985) states that it has been found to be possible to
relate fallout rates and accumulated fallout levels to radionuclide concentrations

in various environmental compartments by relatively simple empirical
relationships.

The simplest of these relationships is:
Ci =a(D)+b Ai-l(n)'
Where;
~ Ci is the concentration in yeari (Cil or Ci/kg)
(D) = fallout rate (Ci/km?fyr)

A 1(n) = accumulated fallout with an assumed half life of n years
(Ci/km)

For a given region, the coefficients a and b depend on the size of the region,
the amounts of runoff from the region, and the functions of recently
deposited and accumulated radionucide removed in runoff. In particular a
and b are given by -

a = L X a/ R h = L kblR
Where:

L = area of watershed (km?)

R = annual munoff rate (ifyr)

M 5 = fraction of radionuclide (recently deposited) removed by runoff

Nop = rate- constant for the removal of accumulated radionuclides

ort)

The fact- that - mmal -wash-off rates - are generally -higher than. subsequent:
wash-off rates is' probably due to time dependent * processes such as the
movement of radionuclides into the soil column and the fixation of
radionuclides to -soil materials. The higher . wash-off rates for smaller plots
probably result from factors such.as short-travel. paths to collection points and
use of expenmental piots with. littte or no p[ant cover.

If (umts : C]) denotes the total amount of rad:onucl:de with a radloactlve

. - __10_ .




decay constant ) (units : yr ') initially released to a land surface, and x(t)
denotes the amount present on the land surface at time t. Then the change
of x(1) subsequent to the inttial wash-off is described by the differential
equation

dx
— = (A + Ab)X x(0) = (1 - Xa),
dt

Which has’ the solution;
x(t) = (1 - xayg, exp [ - (M + xb)t]

There the total amount W (units:Ci) of the radionuclide washing into the
surface-water body is given by:

-4

W = )‘.a xo J‘ )\b X (+) dt
0

Xa XO + (1 - Xa))b XOI(X + )\b)

(g 2+ apdxg/ (M + %)

From calcuiations using this model for strontivm, and using Yamagata's (1963)
figures for caesium Helton concludes that the contamination of surface water
bodies by the erosion of atmospherically deposited radionuclides is not a major
risk associated with nuclear accidents.

22 - SEDIMENT
221 Adsorption

As stated in the introduction, and as will be elaborated in the following two
sections, it seems clear from experimental evidence (Francis 1976) and from
theoretical studies (Francis 1971, Schulz 1959) that caesium is preferentially
adsorbed by micaceous minerals in both soils and freshwater sediments For
example Francis (1976) found that Cs-137 1s predommantly retained by the

fractions -of freshwater mmcral sediment contammg muscovite and kaolonite:

The adsorption” of caesium onto these minerals is affected by a number of

.factors, which have been ‘investigated . .by - Elpnncc (1978) and . Elprmce et -al-

(1977).

The dependence of Kd* on temperature, pH and salinity.

Work by Elprince 'suggests that the distribution coefficient; .

-11-
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Cs adsorbed ~  (meq g™!)

kd* =
Cs in solution  (meq I')

Is both temperature and pH dependent such that;

1
In kd* o« — and in kd* « pH
T

which s experimentally shown to be a result of the adsorption of Cs on
hydroxy Al interlayers.

K- 20-150

In Kd* also appeared to show a linear relationship with concentrations of Na*
and K* which competes with Cs* for adsorption sites. This is corroborated by
the observations of Linslata (1986) on the Hudson river estuary, where
caesium was apparently desorbed from sediments as a result of higher than
usual salinity caused by a very dry summer in 1980. There is also evidence
from a study by Cambray (1982) that high salinity may inhibit the retention of
Cs-137.

The following is a summary of a paper by Lerman (1971) which indicates the
overniding importance of sediment in controlling the water concentration of
caesium.

The amount of '*7Cs in sediment which comes from Lakes Ontario and
Superior is 20-30 times greater than the amount of %°Sr. These high
concentrations of Cs-137, viewed against the value of 145 for the *37Cs/®°Sr
ratio in atmospheric fallout and 0.16-0.3¢ in the Great Lakes water, indicate
that Great Lakes sediment strongly control the conccntratmn of 1”'Cs in lake
water.

The values of the ratio **7Cs/°°Sr (036, 024, 0.16) in the water of Lakes
Superior, Huron, and Ontario are lower than the value of approximately 145

.in the atmospheric fallout. The low values in lake water are compatible with -

the relatively large amounts of '37Cs in the lake sediments.
Cs concentration ~ 0.1-0.5 pCi/l

°9Sr and '*7Cs occur only within the upper 9-1lem of the sediment column.
The details of . the distribution. of the radionuclides in sediment “sampled évery
1 cm, indicate that the ‘mechanism of entry into the scd:ment is diffusion
from lake water into interstitial water and uptake by solid particles in the
sediment. The amount of sediment in the section 9-11 cm deep is- greater .

~than” the amount- dcposntcd during the last' 20 years, as-can.be estimated from

the mean rates of sedimentation of 003-0.08 cmfyr in lakes. The latter
argument strengthens ‘the evidence against the entry of 29S¢ and 13"'Cs into
the scdlmcnt via sctthng partlcles only.

" The amount of Cs-137 in the Lakes Supefior and Ontario sediments is a

factor' of 20-35 timeés Higher than the amount of ?°Sr. “These high values.
are comparable to the ratios **7Cy°%Sr in- Lake Michigan- sediments, where

~12-




values in the range 3 to 43, with the mean value near 18, have been
recorded in 15 sediment core samples,

For Cs-137 the amounts stored in the sediments of Lakes Superior and
Ontario are much greater than the amounts in the lake water. Thus, in the
case of Cs-137 the .dake sediments apparently exact a much more effective
control of the concentration in lake water than in the case of °°Sr.

222 Transport

Cs in reservoir sediments appears to originate from fallout onto catchments
and watersheds.  The Cs is adsorbed by clays and organic matter in soils,
and this is then eroded and deposited as sediment. McHenry er al. (1973)
indicated that for various American watersheds that the content of Cs per
unit area was greater in sampled sediments than in the contributory watersheds
and the relative concentration factor was as large as 24. For 1963/64 the

amount of Cs-137 measured in sediments was at least five times greater than

that deposited from fallout. Walters et al. (1982) found generally higher levels
of activity are associated with bed sediment than with suspended sediment.
For both bed and suspended sediment the clay fractions had the . highest
activity levels overall followed by silt and then sand. Radijonuclides were found
much less frequently in the water than in either the bed sediment or
suspended sediment samples. Lerman (1971) had already argued that three
processes dominate the distribution profile of radionuclide concentrations in
sediment:

Sedimentation rate U 2 (005 cm yr!

Diffusion D % 3 x 10cm sec™?

Decay ) (Cs half-life = 30 yrs)
0.023 yrt

For Cs this means that .the amount-of nuclide stored in sediment at -steady
state is of the order of 12-60 times greater than the amount in the lake
water. .

Pennington er al. (1973), and Eakins and Cambray (1985) tend to suggest
there is little wvertical movement of Cs-137 in sediments, and that,
consequently, levels. of- Cs activity correlated .with - deposition - data~ can. be an’
indication of the age of sediment and thus the rate of sedimentation.  There
have been failures with this technique, most of which have been attributed to
bioturbation. . .

3. Catchment'stud_ies -

In a -study by Eakins and Cambray (1985) of. a’Cumbrian lake,- the following.

13-




data emerged. Accumulations of *37Cs, 2'°Pb and Pu in the lake represent
1.5, 4.1 and 24% respectively of that retained on the catchment. The
radionuclide content of the lake water is pgenerally less than 1% of that
retained in the lake sediment. The results of the investigation suggest that the
bulk of the 2!°-Pb present in the lake sediment is transferred from the
catchment in association with decaying organic matter. Cs-137 is probably
transferred with clay minerals and plutonium has also been shown to be
associated with suspended particulate matter.

At each of the five sampling sites, at least 70% of the Cs-137 and Pu was
found in the top 5 cm of soil with 90% in the top 10 cm. The retention of
Cs-137 by the top 15 cm of soil averaged 75% of the amount present to the
30 ¢m depth. - ’

137Cs was distributed uniformly throughout the depth of the lake. Cs
appears to be at similar concentrations in lake, inlet and outlet waters. Cst??
is belicved to be retained on the catchment by ion exchange on clay minerals
and hence should be at higher concentrations in water when erosion occurs
during high floods. Only 34% at .most of the '?7Cs deposited in (1976-77)
sediment during this period could have been derived from direct input via
rain. However, the retention by sediment was only 8% of the calculated input
and there is no reason to believe that Cs-137 deposited directly into the lake
will be accumulated in sediment at a faster rate than that entering from the
catchment, in fact the converse is probably true.

McHenry and Ritchie (1975) concluded similarly that once in contact with the
soil Cs-137 becomes strongly adsorbed on the finer soil fractions, and further
downward movement by physicochemical processes is limited. Therefore most
of the redistribution of Cs-137 within watershed ecosystems should be related
to the erosion cycle in the watershed. The authors indicated that considerable
amounts of Cs-137 faliout were lost from cultivated areas. Similar losses were
observed on cultivated portions of other watersheds. The losses may be
ascribed to soil erosion, and perhaps to some removal of (s-137 in harvested
crops. Table 3 shows the distribution of fallout Cs-137 in Murphy watershed,
Mississippi.

Data shows that most of the fallout Cs-137 falling on S Eastern watersheds is

still on that watershed, undoubtedly adsorbed -by the finer soil particles. Some
- Cs-137 has been removed from the watershed. " A portion of this Cs-137 is

found in the river sediments. On an area basis there has been an increase
of Cs-137 in these reservoir sediments over that in the watershed soils.
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Table 3 Distribution of fallout Cs-137 in  Murphy watershed,
Mississippi; (from McHenry and Ritchie, 1975)

input from atmosphere into reservoir and watershed

152.8 nCi/m? Input activity
5387 ha Area
82.31 mCi Total Activity
1.75mCi 62.46mCi 12.77mCi 2.49mCi Input
Forest Grass Cultivated Eroded Soil & Litter -
149.7nCif/m?  131.6nCi/m? 99.6nCi/m? 49nCi/m ? Measured Conc.n
11.5ha 40.88ha 8.36ha 1.63ha Area
1.72mCi 53.80mCi 8.33mCi ¢.08mCi - Total Activity
0.04mCi 8.66mCi 4.44mCj 241mCi Loss
15.55mCi Total Input
2.83mCi Direct Input
470.1nCi/m? .
1.85ha Reservoir
8.70mCi
%.68mCi Loss through rescrvoir'

The loss of Cs-137 was greater from cultivated watersheds than from
uncultivated ones. On the basis of the results, the loss of radioactive fallout
as determined for Cs-137 is very small (<. 5%) from uncultivated ‘watersheds.
Some Cs-137 is lost through soil erosion, but much of this is trapped on
sediments by the controlling reservoir.

Ricthie et al. (1971) studied the distribution of Cs-137 in a small watershed in
northern Mississippi. The input of Cs-137 into the watershed from atmospheric
fallout was-estimated to be 159 nCi/fm2. .This is the concentration meastred
in the Oak hickory woodlands in- the watershed. These -woodlands are in
protected areas and have 2a thick layer of litter, a well-developed humus
horizon and an A horizon indicating good infiltration and subsequently very
little erosion or .overland - flow. . Assuming a negligible -16ss - of “*37Cs;. the

- 137Cs concentration in the oak-hickory woodland is therefore, indicative of the

137Cs fallout over the watershed.

Concentrations of 37Cs in the watershed ranged from 159 nCifm? under
the oak hickory sites to 89 nCi/m? for the eroded (no vegetation) sites.
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Table 4 Concentrations of **7Cs under the land uses of Powerline
watershed (from Ritchie et al., 1971)

Land use : % of No.of 137(s
watershed Sites concentration

(nCi/m?)

Oak Inckory 10 3 159.0
Pine 79 7 1532
Grass (Pastures) 7 4 1472
Eroded {no vegetation) 4 4 89
Average 37Cs 147.6

concentration in watershed

At all sites the concentration of Cs'®’ was greatest in the upper 2.5 cm of
soil. Differences in concentrations of **7Cs under the various land uses

. were correlated with the amount of erosion at each site.” The pine areas vary

in the amount of erosion but in general have only small areas of active
erosion. The eroded areas are all subject to active erosion. The grass areas
are overgrazed and have many areas of active erosiomn.

Table 5 Concentratlons of **7Cs in the sediments of Powerline
waltershed (from Ritchie et al., 1971)

Depositional Area Number of sites  '3*7Cs concentrations
: ' ' “(nCifm?)

Stream Channel &

overbank deposits 1 23
Flood Post 4 2073
Conservation Pool : 4 . .. _.412,2

The coarse textured stream channel -and overbank sand dcp051ts had the Iowcst
137Cs concentration measured in the watershed. The coarse to medium
textured sediments of the flood profile area had a '*7Cs concentration higher

-than ,one watershed .average, but lower’ than .the medium-to-fine textured

sediments in the conservation pool’ of ‘the reservoir. .The distributiori ‘of *37Cs
in the different sediments is as expected since '*7Cs has been shown to be

adsorbed by the f ine- s:ze fractlons of 501]5

Conccntratlons of “7Cs in the conservation’ poo[ sediments - was 28 times
greater than the average '®7Cs concentration of the watershed when compared

" ori‘a unit .area -basis. This  indicates ‘a-'rovement. of - the . *37Cs: from the

watershed into the conservation pool.”. The 37Cs probably movcd largely on .
sediment. -particles- eroded from the ~watershed, although a srnall perccntagc

-could ‘have moved in so{utmn in the mnoff waters
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Table 6  Model for the distribution of Cs-137 in soil and sediments
of Powerline watershed (from Ritchie et al., 1975)

Input irom the atmospherc inlo reservoir

and wadershed

159 nCi/m? input activity
125.85 ha ared
200.11 mCi total activity
19.18mCi 151.48mCi 13.42mCi 7.66mCi Input
Qak Pine (Grass Eroded
159nCi/m? 153.2nCi/m? 147.2nCi/m? 8.9nCi/m? Activity
12.06ha 95.27ha 8.44ha 492ha Area
19.18mCi 14595mCi 12.42mCi 0.43mCh Total Activity
13.76mCi Total Qutput
4.25mCi Direct Inpui
Flood Pool
. 207.3nCi/m? . Activity
2.67ha Area
5.53mCi Total Activity
12.48mCi Total Loss
4.12mCi Direct Input
Conservation Pool
412.2nCi/m? Activity
25%ha . - X o Area .
10.68mCi ' , Total Activity
©5.92mCi - Loss through reservoir .

" It can “be- séen’ from- Table 6 .that _ci'o-siq'p'. processes are playing a -major part °
- in the redistribution of '*7Cs within the watershed. The trap efficiency

(expressed as the ratio of the matena] retained to that entering a reservoir)

e of Powcrlme Rcservonr ‘is . estimated - to - be " 70 "to-95% -for. all. sedlment_
- particles. ~“The trap’ cfﬁacncy calcutated for 'Cs- 137 in Powerline reservoir was

57%.

-"A study of thc bongdendale vallcy and its " reservoir lndlcatcd by Joncs and ‘

Castle - (1987), that the major part of the radioactive fallout was bound up in-

.. ..the grasslands_on -the valley sides. Analysis of. samples taken from. the’ River " ‘.
" . Etherow and - Heyden 'Brook * showed that very little radioactivity was being "

leached - off “the ‘hills and that the water entcnng the TESErvoirs was' dllutmg'
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the activity which had previously accumulated.
4. Soils

4.1°  SOIL PLANT RELATIONSHIPS

When fatlout is deposited a portion of it is intercepted by plants. The
fraction of fallout thus adsorbed, and its residence time is of some importance
in the cycling of radiocaesium within the soil. In a study of Alaskan
vegetation Kodaira (1971} gave the following results. The residence half-time
for '37Cs determined from samples obtained in 1967 and later is not affected
by current fallout [evels, particuladly for lichens and evergreen shrubs, which
accumulate and retain fallout radioisotopes. - The amount present in such
plants are high due to the atmospheric weapons tests of 1961 and 1962, Peak
fallout deposition occurred in 1963 and has decreased exponentially since then,
so that in 1967 the deposition was less than 2% of the accumulated *3*7Cs.
The deposition of fallout from then recent tests conducted on mainland China
is also considered to be negligitle when compared with the total - accumulated
137Cs from the massive injections into the stratosphere by the 1961 and 1962
USA and USSR tests.

The residence time for *?7Cs in Cladonia sp. lichens collected in the higher
clevations of Alaska ranged from 7.8 to 8.9 years with an average value of 8.1
years, compared with 17 years reported in Sweden: The residence time for
lichens growing in areas of higher " precipitation, and maritime moderated
climates appeared shorter. This could be due to washout of Cs, or dilution
because of increased growth rates.

From work on the cycling of caesium in Florida, Gamble (1973) stated that
the evidence indicates that the radiocaesium in Florida ecosystems is tied up
in non-exchangeable form with : the ' organic - ‘fraction, ‘and the - abrupt
disappearance of the activity in the " mineral soil, plus low levels in the
groundwater, confirm - this observation and further demonstrate the cfﬁcxency of
the cycle.

From studies of the effect of cropping on the release of caesium from soils

- Nishita (1982) . found  that. the amount of. exchangeable ‘caesium . remained.

roughly constant ll’l'eSpCCthC of ‘the’ H. ijon -concentration.- This would tend to
indicate that Cs-137 is relatively more strongly- fixed than H* once it is on

_the exchange site. Under cropping corditions, Cs-137 in the soil solution and

the. H* ions - from. the- plant roots,’ probably compete “for - the exchange sites’ as .
exchangeable and' non-exchangeable K and other- bases are absorbed by the
roots. The apparent increased fixation of Cs—137 during cropping of the soil

and . the chemical' evidence - indicate that Cs-137 mlght compctc effecnvely
'agamst H for the exchangc sntes in the soil. -

~The exchangeabie Cs-137 decressed . with cropp'ing,' but’ Cs-137 content™-of the .°

plants  remained - constant for the . first - five -crops and: then increased. The
Cs-137/K atom ratios increased as cropping progressed. * The trends of the -
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ratio plots for clover tops and roots follow closcly those of soil leachate. The
maximum activity of Sr-90 and Cs-137 removed by a single crop was only 4.42
and 0.13% of dose respectively. The cumulative total uptakes of Sr-90 and
Cs-137 for 9 croppings obtained over the period of 516 days were 23.69 and
0.72% respectively.

Significant amounts of Cs-137 were exchangeable (minimum of about 17% of
dose) even after the maximum apparent increase in fixation which was about
7% of dose. Thus the increase of both the 'uptake by plants and the fixation
was dertved from the exchangeable form, as the competition offered by K
diminished. '

Since in solution culture experiments Cs has been shown to be absorbed as
readily as Sr by several plants and more readily by others, the differential
uptake of the two radioisotopes must be due primarily to the much lower
availability of Cs-137 in the soil. The non-exchangeable fraction of Cs-137 in
Vina loam was about 75% of dose while that of Sr-90 was about 7%.
Because of the relatively strong fixation of Cs-137, the H™ ion from the plant
roots could not displace it from the soil exchange complex as readily as Sr-90.

42  SOIL CHEMISTRY

According to a number of investigators the -adsorption energy of Cst on clay
minerals and on soil colloids generally exceeds that of any of the other alkali
ions.  Also, work with carrier free Cs-137 suggests that caesium -may be
irreversibly adsorbed in a manner possibly similar to the way potassium is fixed
by many soil colloids and clay minerals.

" It is observed by Schulz (1985) that total Cs* sorbed exceeds the CEC in the

majority of soils "and minerals. . This effect is especially pronounced in Vina

" soil and vermiculite. It appears that those soils with the lowest soluble K fix

the greatest amount of Cs. Also data allows for the possibility that Cs

. fixation is related to the vermiculite content of the samples. Drying effects a

small increase in Cs-137 fixation in all materials except Hanford and Vina
soils, where a reduction in fixation is noticed. The "fixation of Cs-137 in soils

. in carrier-free (trace) amounts is an essentially 'different - process. from ‘those - .

predominant in the ﬁxatlon of macro amounts of caesium, potassmm and
ammonium.

Leaching experiments, reported by Frissel and Pennders (1985) with *7Cs in
columns, showed that irreversibility plays an important role. Dcsorption
occurred ‘more- slowly than adsorption. - This .phenomenon is- known ‘as - fixation
and -occurs “mainly in the ‘presence of illitic clay minerals, the Cs jons are -
adsorbed rather specifically between the platelets of the illite - crystal. Even

. traces of illite are sufficient to fix Cs and because all -soils contain at least
-some - llite, -almost_ all .fix Cs. The -only exceptions are pcat soils with.a" hlgh

K content. The release of fixed Cs is very difficult to predlct

It is thconscd by. Francis and Tamura (1971) that. on cntermg the soil system

Cs* is. immediately adsorbed by any negative charges, mineral or organic. The
movement on.the mineral surface is then controlled by double layer d,lffusmn

" processes; and. as ‘a consequence of caesiuim’s. low .energy of “hydration [the -
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proportion of time it is present in the Stern layer is considerably greater than
for other cations, e.g. Mg, Ca, Al

Caesium has a high point charge and an ionic radius (0.169nm) conducive fo
adsorption at the hexagonal network ar the interlayer surface of clay minerals.
Also because it is easily dehydrated Cs has the ability to move more easily
into the interlayer regions of 12 - 14 nm layer silicates than do hydrated -
cations. Once Cs* has entered such an interlayer region the probability of
its exit is also much smaller than for the hydrated cations.

Trace distribution coefficients (kd values) for Cs, Sr and Co sorption were
found by Routson er al. (1984) to be a function of sediment type (soil type)
and of the solutions concentration of macro-ions including Na', K* and Ca®"
over wide macro-ion concentration ranges.

As /W
Al fV -

Kd =

As = equilibrium radioactivity sorbed on the solid
W ="weight of solid phase (g)

Al = equilibrium radionuclivity of the solution

V = volume of solution in ml

In contrast to macro-ions, fission products ‘in soil systems are generally in
much lower concentrations (s 107° M), so that their chemical competitive
effects can be considered as negligible.

In kd Cs*Na = 4.5 - 096 In(nNa) - 0.078 In(Na)2 In kd _.3-8

In kd CS*K = 0.50 - 0.85 In(K) In kd _ 2-6

in kd Cs*Ca = (no apparent relationship) In kd . 89

43  TRANSPORT

Due to the very strong fixation of caesium by soil minerals, little movement of

caesium 1is expected down the soil profile. The process of movement within
the soil has however been modelled by Frissel and Pennders (1985). ~ They

'produccd a process oncnted model for strontium, and a semi-cmpmca! one for

caesium, plutonium, and amerjcium. This compartmenta! model divided the
soil into a series of layers, each of which had an input from thé above layer
and. an output. to the. layer- beneath, as well as a.radioactive. dccay term.. The -

residence time used for “the quite successful model - of caesium’ was 2yearsicm.

Thus by the ‘time the caesium has penetrated to 10cm there has been
substantial. decay_'(hglf-li_fc-_.m years). : :

This work is corroborated by an _investigation of  the. varying . transport

characteristics of - abandoned and cultivated field. plots: by Cline and 'Rickard

_(1971) They found that after eight years, 70% of the added 137Cs remained
.in the uppcr inch ‘of untilled - soil.: In tilled soil, 1”C_s was concentrated- at




the tillage layer depth of 5.6 in.
5. Groundwater

Effects of groundwater composition and redox potential (Eh) on radionuclide
sorption and desorption of the geologic solids were studied by Barney (1984).
He found that Na, K, and Ca in the groundwater, decrease sorption of Cs, Sr °
and Ra by ion exchange reactions.

Sorption and desorption isotherms were gbtained for sorption of radionuclides
under oxidising and reducing conditions. The Freundlich equation accurately
describes most of these isotherms. Most radionuclides are apparently
irreversibly sorbed on each of the geologic solids, since the slopes of sorption
and desorption isotherms for a given radioriuclide are different. This hysteresis
effect is very large and will cause a significant delay in radionuclide transport.
It thereforé should be included in modelling radionuclide transport to
accurately assess the isolation capabilities of a repository in -basalt.

Precipitation and sorption on interbed materials are the principle reactions that
retard radionuclide movement in the watersheds.

A frequently used simple sorption (or desorption) model is the empirical
distribution  coefficient, Kd. This quantity is simply the equilibrivm
concentration of sorbed radionuclide divided by the equilibrium concentration
of radionuclide in solution. Values of Kd can be used to calculate a
retardation factor. R, which is used in solute transport equations to predict
radionuclide . migration in groundwater. The calculations assume instantaneous
sorption,” a linear sorption isotherm, and single valued adsorption-desorption
isotherms. These assumptions have been shown to be erroneous for solute
sorption in several groundwater-soil systems A more accurate description of
radionuclide sorption is an isothermal equation such as the Freundlich
equation. )

s =KCN
S = equilibrium concentration of sorbed radionuclide (moles/g)
C=

equilibrium concentration in selution (moles/L)

KN are empiricall'consténts

The Freundlich was often.found. to accurately describe sorption and . desorption.
~of all- radionuclides ‘studied 'in-‘the. interbed-groundwater systems, except when
precipitation of one radionuclide occurred.- .’




Table 7 Freundlich constants for Radionuclide sorption (molar basis)
on Sandstone(from Barney, 1984)

Radiondclidc ' Redox Temp. K . N

Caesium Oxidising conditions 23°C 0.023 0.70
60°C (.0029 0.72
85°C 0.0013 0.72

In each case, N was less for desorption and K was greater for desorption
than adsorption. This chemical hysteresis will of course, affect radionuclide
transport. lgnoring hysteresis effects could cause serious errors in predicting
radionuclide movement.

KCl, NH,; and NaCl reduce caesium sorption. K* and NH, appear o
compete with Cs* for adsorption sites (cfK* on mica like matena!s) In short,
ions of similar size effectively compete with both Cs* and Sr®" for sorption
sites.

Over the range of groundwater component concentrations studied, metal
complex formation with groundwater anions does not greatly affect sorption.

" Results from Skagius and Neretnieks (1988) indicate that the diffusion of

caesium and strontium  (sorbing components) in rock material s caused by
both pure diffusion and surface diffusion acting in parallel.

Industrial . and low-level radioactive wastes at a National Reactor Testing
Station (NRTS) in Idaho have been discharged to the Snake River Plain
Aquifer since 1952. The aquifer is large and has a high transmissivity. This
area was studied by Robertson and Barraclough (1973). He found that

tritium and chloride had migrated as. much as 8 km. The movement of

cationic waste solutes, particularly Sr?° and "Cs-137 ‘has been significantly
retarded owing to solution phenomena, particularly in exchange. Cs-137 has

.shown detectable migration in the aquifer’ and the. Sr?9. has “migrated only

about 2 km from, a discharge well. The Sr-90 plume covers an area of only
4 km? of the aquifer

) .Dlgltal modcllmg ‘techniques have been -applied successfully to the analysis of
" this complex "waste- -transport system by numerical ‘solution ~ of the sampled .

equations of groundwater motion and mass transport. The model includes the
effects . of convective - _transport, -flow dwergcncc two. .dimensional hydraullc

“dispersion, radioactive- dccay and reversible sorptlon c e

Of the. significant longer-direct. nuchdcs only ftritium has entered” the 3nake '
River Plain  Aquifer’ in detectable _quantities. - -All " the- “other “nuclides are

*- cationic- and -.are removed from solution by sorption ‘before reaching the water -

_table. Cs-137 is even. more affected by. sorption than_Sr®°. . Although Cs-137
" “and Sr®° are produced ‘and discharged in nearly equal quantities, Cs-137 has’
..nevcr been detected in any. aquifer’ samples near the NRTS. Although there is
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considcrable  dispersion laterally and  tongitudinally, there appears to be  little
vertical migration because of low vertical permcability.

6. Water Chemistry

6.1 DRINKING WATER QUA LI IFY/MONITORING

There is very little data available on the concentrations of caesium in drinking
water, although Crooks et al. (1959) gave some and Jones and Castle (1987)
have carried out a number of analyses for the North West area.  Further
data for the North West is available in a North West Water planning
document, Castle {1988a, b).

A summary of Jones and Castle (1987) who monitored radioactivity of the
water cycle following the Chernobyl accident, is given below.

Analytical Methods

Samples were analysed for gross B-cmission activity, a technique which does
not allow the identification of the individual radionuclides.

Results

Analysis of Raw and Treated Wafer-SampIes

Of waters abstracted and treated for potable use and sampled for radioactivity,
those from the River Dee at Huntingdon were found to have the highest
significant levels of contamination.” This was not surprising because ‘the source
of the River Dee’ and its extensive catchment is in North Wales where
particularly heavy rain occurred- at.the time the: cloud of radloactwc material
passed over that part of Britainfrom Chernobyl. - ‘

Analys:s of Sludge Samples from Water, Treatment Plants

'Radlonuchdcs were very cffecnvc]y rcmoved and- conccntrated in ﬁlter sludge

cakes.
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Activities (bay/ke)

Sample Cs 137 Cs 134 Treatment Process
Amfield 14.5.88 600 350 Coagulation with ion
Amfield 29.10.86 24 17 Coagulation with ion
Fluntingdon  21.5.86 360 - Coagulation with Al
Huntingdon 29.9.86 605 315 Ciagulation with Al
Kinder 21.5.86 - - Coagulation with Al
Watchgate 3.10.86 380 190 + gravity filtration only

Analysis of Rainwater Samples

Most noticeable in the close correlation between the level of gross beta-activity
in the rainfall and that in the water supply (Fig. 6). Other features of
interest include the delay between the rise in the level of activity in rainfall
following the bomb tests and that of treated water, and the surprisingly high
level of. Beta-activity recorded in the treated water following a sustained period
of high gross 8 activity in the rainfall.

Conclusion

An important side effect of the low levels of radioactivity occurring in surface
water supplies is that freshwater fish, notably impounded brown trout in
Ennerdale, Cumbria, accumulated levels of radioactivity up to 1000 Bg/kg.
Apart from distance, four factors limit the effect of the Chernobyl fallout:

)] the period of heavily contaminated rainfall only lasted a few days;

(ii) a large proportion of the radioactivity was quickly bound up with. the
soil and grass;

(iit) radioactivity washed into water system was diluted considerably by the
vast amounts of water already present;

(iv) a significant proportion of radioactivity was removed by water
~treatment processes. . .

~24-




. -r . ot - L . . -

7. Biology/Biota

7.1  MONITORING

The following is a resume of the monitoring programme and results following
the Chernobyl reactor accident, as reported by Camplin er al. (1986).

. Freshwater fish

The sampling programme focused on arcas of high deposition, notabiy
Cumbria, North Wales and the Isle of Man. Brown and rainbow trout
account for the majority of samples but a variety of other species were
analysed, including char, sea trout, salmon, perch and eels. lodine-131 was
found in several of the early samples, but at a maximum of less than 7 Bq
kg™*. Initially, little or no other activity was found in freshwater fish, other
than low concentrations of caesium-134 and -137. More recently and - as
expected, higher concentrations of caesium were detected, notably in brown
trout from impounded waters (up to 1,000 Bgq kg™!), but also in perch and
other, mainly sport, fish (up to 2,000 Bg kg'') which arec not eaten in large
amounts and thus, compared with trout, have little or no significance as a
source of potential radiation exposure. The higher concentrations are confined
to soft water areas but are not general even there; the measurements cover a
wide range with only a small proportion of fish showing high values.

This slowly developing caesium situation in certain freshwater fish is most
likely due to a combination of mechanisms including delay in run off, turnover -
time of the water body, build-up’ via the food chain and slow turnover of
these radionuclides in fish, the biological half-time of caesium in fish being
about 100 days (Hewett and Jefferies, 1976). However, probably the most
significant factor is that high deposition occurred in very soft water areas in
which it .has already been .established (Preston et al 1968) that very " high
concentration factors occur for caes:um T ' '

Maximum Radioactivity Concentration

B In"Traw;sfynyd'd}-fﬁe only lake ‘for which there .appears to be “data spanning-at - 2

least 6 readings for brown trout and rainbow trout the maximum in
radioactivity concentration appeared to be between the 7 and 14 June,
although - a very. ‘high figure is_ also .obtained for: 7 -August. However,. this® -
later peak "‘may “have’ béen  due to later deposition from a ‘Chernoby!
contaminated air pockct in the region,- or discharge from Trawsfynydd as

: suggested by thc 1ncrcase in. Cs -137.Cs- 134 ratms in the water.

N.B. Caesmm 134 .- Caesmm ‘137' ranos initially - less than two for
©~ . Chernobyl, 13-15 for BNFL Sellafield discharges- .
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The Chernobyl reactor accident and  its pmpact on the aguatic cnvirenment
(marine and freshwater) has also been studied by MAFF (1987). They report
monitoring  of aquatic  foodstufis in the light of previous experience with
wedpons Lesting activily,  Although activity levels in aquatic foodstuffs did not
exceed the limits of safety, the highest activitics occurred  very  shortly  after
deposition (within a day or two), partly duce to runotf from adjacent land.

Although concentrations rose very sharply, the peak values were not sustained
and declined rapidly.

In the early phase very little activity was found in freshwater fish, though, as
time went on concentrattons of Cs-134 and Cs-137 began to increase. This
only occurred in indigenous fish- in the few areas of the country that had
experienced high rates of deposition.

Research related to the discharge of radionuclides in coastal waters being
undertaken by MAFF, include the following. Further information on each of
these topics is given in MAFF (1987).

(i) The Association of radionuclides with settled sediments
(ii) The incorporation of radionuclides into the sea bed-

Bioturbation has been found to cause spatial heterogeneity in
distribution of radionuclides.

(iii) The Geochemistry of interstitial water

The sediments often have a lower radio potential than the overlying
water. This can result in both plutonium 239 + 240 and Americivm
241 being present in the reduced form.. The reduced form of both
radionuclides has a higher sediment distribution coefficient than "the
higher valence states, and leads to their preferential retention.

Bioturbation could cause significant changes in speciation as a result
of redistribution between the oxic sedxment and the  anoxic. area at
greater depths.

(iv) The Irish Sea model

The water circulation pattern for the Irish Sea may be observed or
modelled.  Observations of .**7Cs distributions - have - been made -
extensively. The source term, ‘the - annual (and " monthly) discharges of -
137Cs from Sellafield, is known ‘and. the nuclide is essentially
conservative with the water, undergomg rc]atlvely llttle scavengmg by
particelates and transfer to- thc sca bed. .

() Eastcrn Irish Sea sedlment dynam:cs study

Dlssolved contaminants, such as 1”Cs can be- measured to prowdc
an average plcturc of how water movcments d:spersc dlschargcs '

Conccntratlons of Cs -134 and -137 wcre 1mt1al[y very low Jin - frcshwatcr ﬁsh-
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everywhere, and this situation has remained in lowland areas where deposition
was low and gencralty where the water is hard. Within a few weeks, Cs
concentrations in fish began (o increase. These were confined to areas of soft
freshwater that had also experienced higher rates of deposition, notably North
Wales, Cumbria, parts of Scotland and the Isle of Man, though even there
they were not general with only a small proportion of fish showing the higher
values. The level of Cs in farmed and stocked trout, mainly of the rainbow

. vartety, has remained low; these are the principle sources of trout that are

eaten. The highest concentrations have been in indigenous fish in the wild,
eg., Brown wout (up to about 1000 Bq kg™') and perch, pike and other
mainly sport fish (up to about 2000 Bg kg™!) that are not eaten in sufficient
amounts, compared with trout, to constitute a potentidlly significant source of
radiation exposure. Some of the highest rates have been found in Lake
Trawstynydd though much of the activity there is due to the discharges from
the CEGB nuclear power station,

7.2 FOOD CHAIN ANALYSIS

The concentration process of contarninating radionuclides along a food chain
undoubtedly plays an important role in determining the overall concentration in
fish. In Aocyama (1978a)} the effect of dietary intensity, feeding interval and
biological dilution due to growth is investigated and a model of a food chain
is presented in another paper (Aoyama ef al, 1978b). The results of this work
suggests -the .concentration of metal in predator fish increased with ration size,
was unaffected by feeding interval and that biclogical dilution of heavy metal
concentration takes place in the growth period.

The model presented takes as its basis the simple 3-compartment system of
water, prey and predator.

(Xy) Water — Prey (X,)

Transfer coefficients

Koyr Kogr Ko Ky €lC

consumption

Predator (X,)

. The coefficient of .most interest, K,,.can be expressed as

Kt'z = 9M1'(Mz

D
1l

"Assimilation rate .

<

Ration size

=

, = Predator size

" M, . is -affected . by the. . population “density of food, the_distribution of fqod.
.. and the "ecol6gical structure-of the food organism population. ' A mathematical - -
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reatment allows  the  combination  of  these  factors  into one,  the  food
concentration factor.  Furthermore, factors to account for the cffect of growth
were included.

In a study of the paths to human dosage in the Hudson River Estuary,
Linslata er al. (1986) give figures comsistent with previously reported  effective
half-lives- for Cs-137 clearance from estuarine fish of between 100 and 200
days. Linslata” et al also report marked inter- and intra-species variation in fish
cdesium - concentrations, dependent on  migratory and {feeding habits, in
particular the seasonality of bchaviour and whether or not the fish feed on
the bottom. ‘

Radiocaesium  analyses have dlso been made for vegetation along a
contaminated stream length by Briese et al (1975). These tend to indicate
that leal concentrations are higher in plants where the rate of stream flow
decreased because of impoundments or impediments. The distribution of
concentrations were such though that one plant species could not be used to
predict concentrations in another.

8. Modelling

A model has been developed by Wrenn er al. (1971) to predict the average
amount of Cs-137 in fish, which depends upon the average concentration of
radiocaesium in water and in sediments.

Although the *®7Cs content of the Hudson River has dropped tenfold since
1964, the average content in fish and sediments has remained relatively
constant. This implies that the Cs-137 content of the resident fish in -the river
has depended primarily upon the cumulative deposit in the sediments.. The
major source of this '*7Cs has been fallout, although in a limited section of
river an elevation of *3*7Cs in sediments from the Indian Point Nuclear Plant
can be seen. In order of decreasing content, '*7Cs was found in sediments,
aquatic plants and fish roughly in .the ratios of 30:1:1.

The average content of radiocaesium in fish has shown surprisingly little
variation from year to year, from a minimum of 20 pCi/kg in 1967 to a -
maximum of 56 in 1969. Cs-137 has been measured in 16 species -of fish and
is generally an order or magnitude lower than **7Cs content of fish from
lakes at this -latitude. In relative terms the highest concentrations of Cs-137

- are -found 'in bottom feeding species, intermediate’ levels ‘iri” plant-eating “species’

and the lowest 'levels in anadromous fish. Apart from anadromous fish, the

.range of variability is about a factor of 3.

‘The environmental characteristics which influence the expected concentrations to

be found - in fish are -the water chemistry, the cumulative deposition

- characteristic of . a given. region, the accumulation. of **’Cs in. bottom

sediments, the species and feeding habits of fish, the témp_crat\ifc and the DO -
content. -~ SR

" In the Hudson River the Cs-137 content of fish depends upon both the




cumulative  dccumulation in sediments and the mean concentration in water.
The *37Cs content of fish appears (o be independent of the concentration of
K in water in the range stodied between 2 and 30 mg/litre

The major portion of *?7Cs preseat in the estuary is  associated with the
scdiments.  Generally 37Cs does not appear o increase  with irophic level.
The variability among indigenous fish is only about a factor of 2/3.

MODEL FOR TRANSPORT OF RADIONUCLIDES FROM
EFFLUENT RELEASES

The joint CEC, NRPB document pubiishcd by the CEC in 1979 presents a
model for the dispersion and transport of radionuclides released as effluents
from nuclear power plants.

It encompasses three main processes -

1. Physical movement and dispersion of water masses.
Interaction of radionuclides with suspended matter and bed
sediment.

3. Radicactive decay.

The model which is developed is intended to represent time dependent
behaviour but relies heavily on equilibrium concentratlon data to estimate the
transfer of " activity.

The model assumes-that radioactive effluents are diluted in the river flow and
that activity is adsorbed on the sediments to an extent depending on the
radionuclide.  Activity is transported downstream by the river flow and by the
slower movement of contaminated bed sediments. After the termination of
the discharge the activity in water is taken .as zero, because it has been
assumed that there is no desorption of activity adsorbed on sediments.

The éonccntration, Cw pef unit discharge rate, in the river at a distance x
from the point of release is given by -

1k
= — e
CW q
where,
k = factor dependent on river and radlonuchde (m™)
q = river flow rate (m’!s )

For a given nuclide the value of k depends on its half-life, the river water

- velocity, and the extent of sedimentation . effects

A 1
.k == (m ) o
where ' A '
} = radioactive decay constant (s'')
W .= river velocity (m s™') '

- Kb = dcplctlon factor for scdlmcntatlon (m .
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The concemration C, = Cp v M (Bg™ Y per By s l’ﬁ)

where,
M = muass of suspended sediment (¢ m™?)
C,, = activity on suspended sediments (per unit release rate)
C; = activity dissolved in water (per unit release rate)

The activity on the suspended  sediments s assumed to be related 1o the
activity in the river water

Cm = Kg G
where, 1
Ky = distribution coefficient of nuclides on sediment (Bq t per Bg
m-—s)

Substituting above;

“kx .
Ce = —Clv—— e (Bq m™® per Bq s’!)
1+KgM q (1+KgM) -
Kd e-kx
» C. =— - —— (Bqgt? per Bg s™*
m = KM (Bgq per Bg )

Sediment activity can be transported by flow under the influence of the shear
force exerted by the river flow and to a lesser extent gravit, such that the
average velocity of the river bed sediments (V) is defined;

Vo= ajhxj (ms™*)

where,
h = depth of .water (m)
J = slope of rivgr bed
« = constant (m” s!)

A full mathematical derivation of the sediment transport equation is given in
the appendix to this section (4) of the CEC publication.

The activity, Q, in. the' sedimeénts is a function of time, and distance’ from the"
point of release. During a period of release the profile is given by;
. kl .Qw
KV - )

Qw(x),' = 'activit)_{ in-;fvater (é(i)

Q) = activity in sediments (Bq m™%: per ‘Bq-s™!).
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This model could be adapted to simulate transport in a complex system by
stepwise division of the river into sections. The model hias been successfully
applied to the Rhone and the Loire wusing the following freshwarter
concentration factors for fish:

Sediment Fish

Freshwater concentration 30,000 1,000
© factors - Cs-137

Concentration factors here are the ratio of quantity per unit weight of the
material concerned, and the quantity of activity per unit volume of filtered
water, (Bq tonne™* per Bg m"?). These are based on dry weight of
sediments and wet weight of edible part of other materials,

PHYSICAL TRANSPORT MODEL OF CAESIUM THROUGH A
CATCHMENT

A very useful model has been produced by Carlsson (1978). It is based on
several simplifying assumptions, but highlights the key processes of caesium
rranspert  within and. through 2 catchment. Like the other models so far
discussed it delineates the components which contain caesium. These are:

soil, vegetation, water of the lake, suspended sediment, bottom sediment
and biological organisms.

- Transfer between these compartments is then described by simple linear

differential equations, and so ‘the change of the '37Cs activity in water with
time can be exprezzed as;

N E
— = U-pxU-{+kxA
dt
, Q volumetric outflow rate m3fr!
k = outflow constant = — = - ; (= }
S - TV volume of lake o m?
) .= physical decay constant (yr'%)
P = proportion of activity deposited to" sediment
A = total ag:t'i-vity in water (nCi)

U = rafe of activity input (nCityr)~
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The rate of input of acting (U) can be ascribed 1o three processes -

1

U= K, xYXF,
U

K, x Y x I
U, = direct deposition to lake surface
U, = wash-off of freshly deposited fallout
U, = wash-off of accumulated deposit
Y = “area of the lake (m?)
Y = area of catchment drainage area {m?)
F, = activity deposition rate (nCi/mz,‘/yr)-
F. = cumulative deposition (nCi,m?)
K, = fraction of fresh fallout in the drainage area which is transferred
to the lake
K, = fraction per unit of time of the cumulative deposition in the

drainage area which is transferred to the lake (yr'!)
The cumulative depdsition (F) can be calculated from -
d F,

5 = (1 -K)xF,-(+K)xF

Carlsson suggests that K, is proportional to the runoff of surface water from
the drainage area to-the lake. This means that K, has a seasonal variation
with highest ‘values during spring and autumn when thc prccrpltanon is large,
and the evaporation is small.

Rewriting the above equation:
— = (1 - p) x(YS-xFa+K1xYxFa+K2xYxFC)-

(v.+ KA
P, YS Y, ) and K, are constants

.. Fa.-f;:;,K and K, are fun.c_tions of time.

- Carlsson suggests treating - the- time dt;pcndéht_ functions. ‘as- stcpwisc:‘funcfions, '




with o interval of (.2/yr.

It V is taken as being constant then C, = activity concentration in Water =
ANV

and so solving the differential equation gives

Cw

- Cwe X e-(k‘l"K) At

(l-p)x(stFa+K1xYth+szYch)

+

(VO + K

x (1 - e-()&K)AI)

Cyg = activity concentrated at time t

C,, = activity concentrated at time t + At

.and for the sediment

d$
— =PxU-xxS8
dt

which similarly gives
= -hAt
S = S§yxe
px(Tgx E + K x YxF, +szYxFC

+ : x (1 - e-)\A[)

By a least square. fit to the data Carlsson produces figures of

k, = 0019
k, = 0005 yr*
p = 0376 .

These figures yield ‘the general conclusion that a large amount of the Cs-137
introduced into the lake is stored in the bottom sedlment The calculated

_rates of elimination of Cs-137 from --the 'drainage area -show  that . the
‘ radionuclide i strongly bound to soil’ and vegetation. ~ The redistribution of

Cs-137 - between the different’ compartments -of the watershed is small. The
loss of- Cs-137 is small and the mam proccss is thc physical decay . '
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A SPECIFIC ACTIVITY AND CONCENTRATION MODEL
APPLIED TO CAESIUM IN AN OLIGOTROPHIC LAKE

Vanderploey, ¢ al (1975) s produced o linciy svstems  analvsis model
derived o simulate  the  ome-dependent  dynimies ol specihe activity and
concentration of radioactivity in aguatic systems.

The bisic dymamic viewpoint is that stable clement and radionuchide flow can
be treated by first order hnear differenual cquations and that the dynamics of
specific activity follow along naturally.  Ler,

Z. = mass of stable element i compartmenti (g)

a;, Z. = vrate at which stable element moves from compartment j to
compartment 1 (g/day)

7 2 = rate at which stable clement enters compartment 1 from the
' surroundings external (o the system (g/day)

R, = rate at which stable element enters compartment i from the

surroundings external to the system (g/day)

J 7z i »
z a2 - O v Lap z R
j

u

. [}
]
1
where the primed summation symbo!l I is taken o mcan the sum over all j
]
except i.
The radionuchde (Cs-137) is presumed to move Dbetween compartments

following the same laws as the corresponding stable element, so X the
amount of radionuclide in compartment i changes according to the relation;

d X; i
: r, i,
" = d“ X] - (71 + )+ . dp)xl + kl
| ]
where
ki = rate. at which radioactive element cnters compartment i from
surroundings external to the system (pCi day™!) .

% = physical decay constant of the nuclide (day ')

Specific activity is defined as

and transfer coefficients as
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i
the specific activity relation is obtained as;
d 5

dt

L oo (8- 8) - 5§+ ( s Tz S)
. =1
J

Essentially then. ocj'- is the flow of stable clement (g/day) into compartment i

from compartment 7j divided by the amount of stable element in compartment

i. Thus o; is in units of day™*. The structure of the lake-ccosystem model
is shown in" Figure 2.
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Figure 2 Control diagram and transfer coefficients for simulation
of specific activity flow in a hypotheticai  oligotrophic
lake. Values of a;; are indicated on _amows. Numbers are
given in a form?such that 1.9 (-2) is read as 1.9 x
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MODELS AND DATA 1O PREDICF RADIONUCLIDE
CONCENTRATIONS IN FRESHWATER FISH FOLLOWING
ATMOSPHERIC DEPOSITION: SUMMARY OF PROGRESS
TO MID-1988.

This report publishcd by the NRPB and the MAFF Directorate of fisheries
Research presents a simple model of caesium transfer into lake water
{Ennerdale, Loweswater) from atmospheric deposition and thence into fish.

BIOS: A MODEL TO PREDICT RADIONUCLIDE TRANSFER
AND DOES TO MAN FOLLOWING RELEASES FROM
GEOLOGICAL REPOSITORIES FOR RADIOACTIVE WASTE

The conceptual basis of the BIOS model is shown in Figure 3.

Figure 3 Schemauic  representation  of * freshwater aspect of |
biospheric transport model.

Soil

Surface [——— . 1 Estuary or
Waters Local Marine

i

Sediment

Dcep
Sediment

Radionuclides deposited in a river system will interact with sediments and may
also be transported to adjacent land areas as a result of irrigation practices,
flooding, or sediment movement. Because of the difficulty in obtaining the site

specific  data  required . to calibrate "the more complex  advection-dispersion :

equation models, a -simple compartment model of the river flow is used.
The transfer coefficicnt from one freshwater compartment to the next is simply

~ the volumetric flow (m%y™ ') in that body divided by its volume.

The interaction of radfonuclidcs and river sediments is modelled by use of
Schaeffer’s model detailed in CEC/NRPB (1979). Within each compartment

‘representing a river section, the rate ‘of removal of a riadionuclide from the
water column to the bed sediments is given by,

Ny dljdt = - VoKL -




where, :
quantity of the radionuclide in the water column (atoms)

-

1 = time (y)
Vi = velocily of river water in that section (m y~ ')
K = depletion factor for sedimentation (m™!)

for cuaesivm which interacts strongly K = 107 m™*.

NB.  As K is empirically derived both adsorption and desorption are
accounted for.

Transport downstream is taken as being on both suspended sediment and in
dissolved form.  Partitioning is determined by the freshwater sediment
distribution coefficient and the suspended sediment load according to the
relation,

F, = Ul + Ky o
where,
« = suspended sediment load (1 m™?)
Kq = freshwater sediment distribution  coefficient which is  element
dependent (m? t°1)
F, = f[riction of the quantity of a radionuclide in the water column

which is in solution.

Values of « are reported to range from 1074 10 10°® ¢ m"* and are strongly
dependent upon the volumetric flow of the river. The coefficient used to
describe the transport of radionuclides in bed sediment from one river to the
next is given by, ) ‘

Kjj = Vil

where
Kij = transfer coefficient from section i to section Y
V; = velocity of bed sediment in section i (m y '),

and Lj = length of section i {m).

In the case of radionuclides and IakcAscdimcnts. a particle-scavchging model is
employed. Radionuclides are partitioned according to;

fy = V(1 + kyo)
and the component transported to the lake bed is given by the sedimentation
rate, which can vary with the suspended sediment load of the inflow to the

lake. The various components with their integral modelling procedures-can then
be interconnected in a manner applicabie to any particular catchment.
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MODELLING RADIOTRACES IN SEDIMENTS: COMPARISON
WITH OBSERVATIONS IN LAKES HURON AND MICHIGAN

Christensen  and  Bhunia  (1986) produced  a  comprehensive  model  tor  the
actvity  of  radionuclides  in sediments. The model s based on  the
advection-diffusion equations for sediment solids and a radioactive tracer. The
model is complex and generally an  improvement on  previous models,
incorporating Lioturbation as welt as diffusion.
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The demand for long-term scientific capabilities conceming the
resources of the land and its freshwaters is rising sharply as the
power of man 1o change his environment is growing, and with
it the scale of his impact. Comprehensive research facilities
(laboratones, field studies, computer modelling, instrumentation,
remote sensing) are needed to provide solutions to the
challenging probiems of the modern world in its concern for
appropnate and sympathetic management of the fragile systems of
the land's surface.

The Terrestrial and Freshwater Sciences Directorate of the
Natural Environment Research Council brings together an
exceptionally wide range of appropriate disciplines (chemustry,
biology, engineernng. physics, geology, geography, mathematics
and computer sciences) comprising one of the world's largest
bodies of established environmental expertise. A staff of 550,
largely graduate and professional, from four Insututes at eleven
laboratories and field stations and two University units provide
the specialised knowledge and expenence to meet national and
intermational needs in three major areas:

*

Land Use and Natural Resources

*

Environmental Quality and Pollution

4

Ecology and Conservation
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