
 
 
 
 
 
 
 

https://theses.gla.ac.uk/ 
 
 
 

 

Theses Digitisation: 

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/ 

This is a digitised version of the original print thesis. 

 

 
 
 
 
 
 
 

Copyright and moral rights for this work are retained by the author 
 

A copy can be downloaded for personal non-commercial research or study, 

without prior permission or charge 
 

This work cannot be reproduced or quoted extensively from without first 

obtaining permission in writing from the author 
 

The content must not be changed in any way or sold commercially in any 

format or medium without the formal permission of the author 
 

When referring to this work, full bibliographic details including the author, 

title, awarding institution and date of the thesis must be given 
 
 
 
 
 
 
 
 
 
 
 
 

 
Enlighten: Theses 

https://theses.gla.ac.uk/ 

research-enlighten@glasgow.ac.uk 

http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk


TRACER APPLICATIONS OF RADIOCAESIUM IN A COASTAL
MARINE ENVIRONMENT

Thesis submitted to the University of Glasgow in 
fulfilment of the requirements for the degree of 

Doctor of Philosophy

By

IAN GERARD MC KINLEZ

AUGUST 1979 CHEMISTRY DEPARTMENT 
UNIVERSITY OF GLASGOW 

GLASGOW G12 8QQ



ProQuest Number: 10984294

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10984294

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



Acknowledgements

I gratefully acknowledge the invaluable supervision ,encouragement 
and advice given by Dr.M.S.Baxter throughout this project.Special mention 
must also be made of the continual assistance and provision of counting 
facilities by Dr.W.Jack and the considerable aid given by Dr.A.B.MacKenzie 
on whose initial work much of this thesis is based.Thanks for assistance 
during this research are extended to Dr.T.Leatherland,the crew of R.V. 
Endrick II and the Clyde River Purification Board for provision of ship 
time,hydrographic data and aid in sample collection;Dr.D.J.Ellett and the 
Scottish Marine Biological Association for collection of samples and 
provision of hydrographic data;A.G.Ballantyne,K.MacKay,D.McKie and D. 
Thompson for occasional technical assistance;J.McKinley,S.Flynn and D. 
Quigley for programming aid and the Chemistry Dept. Electronic,Mechanical 
and Glassblowing Workshops for construction and maintenance of equipment.
The advice and help of past and present members ( and associates ) of the 
Nuclear Geochemistry Group has contributed greatly to this work,of whom 
special thanks to John Campbell,Ron Crawford,Josephine Docherty,Nina 
Drndarsky,Tony Fallick,John Farmer,Gus Mackenzie,Fred Mackie,Asizan Saad, 
Jane Smith-Briggs,Mike Stenhouse and Dave Swan who provided a most 
congenial social and scientific environment.I am grateful to I.Durant for 
typing this manuscript and especially so to Linda Kemp for preparation of 
tables,diagrams,references,proof-reading and continual help over the period 
of this project.

This work would not have been possible without the support of 
my parents, family and friends to whom I owe an inestimable debt of 
gratitude.

Finally,I acknowledge the support of a N.E.R.C. grant for this
project.



ABSTRACT

In this study radiocaesium is confirmed as a versatile tracer 
and its use is demonstrated in the investigation of a wide range of 
processes occuring in the coastal marine environment. By utilising an 
analogue model, radiocaesium transport from Windscale to the North 
Channel may be characterised by a ’residence half-time* of ~12 months 
compounded with a ’lag time’ of ~6 months. This transport is, however, 
shown to be variable - in 1977 a greatly increased Atlantic influx to 
the Irish Sea through the St, George’s Channel was evident, resulting 
in an accelerated radiocaesium transport rate northwards through the 
North Channel, By further use of this model, the waters of the Clyde 
Sea Area may be shown to have a 'residence half-time’ of ̂ 3 months 
with the lag between the North Channel site and the Clyde being ~1 
month. Additionally, k̂Cf/o of the northwards water flux from the Irish 
Sea may be shown to pass through the Clyde Sea Area. Transport from 
the North Channel to the Minch is also shown to change considerably 
between 1976 ( advection rater3km/day ) and 1977 ( advection rate 
~1 ,5 km/day ) associated with a marked widening of the coastal water 
plume in the Hebridean Sea Area during this period.

Consideration of the spatial radiocaesium distribution
indicates that the Clyde Sea Area may be regarded as homogeneous
both horizontally and vertically thus justifying the analogue model
analysis. Exceptions to this generality are the deep waters of Lochs
Fyne and Goil where significant residence of water in restricted
basins of these fjords is proven by the measured radiocaesium profiles.
Detailed study of radiocaesium / depth profiles in Loch Goil over a
period of 2 years allows examination of the annual mixing cycle in
this loch. By this method it Is seen that L.Goil is characterised by
fast surface ( £30 m. ) exchange at all times with a limited barrier
to vertical mixing developing in late spring and more extreme
stratification evident in late autumn / early winter. From a one
dimensional vertical diffusion treatment, Cs-13^ transport through

2 1the early winter pycnocline may be characterised by 7 £23 cm sec •z
From analysis of the radiocaesium distribution in sediment

•2 *1cores, sedimentation rates of 200, 330 and 6kO mg cm y may be
calculated for the Loch Goil deep, shallow and Gareloch sites
respectively. From the Cs-13^ profile in the upper layers of these
cores, surface turbation (probably due to benthic organisms )may

2 -1be characterised by 2 $K £ 2 ,̂ K >92 and K£+3 cm y respectively at 
these three sites.



While the Cs-137 profile in Holyloch sediment indicates an
2 1accumulation rate of ̂ 600 mg cm y below a surface mixed zone of 

"k cm depth, this site is anomalous in that the sediment contains 
Co-60 and Cs-13̂ - derived from the nearby U.S.N. nuclear submarine 
base.

As radiocaesium is shown to have a coastal water residence 
time of ̂ 950 y its treatment as a conservative v/ater tracer is 
justified on the timescale of nearshore oceanographic processes.
In addition, however, the observed concentration factor onto 
sediment ( ̂ 250 ) is sufficient for it to be used in a range of 
sedimentary tracer applications.

By constructing a budget for Windscale released Cs-137* 
it may be seen that the major reservoirs of this nuclide are the 
immediate Windscale vicinity ( 1.8% ), the rest of the Irish Sea 
( 17.3% )» the North Channel/Clyde Sea Area ( 2.0%), the North Sea 
( 19*7% ) and marine sediment ( 2.6% ). After reduction of the 
radiocaesium inventory to account for radioactive decay, the 
balance may be attributed to radiocaesium lost from the coastal 
water system into the North Atlantic ( 37-3%)-

From measurements of radiocaesium concentration factors 
for fish in the Clyde Sea Area, a maximal dose to a member of the 
public is calculated as ^11% of the I.C.R.P. limits at the time of 
maximum measured Cs-137 concentration in this area ( April 1977 ) 
although the dose to a general critical group would be much 
smaller - ~2% of I.C.R.P. limits.

Finally, as the hydrographic data obtained from radiocaesium 
tracer experiments is demonstrated to be useful in many other areas 
of research, future developments of this technique are proposed and 
alternative locations for study are suggested.
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1.

Chapter One 

Introduction

1.1 Tracer Theory
Since the marine environment is a dynamic system of 

some complexity, one of the major challenges in its study 
is the measurement of rates of processes occurring within 

it. For example, rate determination is of obvious importance 
in studies of water movement, sedimentation, air-sea inter

action and biological growth. There are two distinct 

approaches to timescale elucidation - direct measurement 
and tracer techniques.

While direct rate measurement may be the most obvious 
approach, and has indeed provided useful data, it is in

herently limited by factors such as a) the highly localised 

nature of direct measurements relative to the spatial and 

temporal inhomogeneity of most oceanic processes and b) the 

slow rate of many oceanic processes - often on a timescale 
of hundreds or thousands of years (McLellan, 1965; Pickard, 
1975). Thus direct measurement techniques tend to be 

applied only to studies of relatively localised areas and 
short timescale processes, e.g. drifters or current meters 
to study coastal water transport (Best, 1970; Pritchard et 

al, 1971; Molcard, 1972; Ellett, 1978) and sediment traps 
for evaluation of sedimentation rates in inshore marine and 

lacustrine areas (Hakanson, 1976; Anderson, 1977; Kinnel 
et al, 1977). Exceptionally, given sufficient resources
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larger scale processes may be studied, usually as part of 
collaborative projects (Pollard, 1973).

The alternative to direct measurement via tracers 

involves study of species which, by their distribution, 

allow the dynamic processes controlling them to be quanti

fied. The simplest application is the ’'dye-type1 study in 

which a tracer material is intentionally introduced and its 

redistribution used to derive rate information (Pritchard 
et al, 1966; 1971)'. This method generally suffers from the 
spatial and timescale limitations common to direct measure

ments and thus, again, finds most application in restricted 

areas (Ito et al, 1966; Best, 1970). A more elegant version 
utilises long term releases, usually of industrial pollutants, 

to extend the temporal baseline (Jernelov, 1974; Goldberg,

1975). Thus, pesticides with known introduction dates and 
input rates may be used as water tracers and, by their measure

ment within marine organisms, as tracers of transport rates 

to and within the biological food-chain (Nisbet and Sarofin, 

1972; Duursma and Marchand, 1974; Young et al, 1975). Heavy 
metal ’horizons1, based on local industrial history, may 

also be used in determination of near-shore and lacustrine 
sedimentation rates (Bruland et al, 1974) and for general 
environmental tracing (Halcrow et al, 1973; Brinckman and 
Iverson, 1975; Rutherford and Church, 1975; de Groot et al, 

1976; Brannon et al, 1977; Bowen, 1978).
For the longer timescales generally associated with 

the open ocean, ambient natural tracers must be employed, as, 
in most cases, the impact of man on the oceans was not 
significant before the industrial revolution (with the 
possible exception of the effects of such processes as



anthropogenic deforestation and desertification). Two 

major parameters, usually used in conjunction, for the 
labelling of water bodies are salinity and temperature by 

which the major oceanic water masses can be characterised 

(Wallace, 1974; Pickard, 1975; Turekian, 1976). Salinity 
or temperature, with known freshwater input rates or heat 

fluxes, may be used as rate tracers (e.g. Saunders, 1973; 

Edwards and Edelsten, 1976a; 1976b; Mackay and Leatherland,

1976) but, more usually, the degree of mixing of two water 

bodies can be derived by this pair, allowing the change in a 

third, time-dependent parameter (e.g. the concentration of 

a low residence time species) to be used as a mixing rate 
tracer (Wilson, 1975).

In deep sea sedimentation studies, the very long time- 
scales involved allow palaeontological or palaeomagnetic 

markers to be used (Broecker, 1974; Turekian, 1976). Such 

markers, however, must first be dated via some additional 

time-dependent process and, even so, may show only gross 
temporal accumulation structures, as constant sedimentation 

rates between horizons must be assumed.

Thus -far it has been indicated that tracers can 

form the basis of powerful techniques for provision of rate 

data, much of which would be difficult to obtain by other 

methods. However, in many applications, it is necessary or 
advantageous for the tracer to possess an internal time- 

dependency. In specific applications, processes such as the 
precipitation of reactive species, degradation of organic 
compounds, racemisation of amino acids or mineralisation of
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sedimentary constituents may each in theory provide an in

built chemical rclock* but an inherent limitation of these 
approaches lies in their sensitivity to environmental changes, 

e.g. temperature, pH, pE etc. (Price, 1976; Degans and 
Mopper, 1976). The requirement for time-dependent tracers 
possessing rate constants effectively independent of all 
physical and chemical perturbations is perhaps best met 

within the family of marine radionuclides.
Radioactivity can be defined as the spontaneous trans

formation of nuclear structure accompanied by the corres

ponding release (or, in rarer cases, incorporation) of 

particles and/or electromagnetic radiation. Radioactive 

species are thus particularly useful as tracers since the 

characteristic radiations emitted can often be used to 

identify the nuclide present, while the decay process itself 

removes the species at a definable rate, providing an in
built iclock1 which is unaffected by environmental change. 
Identification of radionuclides by their radiations is 
especially relevant in the case of 0C- or ̂  - emitters where 

the monoenergetic nature of the emissions allows quantitative 

characterisation by high resolution spectroscopy. In assay 
of emitters (and, to some extent, X-ray emitters) the 

penetrating character of the electromagnetic radiation often 
allows pretreatment to be minimised, in some cases to the 
extent of direct, in-situ, quantitative measurement (e.g. 
Barnes and Gross, 1966).

The sensitivity of radioactivity measurement is
m

determined by a) the selectivity and efficiency of the



techniques and apparatus used, b) the counting time and c)

the half-life (t^) of the species involved. The importance
2

of the latter parameter is indicated by the simple first- 

order rate equation for radioactive decay

A = N A  (1-1)
equivalent to A = Nln2 ....(1.2)

"ti
2

where A is the activity of the sample in disintegrations per 

unit time, N the number of atoms of radioactive species 
present and A the appropriate decay constant.

The determination of radionuclides to concentrations of
-12 -1 -310 g 1 in water or 10 p.p.m. in sediments or organics

is frequently achievable so that analytical sensitivity is 

generally superior to that of conventional methods based 

on stable species.

Activity is, by definition, the rate of decrease, 

through radioactive decay, of the number of atoms of a 

species and can therefore be expressed mathematically as

A = ____(1-3)
to

where Z is time. Thus, integration of (1.1) from Z = 0 
to Z = t gives, on rearrangement:-

Nt = Nq e" t ....(1.4)

or, equivalently A^ = AQe“  ̂ ....(1.5)

where the suffices on N and A indicate the time at which 
each parameter is measured. These equations, or simple



6.

variations of them, provide the primary relationship between 

the number of radionuclide atoms (or activity or concentra
tion) and time in an isolated system and thus form the basis 
of most radioactivity-based rate determinations (Aldrich 

and Wetherill, 1958; Friedlander et al, 1964; Prospero and 

Koczy, 1966).

For all useful tracers, a necessary condition is that 

input to the system studied should be non-uniform, either 
spatially or temporally. In most applications, input can be 

approximated as being either from a point source or from a 
source uniformly distributed over a system boundary (more 
complex, cases being considered as a series of sub-systems 

where such approximations can be made). Examples of ?point? 
sources are river inputs of fresh water, sediment and sol

uble species in a coastal context (Barnes and Gross, 1966; 

Goldberg, 1975), waste from submarine dumps in a localised 
or bottom water context (Greve, 1971; Gross, 1972; Halcrow 
et al, 1973) and heat, metals and ’dead’carbon from submarine 

volcanoes in an oceanic system (Chester and Aston, 1976). 

Boundary inputs include J fallout* metals, pesticides and 

radionuclides through the air / ocean interface (Volchok et 

al, 1971; Goldberg, 1975), detrital materials from water and 

gases from sediment through the water /sediment interface 
(Hammond et al, 1975; Price, 1976) and nutrients and bio
genic debris from surface to deep water through the main 

ocean thermocline (Spencer, 1975; Williams, 1975). The 
importance of scaling in source classification must be
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emphasized, as an input which may be regarded as *boundary7 

in a localised context may be regarded as a point source on 

a coastal or global scale, while boundary inputs which are 
inhomogeneous on a small scale may be approximated as aver
aging to homogeneity in a much larger system (Baxter and 
McKinley, 1978).

When input (or, in some cases, output) is clearly 
defined, tracer distribution or redistribution can be 

analysed mathematically. Two common mathematical methods 

for this purpose are box-modelling and advection/diffusion 

treatments, the particular approach adopted being dependent 
on the system under study'. Indeed, both methods can be used 
in complementary parts of a single, larger study (Prichard 

et al, 1971; Bowden, 1975; Oeschger et al, 1975).

Box-modelling involves approximation of the total 

system as a number of sub-systems which can be characterised 

by a single value of the tracer parameter. Interchange 

between boxes is then described in terms of simple functions, 
values of the interchange rates being calculated by solu
tion of a set of simultaneous equations. Figure 1.1 
illustrates a simple 3- box model in which each box (i) 

has a characteristic tracer concentration (C .), volume (V.) 

and rate of in-situ tracer destruction (Ri). In the case 
of in-situ production R^ assumes a negative value. Input 

rate (F^) 3 ou‘tPirt rate constant (ks) and box relationships 
are defined by the system under study, as are the inter
change rate constants. The change in tracer content of 
each box over a time period from t = 0, (V^C^)°, to



FIG 1*1 SIMPLE 3 BOX CHAIN MODEL 8.

Fin * BOX TRACER
CONCENTRATION

1 C-,

M  1 t *2
=2

k., 1 k,3

(vici )t= (vici)0 + (Fln-+ k 2V  Ei)1: .* (a^)

(V2C2)t= (V2C2)° +<k2C1- k ^ -  k, Ck+k^CyR^t ..(Ag)

0 ^ ) *  = (V3C3)° + Ck̂ c2 - k3C3 - k ^ -  R3)t ,.(A3)

Steady State (Vi Ci)1 = (Vi Ci)°

Fin + k^C^ = k>> Ĉ  + R^

k2Cl + k3C3= ̂ 1^2 + kifC2+ R2

kZfC2 = kzC + C k̂c +RZ 3 3 3 3 3

• » » • (B^)

(B0)

VOLUME

vi

3

if concentration gradient due to radioactive decay Ri = CiA 
(Xdecay constant of tracer)

measure Fin, Ĉ , Ĉ , Ĉ  ; postulate k^= k^ , k^= k^

equations solvable for k.1-5
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t = t, (V^C^)^, can then be expressed in terms of a set of 
simple equations when first order exchange rates are 

postulated ( (A^) - (A^) in Figure 1.1). By considering a 

steady state situation, where (V^C^)° = ( V X . ) \  these 

equations can be simplified further (giving (B^) - (B^) in 
Figure 1.1). Further examination of the real system may 
allow these equations to be solved, e.g. if in-situ re
moval is due only to radioactive decay, \  where \
is the tracer decay constant. If it is realistic to assume
k. = k„ and k„ = k ., measurement of C., C„. C„ and F.1 2  3 4 ’ l3 2 3 3 m
allows calculation of all rate constants.

The advection/diffusion treatment considers tracer 

variations as the result of a combination of advective and 
diffusive processes, where advection involves alteration in 

tracer concentrations associated with mass transfer of the 
containing medium, while diffusion allows tracer transport 

without mass transfer. The general three dimensional 

equation describing the variation in tracer concentration (c) 
with time (t) is thus:-

j7=u— + v̂ £ + w —  + -̂ (K„fc)+fL(K,.̂ )+ ̂ -(K^KR 
«t <Jx Jx dy 6y 3 z dz

oc p *  & £ /  . . . .  (1-6)

where terms <*, are due to advection resolved into
components along the three axes of Cartsian space, terms 
&/ $ allow for similarly resolved diffusion and R is a
term to compensate for in-situ destruction (or production) 
of tracer. Consideration of the real system often allows 
considerable simplification of this equation by n.eglecting
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terms expected to be relatively small. Thus, in a steady 

state system, ( = 0 ) , which can be regarded as one
d t

dimensional, e.g. a water or sediment column, equation (1.6) 
reduces to:-

0= " i § + - £ ‘K4 § )+R

which may be solved for w and Kz by measuring the distribu
tion of two independent tracers. If in-situ removal is 
entirely by radioactive decay, R = C X and equation (1.7) 
reduces to a linear second order differential equation 
.(given that K z is independent of z) which may be readily 
solved by applying appropriate boundary conditions.

The mathematical methods considered above hold generally 
for all tracers, the time dependency of radioactive tracers 

being included in the in-situ removal (or production) term 

(R). The initially complex sets of equations generated in 
both approaches can generally be reduced significantly by 
considering the simplifying properties of the particular 
system under study. In complex systems, however, for which 

several independent tracers may be used, analytical solution 

may prove extremely difficult and laborious. Many of these 
intricate systems may now be handled via the *number- 
crunching1 abilities of modern computers which can routinely 
solve systems of hundreds of simultaneous equations. In 
addition to the common use of digital computers for 
straightforward evaluation of complex equations, a range of 
analogue computing methods is now available. Analogue



computing is particularly appropriate to box-modelling as 

each box may be represented as an electronic circuit where 
concentrations are represented as voltages, exchange rates 

by time constants and inputs are synthesized by function 
generators (Hardy, 1969). As highly complex box-models can 

be handled by this method, increasingly realistic models can 
be devised and solved (Ishiguro, 1972).

1.2. Radiotracer Applications

As mentioned previously, applications of radio

nuclides as tracers depend on their mode of introduction 

into the marine system and this, in turn, is often dependent 

on their mechanism of production. Generally radionuclides 

are grouped by production as primordial, cosmogenic or 

anthropogenic, although it must be noted that a particular 
nuclide may belong to more than one class.

Primordial radionuclides are species whose concentrations 
are controlled by sufficiently long half-lives to have 
survived, to a measurable extent, since the production of

9the source elements of the solar system (^6 x 10 years B.P.).

Marine tracer applications of the parent radionuclides, some
of which are listed in Table 1.1, are severely limited by
their long half-lives as, for many of these species, decay
is insignificant on marine timescales. Use of the shorter-

40 87 232lived parent species within this group ( K, Rb, Th,
233 238U, U) is generally limited to deep ocean geochrono- 
logical applications, where the extent of radioactive 
decay of the species, assessed by build-up of daughter
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TABLE 1.1 PRIMORDIAL RADIONUCLIDES.

NUCLIDE TYPE OF
DISINTEGRATION

K-40 BETA, E.C.

V-50 BETA, E. C.

Rb-87 BETA

In-115 BETA

Te-123 E» C .

La-138 E.C., BETA

Ce-142 ALPHA

Nd-144 ALPHA

Sm-147 ALPHA

Gd-152 ALPHA

La-176 BETA

Hf-174 ALPHA

Re-187 BETA

Pt-180 ALPHA

Th-232 ALPHA

U-235 ' ALPHA

U-238 ALPHA

t-,(y) % ISOTOPIC
* ABUNDANCE

1.27xl09 0 .012

6x10^ 0.24

5.7xl010 2 7 .8

5xl01Z+ 9 5 .7

1.2xl013 0 .8 7

1.1x1O11 0.089

5xl015 11 .0 7

B.ifXlO1^ 23 .8 5

l.lxlO11 1 4 .9 7

llxl0lif 0 .2 0

3xl010 2 .5 9

2xl015 0 .1 8

6xl010 62 .9

7X1011 0 .013

1.4xl010 100

7*lxl08 0.7205

4.5xl09 9 9 .2 7 4

FROM FRIEDLANDER ET AL (1964)
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(e.g. 40Ar) or change in atomic ratio (e.g. 238.

can be related to the elapsed time since deposition of a

particular sediment layer, via analogues of equation (1.4)

(Aldrich and Wetherill, 1958; Friedlander et al, 1964;
Prospero and Kcczy, 1966; Burton, 1975). This class also
includes, however, the radioactive daughters of these long-
lived parents. Of these, the members of the three natural
decay series are particularly important (Table 1.2).

23 SIn an isolated system, a pure parent species ( U,
232 235Th or U) decays to produce daughters which eventually

grow in to a steady-state of ?secular equilibrium* at which

the activity of the parent equals that of each daughter in
the chain; thus for each radioactive daughter its rate of
production equals its rate of decay (full mathematical

treatment in Friedlander et al, 1964). Within the decay

chains, however, nuclear transformation is accompanied by

changes in atomic number and hence in chemical properties and
these, in a real marine system, tend to cause chemical

fragmentation within the chain and thus to induce dis-
equilibria which can be useful in a considerable range of
tracer applications.

The first comprehensive measurements of radioactivity
in marine materials were made by Joly (e.g. Joly, 1908;

2251912), who examined Ra concentrations via the Emanation'
222 226 of its daughter Rn. High concentrations of Ra

measured in sediments relative to those in continental rocks were
assumed to indicate the presence in excess of one of its

23 Rparent nuclides within the U series, but it was not until
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thirty years later that instrumental and analytical devel-
230opments allowed identification of Th as the parent

responsible (Pettersson, 1937; Piggot and Urry, 1939; 1941).
Since the mid-forties, an increased sensitivity of analytical
methods has resulted in a significant expansion in the

range of possible applications of natural series radio-
230nuclides. Thus, assay of excess Th in the sediment 

column forms the basis of a major dating method which can
be modified by measurements of similar radionuclides, e.g.
232 231Th and Pa (Prospero and Koczy, 1966; Thomson and
Walton, 1972; Burton, 1975). The timescales which can be 
covered by natural series methods range from days to 
hundreds of thousands of years (Table 1.3) although it must 
be noted that the applicable time range of a radioactive 

tracer is determined not only by its half-life but also by 
its geochemical stability as indicated by its diffusion rate 
in sediments and its residence time in water. Actual 
applications range from geochronological measurements in 

deep sea sediments (Goldberg and Koide, 1962) to studies of 
fast mixing rates and diffusive processes in coastal de

posits (AHer and Cochran, 1976) and, in the water column, 

from studies of mixing over the main ocean thermocline 
(Chung and Craig, 1973) to studies of rapid mixing processes 
in near-bottom waters (Chung, 1976) and surface waters 
(Bhat et al, 1965).

Applications of natural series radionuclides as bio
logical tracers utilise the shorter-lived members of these

2p q 2p 8 2p aseries, e.g. Ra (via Ra/ Ra ratio) for determining 

coral growth rates over ^  30 years (Moore and Krishn3.swa.mi ,



TABLE 1.3 APPLICATION OP N T  URAL 
SERIES RADIONUCLIDES.

METHOD TIMESGALE REEEREace

a) Sediment
23°Th/232Th 
226,Ra
210PL

^28Th/2^2Th

ZfOOO- ZfO, OOOy.

800-3, QOQy.

10-lQQy

1-lOy

Goldberg 8c Kolde 1962

Koide 8c al ,1976

Koide 8c al ,1972

Koide 8c al ,1973

23^/238 U 10-100 days Aller 8c Cochran, 1976

b) Wat er

c) Organics

228Ra if00-2f000y. Cbung 8t Craig ,1973

228Ra 3-30y. Moore ,1972

228Tb l-10y. Cherry 8c al ,1969

10-100 days Bhat 8c al ,1969

222Rn 2-20 days ' Chung ,1 9 7 4

228Ra/226Ra a, 30y. Moore 8c
Krishnaswami ,1972

210Po ^ ly. Shannon ,1973
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2101972) and unsupported Po as an indicator of concentration 
in food chains over shorter timescales (Shannon, 1973). 
While, in general, experimental difficulties have limited 
research in this field, the elemental specificity involved 
in biological incorporation of trace materials allows 
biogenic remains - generally corals and shells - to be 

suitable materials for geochronological study. For example, 

biogenic calcareous deposits are often gently enriched in 
uranium isotopes relative to their decay daughters, so that 

growth of ^^Th or ^^Pa to secular equilibrium can provide 

the basis of long-term chronologies ( '■*« 105 years), a method 

which seems particularly applicable to fossil corals (Steans 

and Thurber, 1967; Kaufman et al, 1971).

In 1946, Libby postulated the existence of cosmogenic 
radionuclides - species produced by activation of stable 
terrestrial material by cosmic rays (Libby, 1946). As this 
process occurs primarily in the upper atmosphere, the loca
tion of the production process for a range of species with 

a variety of half-lives is well specified. Radiotracer 
applications are dependent on the chemistry of the tracer 

species, but most depend primarily on the boundary-type 
input, through the atmosphere/ocean interface, into the 
marine environment. The radioactive decay of particulate- 
bound cosmogenic radionuclides provides a range of sediment
ary tracers which tend to be complementary to natural

14series species. Radiocarbon, C, is probably one of the 
most reliable and frequently used nueJLides for dating marine 
sediments up to 40,000 years old (Broecker et al, 1960).



18.
TABLE 1.4 COSMOGENIC RADIONUCLIDES.

NUCLIDE ■ RADIATION t, AVERAGE SEA WATER
* ACTIVITY ( cLpmr' )

3h p,- 12.3y. 3^6x10 2

7Be 54d.

10Be fb~ 2.5xl06y 10’6

1ZfC p~ 5730y 2.6x10’i

26A1 y3+, EC 7.ifXl05y. 1.2x10‘3

^2Si &' 300y. 2.4x10

( Data from BURTON,1975 )
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14C dating is, indeed, often used to provide a master 
chronology against which the assumptions of other dating 
methods can be checked, deviations from an ideal match 

often yielding useful information about long-term pertur-
batipns in sediment structure (Ku and Broecker, 1967).

. . . 14 . .The main limitation of C dating is probably its limited
4age range as 4 x 10 years is a relatively short geological

timespan. Reduction of experimental difficulties in assay

of ^^Be and ^ A 1 is, however, resulting in their increasing

use as longer timescale sedimentary tracers (Lai, 1962;

krishnaswami and Lai, 1972; Finkel et al, 1977; Somayajulu,
1977). Alternatively, research on increasing the sensitivity 

14of C detection by isotopic enrichment and/or measurement
via cyclotron or particle accelerator methods may allow

14 . 5routine extension of C chronologies to 10 years B.P.
(Hedges, 1978).

Applications to water studies are also dominated by 
14the wide use of C which has a half-life suitable for 

investigation of oceanic circulation. Oceanic mixing studies 
via radiotracers are typified by the classic work of Bien et 
al (1965) in which the decay of radiocarbon during thermo- 
haline circulation immediately shows the flow of the 

fyoungestT deep water, North Atlantic Deep Water, in a 

southwards direction whereafter it provides the main com
ponent of north-flowing Indian and Pacific Deep Waters 
(Fig 1.2). Although removal mechanisms and mixing with 
surface waters must be considered in a truly quantitative
study, estimations of average deep water velocities can be

3derived. Tritium, H, is in some ways, however, the ideal 
water tracer, particularly as it is incorporated directly
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into the water molecule itself and thus may provide a
measure of water movement over a timescale of ~ 100 years.

3Direct application of H as a cosmogenic tracer is, never
theless, limited by the influence of anthropogenic contri
butions which have increased concentrations by two orders of 
magnitude over natural levels (Blaur, 1977).

Anthropogenic radionuclides are produced by the ac
tivities of man in both controlled and explosive fission

and fusion processes. In most considerations, 'bomb1 
radionuclides, produced during the testing and use of 

nuclear explosives, and 'waste' radionuclides, released in 

effluents from the nuclear industry, are differentiated by 
their dissimilar modes of introduction into the marine en

vironment (Joseph et al, 1971). A list of common artificial 

radionuclides (Table 1.5) shows the major components of

both 'waste* and 'bomb? radioactivity. It is noticeable that 
many of the artificially produced species have negligible 
natural concentrations in the marine environment and thus 
have no pre-nuclear era background.

'Bomb* radionuclides are, in general, released into 
the marine environment as airborne particulates or gases 
so that marine input from 'fallout' tends to be both spat
ially and temporally diffuse as a result of extensive atmos

pheric transportation and residence time. Exceptions to 
this generalisation are the immediate fallout of radio

activity associated with large particulates in the vicinity 
of an explosion and the radioactive emissions associated 
with underwater detonations. In both these cases the



TABLE 1.5 ARTIFICIAL RADIONUCLIDES
ISOTOPE HALF-LIFE ORIGINATING FROM OCCURRING

WEAPONS WASTE NATURALLY

H-3 12.26y * *
C-14 5568y *
P-32 l4.22d *
Sc-46 83.9d *
Cr-51 27.8d *
Mn-54 291 d * *
Fe-55 2.60y * *
Fe-59 45.1 d * *
Co-57 270d *
Co-58 71.3d *
Co-60 3.24 y * *
Zn-65 245d * *
As-76 26.4h *
Kr-85 10.3y *
Sr-89 30.5d * *
Sr-90 27.7y * *
Y-90 64.2h * *
Y-91 57 .5d *
Zr-95 65d * *
Nb-95 35d * *
Mo-99 66h *
Ru-103 39.8d * *
Ru-106 1.00y * *
Rh-106 130m * *
Cd-113m 5.1y *
Cd-115m 43d *
Sb-125 2y *
Te-132 77.7L *
1-131 8.08d *. *
Cs-134 2.1y *
Cs-137 30.23y * *
Ba-1̂ 0 12.80d *
La-140 4o.22h *
Ce-141 33.1d * *
Ce-144 285d * *
W-185 75.8d *
Bi-207 8.0y *
Po-210 138d *
U-234 2.48E5y * *
U-235 7.10E8y * *
U-238 4.5lE9y * *
Np-239 2.35d * *
Pu-238 87.8y * *
Pu-239 2.44E4y * *
Pu-240 6537y * *
Pu-241 l4.9y * *
Am-241 433y * *
Cm-242 163d * *
Cm-244 1.8lE4y * *

Adapted from Mauchline(l966)
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radioactivity may often be regarded as having a point source 

and, during dispersion, may act as a localised, short-term 
dye-type tracer (Joseph et al, 1971).

The temporal variation of global fallout (Fig 1.3a) 
reflects the increase in nuclear weapons testing which 
occurred over the peri ad 1945-1963 and was followed by the 
atmospheric nuclear testing moratorium in 1963. Latitudinal 

variations in the fallout pattern (Fig 1.3b) are the result 
of confinement of most nuclear testing to the northern hemi
sphere coupled with the effect of enhanced stratospheric in
put to the troposphere through the tropopause gap at mid

latitudes (Volchok et al, 1971).

Tracer applications of bomb radionuclides tend, like 

those of cosmogenic nuclides, to be dependent on the boundary- 
type input of species having a known fallout variation with
time. Particular applications clearly depend on the chemistry

. . 3of the tracers utilised. Thus, soluble species, e.g. H,
14 90 137C, Sr and Gs, are widely used in studies of mixing in
the upper layers of the ocean (Broecker, 1974).- Less soluble 
species, e.g. Pu and Np isotopes, are used as tracers of 
particulate settling in the oceans (Noshkin, 1972), while 
biologically active nuclides, e.g. ^ C o  and ^Zn, are employed 
as tracers of food-chain transfer and as indices of biological 
concentration factors (Lowman et al, 1966; Penreath, 1977).
In many of these applications the radionuclides are effec
tively used as dye-type tracers since decay is insignificant 

over the study period, temporal marking being provided by the 
characteristic fallout maximum of 1963 and analysis being 
facilitated by radioactivity measurement.
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Waste releases into the marine environment from the 

nuclear industry tend to be highly localised and, as they 
are usually strictly monitored, may also be well specified 
in terms of radionuclides present and input variation with 
time. Waste releases may enter the marine environment as 
airbourne fallout, contaminated liquids or encapsulated solid 
material. Atmospheric fallout from the nuclear industry is, 
however, of limited value, as aerial dispersion tends to 
produce a diffuse and variablema.rine input. In addition, 
encapsulated wastes tend to have a slow release rate, again 
limiting tracer applications (Joseph et al, 1971; Dunster,

1978). Liquid waste releases, on the other hand, may either 

be pumped directly into the sea or may enter via rivers but 

both cases tend to generate highly localised coastal inputs 
which are of major value in tracer applications. Liquid 
waste releases from naval reactors are only significant in 
restricted areas, e.g. harbours, and thus, in a tracer context, 
may be grouped with conventional coastal discharges.

The first major studies based on effluent-released
radiotracers were centred on the plutonium production facility
at Hanford (Washington State, U.S.A.) which, over a period of

27 years (1944-1971) discharged high activity effluent into
the Columbia River (Robertson et al, 1973). This release
provided a marine point source at the river mouth involving

radionuclides such as 51Cr, 239Np, 32P, 65Zn, 152Eu, 14°Ba 
46and Sc at concentrations well above»fallout background* 

(Joseph et al, 1971). Dispersal of these radionuclides pro

duced a characteristic 'plume* of radioactivity which allowed 
quantitative studies of coastal water movement along the west
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coast of North America (Gross et al, 1965; Osterberg et al, 

1965; Park et al, 1965; Barnes and Gross, 1966). In addition, 
changes in activity ratios of various components during dis
persal and transport allowed speciation, adsorption onto 
particulates and precipitation reactions to be studied 
(Gross and Nelson, 1966; Osterberg et al, 1966; Evans and 
Cutshall, 1973). Measurement of the accumulation of radio
nuclides in the food chain also enabled calculation of metal 
concentration factors for many organisms. This process of 
biological concentration was itself utilised by using specific 

benthic species as radionuclide monitors (Osterberg et al,

1964; Carey et al, 1966; Young and Folson, 1973).

In Britain, radionuclide releases are dominated by 

those from the British Nuclear Fuels Ltd. (BNFL) repro
cessing plant at Windscale in Cumbria. The Windscale plant 
is the largest of its type in the world and probably releases 
more nuclear waste into the marine environment than any other
civil installation (Table 1.6). Radionuclides released from

90 95 95 106 134 137Windscale include Sr, Zr, Nb, Ru, Cs, Cs , Pu
241and Am. While these species are extensively monitored in 

radiological hazard assessment programmes, they may also be 
used in a range of coastal tracer applications (Preston et 
al, 1972) as discussed hereafter.

Many smaller-scale tracer studies have exploited the 
releases from reactors and fuel-reprocessing plants as radio

nuclide sources (e.g. Best, 1970; Fukai and Murray, 1973;

Patel et al, 1975; Hess et al, 1978). General reviews of 
radionuclides in the marine environment and tracer applications 
which usefully extend the brief summary presented here



27
TABLE 1*6

INVENTORY OF RADIOACTIVITY IN THE WORLDS OCEANS 1975

Nuclear Explosions 
( Worldwide Distribution. )

Fission Products (-^H ) 

3h

Total Activity ( Ci )

2-6x10 

109

8

Reactors & Fuel Reprocessing 
(restricted local distribution)

■z CFission & Activation Products (- H) 10

H 10'

TOTAL Natural ^°K ^xlO11

Total Artificial 
Radioactivity 10

WINDSCALE RELEASES 5xlQ5

( Derived from PRESTON ,1972 )
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include:- Baxter and McKinley, 1978; Broecker, 1975; Burton, 

1965; 1975; Duu.rsma, 1972, 1976; Goldberg and Bruland, 1974; 
Mauchline, 1966; Mauchline and Templeton, 1964; National 
Academy of Sciences, 1971; Noshkin, 1972; Penreath, 1977; 
Preston, 1974; Preston et al 1972; Prospero and Koczy, 1966; 
Suess, 1958; Thomson and Walton, 1972.

1.3 Radiocaesium as a Marine Environmental Tracer

Caesium is the second heaviest member of group la of 
the periodic table, the alkali metals, and is the most 
electropositive and most alkaline element known (Weast, 1974). 
It exists in aqueous solution almost entirely as the solvated 

monovalent cation and is therefore characterised by a lack 

of chemical reactivity in solution and hence a long residence 

time in ocean waters (Brewer, 1975). Caesium in sea water, 

measured either by flame photometry or neutron activation, 
has a mean concentration of 0.4 g 1~^ corrected to chlorinity
19%o (Riley, 1975). Experimental values actually tend to fall

-1 -1 into two groups, c. 0.5 g 1 and c. 0.3 g 1 , but
this distribution probably reflects analytical discrepancies 
rather than real variability (Brewer, 1975). In any 
particular survey, caesium concentrations have been shown to 
be reasonably constant spatially, with the possible exception 
of high values reported in the Gulf of Mexico (Bolter et al, 
1964). Levels are also constant with depth and season 
(Riley and Tongudai, 1966), the depth variations observed by 

Folsom et al (1964) being suspect (Turekian and Schutz,1965). 
Estimates of caesium residence time in the deep ocean calcula

ted by a steady state method depend on the assumed values
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for caesium concentration and runoff input of caesium, a

parameter which is poorly specified (Bolter et al, 1964;
Noshkin and Bowen, 1973) but which is generally taken to be 

9 -1c. 6.3 x 10 g y (Livingstone, 1963). Residence times
4quoted in the literature range from 6 . 5 x 1 0  y t o 6 . 5 x  

10^ y (Bolter et al, 1964; Turekian and Schutz, 1965;
Goldberg et al, 1971; Bro ecker, 1974, Brewer, 1975), 
allowing it to be classified, in any case, as semiconserva
tive ("Biointermediate" in the nomenclature of Broecker, 1974).

Most research on caesium in the deep oceans has centred
137 137on the observed distribution of bomb fallout Cs. Cs,

90together with Sr, comprises, after several years, a major 
component of residual fallout activity. Despite the con
siderable accumulation of data on these radionuclides in 

seawater, there is still no consensus of opinion on the 

reality of detection and interpretation of reported low 
concentrations of these species in deep ocean water (Volchok
et al, 1971). Controversy has arisen over the detection of 
137 90Cs and Sr in waters below 1500m and over the possibilities
of differentiation of fallout input between particulate

bound and ionic forms and of depth and spatial variations in 
137 90Cs/ Sr ratio (Bowen, 1971; Broecker, 1971; Schubert,

137 901971). Assuming no Cs or Sr in deep water, the surface
distributions of these species allow calculation of therm6-
cline mixing rates consistent with those derived from natural
radionuclide variations (Broecker, 1966). Extremely rigorous

137 90measurements of the Cs/ Sr ratio have failed to show any 
unambiguous variation with depth, although the ratio does 

appear to increase with decreasing radionuclide concentrations 

possibly reflecting difficulties in blank specification 

(Bowen et al, 1974). On the other hand, residence times for
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go 13 7Sr and Cs, calculated from their concentrations in 
sediment, are orders of magnitude shorter than oceanic 

residence times calculated for their stable isotopes. This 

discrepancy may indicate an increased reactivity of the fall

out species or that the classical calculation of stable 
element residence times are skewed by uncertainties in fiver 

supply data or by near-shore effects (Noshkin and Bowen,

1973).
Extrapolation of deep ocean behaviour to an inshore

context is difficult because of differences in the degree of
interaction with sediment, particulate, biological and
freshwater fluxes (Noshkin and Bowen, 1973; Turekian, 1977).

This behavioural gradient has been manifested by a large
13 7 90decrease in the Cs/ Sr ratio in coastal waters, pre

sumably as a result of selective removal of Cs by particulates
137 90relative to Sr, coupled with the very low Cs/ Sr ratios 

found in runoff, again due to selective Cs removal (Bowen

et al, 1974). Despite this removal, on coastal timescales

of months to several years, Cs can be regarded as sufficiently

conservative for water tracer applications (Park et al, 1965;
Preston et al, 1972; Noshkin and Bowen, 1973; Wilson, 1974).
The fraction of Cs removed to sediment and marine organisms
is, however, measureable and has a range of possible tracer
applications (Baxter and McKinley, 1978; Hetherington and
Harvey, 1978).

The major value of radiocaesium as a coastal marine
tracer depdnds, however, mainly on its release in effluents
from the nuclear industry. Caesium has 22 isotopes, all of

133which, with the exception of natural Cs, are radioactive
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with half-lives ranging from 25 secs to 3 x 10 y (Weast,
1371974). The onlyisotopes useful as ambient tracers are Cs

+ 134 137(ti 30.23 1 0.16 y) and Cs (ti 2.05 y). Cs, as
2 2

mentioned previously, is a major product of uranium or
plutonium fission and it is estimated that approximately 34MCi
of this isotope had been introduced into the atmosphere from

137nuclear weapon testing by 1971 (Joseph et al, 1971). Cs
is also a major component of the fission fragments present in
used reactor fuel rods and thus is also commonly released

134during fuel reprocessing (Woodhead, 1973). Cs, is on
the other hand, a ‘shielded* nuclide, i.e. it possesses a
stable isobar of atomic number one unit larger than its own.
As fissile species are neutron-rich, fission is generally
followed by a chain of p> -decays till an isobar of reasonably

134long half-life is produced. Secondary production of Cs by
a ft-decay chain is thus blocked by 13"Sce and the small amounts 

134of primary Cs produced by nuclear weapons can generally be

regarded as negligible (Persson, 1968; Joseph et al, 1971;

Livingstone and Bowen, 1977). In a nuclear reactor, however, 
134secondary Cs is produced by neutron activation of fission- 

133produced Cs (which is not shielded). As species produced
by neutron activation *grow-in* with their own half lives,

134this production process is only significant for Cs on time-
scales considerably greater than the microseconds involved in

134nuclear explosions. The major source of Cs is thus waste 
release from fuel reprocessing operations.

As radiocaesium nuclides are produced in the cores of 
nuclear reactors, releases from the reactors themselves are 
negligible during normal operation and major releases occur 
only during fuel reprocessing (Williams and Davidge, 1962).
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The largest source of waste radiocaesium to a coastal marine

environment probably occurs at the Windscale fuel reprocessing
4plant m  Cumbria, England, which presently releases ~ 10

1 5 7  3 i riACi/month of Cs and '''2x10 Ci/month of Cs (Howells, 
1966; Woodhead, 1973; Howells, 1978). The only other sign
ificant sources of waste radiocaesium to N. European waters 

are the Experimental Reactor Establishment at Dounreay, 

Caithness which discharges 700 Ci/year (1973) (Jefferies 
et al, 1973) and the French reprocessing plant at Cap de 13.

Hague. Releases from Dounreay are only significant in the
137locality of the output while Cs from Cap de la Hague has

been measured in the English Channel and southern North Sea
(Jefferies et al, 1973; Kautsky, 1976; .Mauchline, 1978).

137Fallout Cs concentrations m  the North Sea of ^ 0.5 pCi
1  ̂ in 1969 (Kautsky, 1976) have been calculated to result in
a residual concentration of 0.2 pCi l"1 by 1973-4 and 0.1 pCi

1  ̂by 1976 (Livingstone and Bowen, 1977). Thus the fallout
contribution can generally be regarded as insignificant in

137British coastal waters relative to Cs concentrations re
sulting from waste releases.

The discharge of radiocaesium from Windscale into the 
Irish Sea, followed by the effects of coastal circulation, 
gives rise to a ’caesium plume* round the British ccast
(Fig 1.4) and this immediately yields useful information on

134dispersal and dilution of the ccastal water body. The Cs/ 
137Cs ratio provides an additional parameter for use as a 
dilution-independent tclock? in calculating rates of coastal 
water movement (Jefferies et al, 1973; Dutton, 1977; 
Livingstone and Bowen, 1977; Baxter and McKinley, 1978;
Baxter et al, 1978).
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FIGURE 104 THE WINDSCALE RADIQCAESIUM PLUME
(After Jefferies et alt1973)

o

120I

o

Numbers are Cs-137 concentrations in pCi/1 (1972 values).
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Simple interpretation of the observed radiocaesium 
distribution in coastal waters is, however, complicated by 
temporal variations in Windscale output. The general trend 
in increasing annual output until 1975 (Fig 1.5) limits the 
application of steady state treatments but allows the large 
increase in output between 1973 and 1975 to be used as a 

definitive marker by which lag t.im.es (or, equivalently, 

transit times) between Windscale output and coastal' sampling 

stations can be derived (Mackenzie, 1977; Mauchline, 1978).

On a shorter timescale there is monthly variability in 

the ^^Cs output and in the ^^Cs/^^Cs ratio (Fig 1.6).
This generates a series of *pulses* of high output for several 
months* duration (Dutton, 1977; 1978; Howells, 1978). Al
though there is considerable damping of these short duration 
pulses by mixing within the Irish Sea and during transport, 
they again provide a set of temporal markers which can be 

matched between sampling sites (Mackenzie, 1977; Baxter et 
al, 1978; Baxter and Mckinley, 1978; Dutton, 1978).

While radiocaesium is regarded as fairly conservative 
in coastal water tracer applications, a small but significant 

percentage of the water-borne radiocaesium is removed into 

the sediment column or taken up by marine organisms. The 
main removal process onto particulates involves ion-exchange 
on clays, mainly illite, by replacement of k+ ions (Tamura 
and Jacobs, 1960; Pickering et al, 1966; Auffret et al, 1971; 
Duursma and Eisma, 1973). Although the extent of caesium 
removal is limited, the removal process itself is fast with 
a half-time of (0.7 - 0.4) days (Duursma and Eis.ma, 1973).

_ G  2In-sediment diffusion coefficients of 10 to 10 cm sec



35.

FIGURE 1.5

Cs-137 releases from Windscale
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FIGURE 1.6 MONTHLY VARIATIONS IN WINDSCALE RADIOCAESIUM OUTPUT
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137for Cs(Du:ursma. and Bosch, 1970; Duursma and Gross, 1971)
may limit sediment geochronological applications (Goldberg
and Bruland, 1974). As this effect would induce a depth
penetration by diffusion of 2 - 4  cm in 10 years (Duursma
and Gross, 1971), fallout geochronology may, nevertheless,
be applicable in areas with large sedimentation rates,
especially in view of the observation that post-depositional 

137diffusion of Cs would not change the depth of a peak 
maximum in the sediment, but would simply modify its mag
nitude (Krishnaswami et al, 1971).

In fresh water systems, caesium is more strongly sorbed 
(Duursma and Gross, 1971), due perhaps to diffusion of Cs 
further into the clay lattice, resulting in complete caesium 
immobilisation (Pickering et al, 1966)'. This fact, coupled 
with the effects of longer water residence times and increased
particulate fluxes, gives rise to a more marked.removal of 

137fallout Cs into the sediment column m  lacustrine systems. 
This reasonably effective removal, coupled with the temporal 
variation in bomb fallout (Fig. 1.3a), has formed the basis 
of a convenient geochronological method for recent lacustrine 

sediments (Pennington et al, 1973; Ritchie et al, 1973;
Robbins and Edgington, 1975). This method may, however, be 
limited by remobilisation and diffusion of Cs within the 
sediment column (Lietzke et al, 1973; Lerman and Lietzke,
1975) though, in practice, bioturbation may be a more 
significant post-depositional mobiliser of caesium. In 
such cases, the redistributed caesium may be used to calculate 
biogenic eddy diffusion coefficients (Robbins et al, 1977).
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In the marine environment, therefore, removal of
caesium into sediment is much less effective than in fresh-

137water systems, corresponding to **3% of the Cs fallout 
delivered to the sea surface (Noshkin and Bowen, 1973).
Thus, although removal rates may be higher ( *v7%) in shallow 
waters (Noshkin and Bowen, 1973), the total fallout radiocaesium 
content of marine sediments is generally low and, if dis

tributed to depth by turbation processes, is often difficult

to measure (Noshkin, 1972).
In the vicinity of radiocaesium waste releases, high

radionuclide concentrations result in readily measureable
activities in sediments. The extent of incorporation of
radiocaesium onto particulates and its distribution with
respect to mineralogy and particle size can be regarded as
typical of stable caesium and thus useful marine chemical
information may be derived (Duursma and Bosch, 1970;
Duursma and Eisma, 1973). In addition, study of the removal
of radionuclides into the sediment column may be extrapolated
to other pollutants which may not be as readily examined due
to multiplicity of sources (Turekian, 1977; Hetherington and

137Harvey, 1978). The depth distribution of Cs in the 

sediment column may also be used and related to the Wind
scale output curve (Fig 1.5) to calculate sedimentation rates
or examine sediment mixing or diffusion processes. The 
134 137Cs/ Cs ratio may again be used as an additional inde
pendant tracer of half-life 2.2 years (Hetherington and 
J’efferies, 1974; Livingstone and Bowen, 1977; Mackenzie,
1977; Baxter et al, 1978; Swan, 1978).
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From investigations of fallout radiocaesium in marine 
organics, organic concentration factors appear to be re
latively low (5-50) and to show little increase in higher 
trophic levels (Bowen et al, 1971; Lowman et al, 1971; 
Penreath, 1977). Higher values (50-150) were, however, found 
in coastal areas (Gilat et al, 1975). Waste releases of 
radiocaesium into rivers and cca stal waters have encouraged 
more detailed studies of biological concentration in re

stricted areas and these have implied much larger concen
tration factors in rivers (100-600) and freshwater lakes 
(Micholet-Cote et al, 1973; Bryan et al, 1966). Although, 
even in coastal areas, there is no apparent change in radio
caesium concentration factors during transfer between
trophic levels, this transfer does result in increasing dis-

. . . 137crimination m  favour of Cs over K with increasing trophic
level (Broom et al, 1975). Apart from the use of radiocaesium
to 'tag* fish from contaminated areas, radiocaesium may be
used as an indicator of the general pollutant content of
marine organisms. In addition, radiocaesium contents of
organisms may indicate time-averaged values for ambient
radiocaesium levels in water (Baxter et al, 1978).

Radiological safety investigations have identified 
radiocaesium as a critical component of Windscale output 

(Preston, 1975). As such, routine monitoring required by 
the radiological hazard assessment programme provides a 
useful source of background data for oceanographic studies 
(Mitchell, 1973; 1975; 1977a; 1977b; Hetherington, 1976). 
Oceanographic determination of waste dispersal and distri
bution. between water, sediment and marine organisms may,
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in turn, be used to improve radiological hazard evaluation 
(Preston et al, 1972; Preston, 1975; Baxter et al, 1978).

1.4 Areas of Study

This project initially developed from natural tracer 
studies of water transport and sedimentation patterns in 
the Clyde Sea Area (MacKenzie, 1977; Swan, 1978) so that a 
major objective was to further understanding of marine pro
cesses in this region. The Clyde Sea Area, a term first
introduced by Mill (1892), is a system of salt water bodies

2of total surface area 2500 km lying to the north of a line 
from Girvan to the Mull of Kintyre, i.e. 55° 151 N (Fig 1.7). 
This embayment communicates with the Irish Sea and Atlantic 
Ocean via the narrow passages of the North Channel and con
sists of three distinct bathymetric regions:- a) the shallow 

drowned estuary of the Clyde river, b) a series of fjordic 
sea lochs to the north and c) the wider expanse of the 
Firth of Clyde (MacKenzie, 1977). The region has considerable 
importance for fishing, industrial, navigational, naval, 
sewage disposal and recreational purposes (NERC, 1974).
The total catchment of the area sustains a population of 
about 2.5 million people and significant levels of pollution 
occur, notably in the estuary, off the Ayr .shire coast, and 
at the sewage dumping ground at Garroch Head (CRPB, 1973; 
1974a; 1975; 1976).

Water movement in the Clyde Sea Area has been studied 
via salinity and temperature surveys since the end of the 
19th century (Mill, 1892; Milne, 1974). In recent years, 

extensive and regular surveys hasre been performed by the
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Clyde River Purification Board (CRPB). Salinities decrease 
from about 32%« in the northern Firth to near zero values at 
the head of the estuary while vertical profiles show the 
estuary system to be intermediate between well and partially 
mixed (Collar, 1974). In the Firth, temperature and salinity 
show only small variations, largely due to freshwater input 
from the estuary and rivers of the Ayrshire coast. Direct 
measurements of currents by current meters, drifters etc. 
have been performed, mainly in areas receiving heavy pol
lution burdens or in shallow regions important for navigational 
purposes. The results of these surveys indicate that surface 
and near-shore currents are largely wind-induced while cir
culation in the open Firth is more complex with contribu
tions generated by winds, tides and estuarine circulation 

(Barnes and GoodHey, 1961; Johnston et al, 1974).

Salt water from both Irish Sea and Atlantic sources may 
enter the Clyde Sea Area. Trace metal studies have indicated 
that the Irish Sea-derived component is a major source of Cu, 
Zn, Cd and Pb to the area (Tqpping, 1974; Cambray et al,
1975). Radiocaesium peak-matching allowed MacKenzie (1977) 
to estimate that 92% of exchanging water is derived from
the Irish Sea. The rate of this water exchange process was 
estimated from salinity data to be ^ 9  months (the mean 
water replacement time in the Firth) (Craig, 1959) while from 
radiocaesium data, mean water residence times in the Clyde 
Sea Area of 2.1-8.2 months have been obtained (MacKenzie,
1977). Nevertheless the area remains ill-defined in terms of 
residence time, water origins and current velocities, as 

emphasised by the 1974 Clyde Study Group (Natural Environment
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Research Council, 1974). The northern sea lochs are all 

typical glacial trenches with steep-sided, flat-bottomed, 
narrow profiles. Two of the loch^ Loch Goil and Gareloch, 
have been extensively studied and show an annual cycle in 
depth profile of salinity, temperature and dissolved oxygen.
The dissolved oxygen profile is particularly marked in Loch 
Goil in autumn when deep water is virtually anoxic (Fig 
1.8). These profiles have been interpreted as due to summer 
stratification followed by a ?winter overturn1 and have been 
used to infer relatively long residence times for deep 
waters in the sea lochs (CRPB, 1974a; 1975b). Water in the 
deep basins of Loch Fyne has been shown to be virtually anoxic 
at all times of the year, implying a stagnant system 
(Leatherlan<4 1977). Early radiocaesium measurements, however, 
have indicated continual mixing of Loch Goil with complete 

internal mixing occuring in less than 2.1 months, and, in 
addition, implied that both Loch Long and Loch Fyne could 
be classified as well mixed (MacKenzie, 1977).

Superficial sediments within the Clyde Sea Area have 
been classified into a distribution of three sediment facies, 
namely coarse littoral, transitional and deep silty clay 
(Fig 1.9). Sedimentation rates in the northern sea lochs
have been estimated as 0.3 - 0.6 mmy  ̂ (pre-industrial) by
14 -1C dating (Baxter and Harkness, 1975), ^3 mmy by radio
caesium and -v lmmy"”̂  by ^^Pb (MacKenzie, 1977) . . More

-1 -1recently, rates of 6 mm y for Loch Goil and ^ 20 mm y
210for Gareloch have been obtained by Pb measurements (Swan,

1978). By direct measurements of the sediment flux, Moore 
(1931) estimated a mean sedimentation rate for the Loch Strivan
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area of ~5 mm y 1 while Baxter and Harkness (1975), using 
14 12C/ C measurements, deduced an artificial sedimentation 

+ -1rate of 7.5 - 0.2 mm y for the Garroch Head dumping site. 
Many of these past estimates of sedimentation rates are 
less than authoritative either through coring uncertainties 
(Swan, 1978) or interpretational ambiguity (Baxter and 
Harkness, 1975; Moore, 1931). It is therefore necessary to 
continue sedimentation studies in the area, a view supported 
by the Clyde Study Group (National Environment Research 
Council, 1974) who concluded ’Further information on sedi
ment transport and deposition is needed before predictions 
about the distribution of effluents and the effects of 
dumping (of excavated material and sewage sludge) can be 
made *.

Water passing from the Clyde Sea Area mixes with north- 
flowing Irish Sea water and flows round the coast of Scotland 
(Jefferies et al, 1973; Ellett, 1977, 1978; Mauchline, 1978). 
This water body, contaminated by both stable and radioactive 
pollutants, is an obvious tracer of transport and mixing

processes round the entire Scottish coast. One area of 
particular interest is the marine environment of the Outer 
Hebrides, as this area has been little studied by comparison 
with other coasts of the British Isles (Ellett, 1978).

This area, referred to as the Hebridean Sea Area, 
consists of the salt waters off the west coast of Scotland 
extending westwards *v 100 miles from the coastline and from 
the north of Ireland to the north of the Outer Hebrides,
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i.e. approximately 5.5 - 9° W by 55 - 58.5°N (Fig 1.10).
Data collection in this area has been sparse and intermittant 

and the majority of hypotheses concerning processes at work

in Hebridean seas have been obtained by inference and analogy
(Ellett, 1978). Water transfer processes show marked
seasonal variations. The surface circulation derives from
the three main water types present - Atlantic, Clyde-Irish
Sea and coastal fresh water runoff. By combining data from
salinity and freshwater runoff measurements (Craig, 1954),
drift bottle releases (Barnes and Goodley) and radiocaesium
(Jefferies et al, 1973), Ellett has described summer surface
current distribution (Fig 1.11), (Ellett, 1978). In winter,
when water on the Hebridean Shelf is mixed throughout its
depth by the frequent gales, Atlantic water invades the larger
part of the shelf to the west of the islands. In spring this

area is reoccupied by the spread of less dense coastal waters
(Ellett, 1978). In addition to the general seasonal variation
in circulation in this area, the coastal flow of Clyde-Irish
Sea water shows marked yearly variations as indicated both by
salinity/temperature measurements (Ellett, 1977; 1978) and
radiocaesium measurements (Jefferies et al, 1973; Dutton,

134 1371977; Mauchline, 1978). From measurements of Cs/ Cs 
ratio decrease, transit times from Windscale to the northern 
reaches of the North Channel of 1.1 - 1.8 y (Jefferies et al, 
1973) and Windscale to the Minch of 0.7 - 1.6 y (Livingstone 
and Bowen, 1977) have heen calculated. The discrepancy be
tween these results has not, as yet, been unambiguously resolved.
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Figure 1.11 Summer surface currents in the Hebridean Sea.
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1.5 Aims of Research

The general aim of the project is to study water 
transport and sedimentation processes by applying radio
caesium as a tracer of both. Besides investigating specific 
areas within the western coastal area of Scotland development 
of a general methodology is intended to allow more wide
spread application of this tracer. The project can be sub
divided as follows:-

a) Development and simplification of radiocaesium measure
ment procedures for a variety of sample types, including 
water, sediment and biota, and evaluation of the errors 
involved in these measurements.

b) Evaluation of hydrographic parameters from radiocaesium 
distributions on a series of spatial and temporal scales, 

ranging from annual variation in coastal water flow in the 

Hebridean Sea Area to monthly variation in water exchange in 
Loch Goil.. Associated construction of mathematical models
of the systems involved will hopefully allow both calculation 
of relevant hydrographic parameters and assessment of the 
impact of other, non-radioactive pollutants.

c) Investigations of coastal marine sediments to evaluate 
radiocaesium as a tracer in geochronological and turbation 
studies. Comparison of analytical methods will allow 
optimisation of interpretation procedures for radiocaesium 
profiles.

d) Measurement of radiocaesium in marine organisms to allow 
examination of both concentration of radiocaesium through the 
food chain and bioconcentration of other both stable and



radioactive pollutants. From the activity of radiocaesium 
in water, sediment and seafoods, critical pathway analysis 
should enable some evaluation of the radiological health 
risks both to defined ’critical groups’ and to the general 
population.

e) From an overview of accumulated data, to suggest further 
developments and areas to which the derived methodology 
could be applied.

The general structure of the following chapters will 
involve a) examination of experimental techniques, b) con
sideration of radiocaesium tracer applications in the waters 
of the Clyde Sea Area, Loch Goil and the Hebridean Sea Area,
c) consideration of radiocaesium as a sediment tracer, with

d) a final chapter covering biological applications, radio
logical hazards and a general overview. Each chapter will 

consist of an introduction, examination of results obtained 
(listed in Appendix 1) followed by mathematical analysis and 
interpretation. Whenever used, additional results obtained 
by other workers will be listed only in the discussion 
section of the relevant chapter.



Chapter Two

Experimental

2.1 Introduction

One of the major advantages of radiocaesium as a 
marine tracer is its convenience of measurement via high 
resolution ^-spectrometry. For full exploitation of this 

benefit, however, firstly sample pretreatment should be min

imised and secondly the errors associated with sampling and 

analysis must be evaluated. A further practical requirement 

is for optimal use of counting time as the latter often 

becomes the rate determining factor in assessment of envir
onmental radioactivity.

The overall general procedure for radiocaesium assay 
involves a) environmental sampling, b) sample preparation 

for counting, c) counting by 5 -spectrometry and d) 

evaluation of radiocaesium content from the $ -spectrum. 
Each of these processes has associated errors, both random 

and systematic, which contribute to the total uncertainty 
in the final data.

As this project focusses on detailed examination of 
an existing method and on investigation of its range of 

applicability, a high throughput of samples is desired. 

Environmental sampling from the coastal areas considered is 
generally satisfied by a series of regular sampling trips 

taking 1 day/month, augmented by samples obtained by rarer 
additional or longer duration trips or samples collected by



other workers. Sample preparation for counting is performed, 
as far as possible, in a batch system in which a number of 
similar samples are treated simultaneously - if necessary 

by utilising duplicate sets of equipment. In the case of 
radiocaesium extraction from water, 8 filtration/extraction 

rigs are used in parallel while, for sediment samples, 

sections from a single core are generally prepared together. 
Through this procedure, a batch of water samples (8) may be 
prepared for counting in 2 days. A sediment core (generally 

~ 15 samples) may be similarly prepared after 2 days’ 

work with an intermediate gap of ^ 3 days for sample drying.

The time required for sample analysis by tf-spectro- 
metry is a function of several parameters:- the radio

nuclides to be quantified, the radionuclide content of the 
original sample, the degree and efficiency of pretreatment, 
the detector efficiency and resolution, convenience of 

sample changeover and the desired degree of accuracy. For 
most samples the desired counting accuracy can, as discussed 
later, be obtained on the Glasgow University system using 
count times of either 400 or 800 mins., allowing a maximum 
throughput of 2 samples/day on a daily schedule of long 

(800 min.) overnight and short (400 min) daytime counts.
Analysis of resulting $ -spectra presently involves 

initial peak inte gration by hand and storage of data on 

punch cards, followed by calculation and analysis via a 

suite of Fortran computer programs. This procedure, although 

tedious, is again most efficiently handled by batch tech
niques by which ~40 spectra/day may be analysed.



Radioactivity counting is thus, generally, the rate 
determining process in the analytical technique, its 

optimisation being considered in the following section.

As in any study involving quantification of trace 
amounts of material, a number of practical experimental 

precautions must be observed. Two possible experimental 

biases must be considered - these potentially arising 
through contamination by extraneous material and removal 
by interfering species.

The purity of all reagents is maximised by sole use 

of research grade (’Analar’) chemicals. Wherever possible, 

a single batch of reagent is used throughout the study.
All water required for preparations is pre-distilled and 

stored in high density polythene containers. All glassware 
is Tpyrex* (Borosilicate glass)tunused prior to the project. 
Before use and between runs, all non-disposable glassware 

is washed in dilute (2M) nitric acid or Pyroneg (Diversey 

Ltd), rinsed in decontaminating detergent solution (Decon 
90) and then in distilled water. Re-usuable plastic tubing 
is similarly washed, although Pyroneg is invariably used in 

preference to nitric acid. In most cases, for repeated 
rinses of the large storage bulbs of the water filtration/ 
extraction rig, tap water may be used instead of distilled 

water. Glasgow tap water has been shown to be of insig

nificantly low radiocaesium concentration (McKinley, 1975) 

and its use in rinsing therefore has no measureable effect 
on either the efficiency of radiocaesium extraction or the 
system blank. Although these washings and decontamination



procedures undoubtedly constitute the most tedious and time- 
consuming stage in the preparation of water samples for 

counting, the range of activities measured (from ~ldpm l”  ̂
to ^ 200 dpm 1 necessitates such precautions to prevent 
the occurence of memory effects.

In the following sections the counting facilities, 
the experimental procedures for water , sediment and bio

logical materials and the calculation methods for results 
and errors are described.

2.2 Counting Systems

A -spectrometry system can be considered, at a basic 

level, to consist of a detector, an amplifier, an analyser 

and a readout. During this project a Nuclear Diodes 

Multichannel Pulse Height Analyser (Model 706) coupled to 
a Teletype remote printer via a Teletype interface (Model 
856N) has been used for the analysis/readout stage, while 
three different detector/amplifier systems have been 
utilised (Fig 2.1, Table 2.1).

Between April 1975 and November 1976 a Nuclear 
Enterprises 3” x 3” cylindrical Nal (Tl) crystal/photo

multiplier unit was used in conjunction with a Nuclear 

Enterprises 4660 High Voltage supply and a Canberra 
Spectroscopy Amplifier (Model 1417B). The resolution of 
this system is maintained over count-times of up to 800 

minutes by a lhome made’ temperature-compensating unit in 

which a thermistor senses temperature changes in the crystal/ 

photomultiplier assembly and controls the amplifier gain to 

<̂ - -§■%. This system has a resolution of 9.3% FWHM at
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FIGURE 2.1 BLOCK DIAGRAM OF COUNTING SYSTEM
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TABLE 2.1 COUNTING FACILITIES

DETECTOR FLAT TOP Nal('Tl) WELL Nal(Tl) Ge(Li)

3"x3" CYLINDRICAL 3,fx3" 100c.c.
CYLINDRICAL

WELL l"dia.x
l£" high

MAKE NUCLEAR BICRON PHILIPS
ENTERPRISES (3MW3/P) (APY Zf8)

DATES OF
OPERATION Zf/75-11/76 2/77-7/78 8/76-7/78

SPEC
RESOLUTION. 9.1% at 662 keV 8% at 662 keV 0.18% atl333

ACTUAL
RESOLUTION 9.3% at 662 keV 7% at 662 keV 0.27% at 662 keV

WORKING
EFFICIENCY
(Cs-137 on KCFC) 5.7% 20.8% 1.9%

BACKGROUND'
(EMPTY COUNTER
Cs-137 WINDOW) 13.ZfCpm 5*7cpm Q.^cpm

COUNTER DETECTION 
LIMIT (Cs-137 on
KCFC 800 mins) 6-9dpm. 1.3dpm 3.9dpm

SAMPLES COUNTED 
(INCLUDING BLANKS,
SPIKES etc) xZf01 +370 +Jf07

* INCLUDING ~150 BY MACKENZIE(1977)

+ INCLUDING ^ 20 IN CONJUNCTION WITH BALLANTYNE (197o)



137the Cs total capture ?photopeak? (662 keV) and a working 
137efficiency for Cs on KCFC of 5.7%. Empty counter back- 

137ground m  the Cs window is 13.4 cpm rising to 13.8 cpm
when a blank KCFC cartridge is inserted. The limit of

detection for this counter (3 o' background) is thus 6.9 dpm

for an 800 minute count of a KCFC cartridge.

The flat-top Nal (Tl) detector was replaced in February

1977 by a 3” x 3” cylindrical Nal (Tl) detector with a y

diamfeter x if 11 deep well (Bicron, Model 3MW3/P). This

unit, which includes an integral photomultiplier assembly,

is sufficiently stable to give an increased resolution of 7%

FWHM at 662 keV over an 800 minute count without an additional

temperature compensator. With a working efficiency of 20.8% 
137for Cs on a KCFC cartridge m  the well and a KCFC blank

background of 6.3 cpm this system has a counting limit of

detection of 1.3 dpm for an 800 min. counting period.

In addition to the Nal (Tl) system, a 100 cc Ge(Li)
diode detector (Philips model APy48) has been available since

August 1976. This unit, used in conjunction with a Nuclear

Enterprises amplifier (NE 4603), gives a practical resolution
137of 0.27% at the Cs photopeak. With a working efficiency 

137of 1.9% for Cs on a KCFC background of 0.49 cpm, a counter 

detection limit (3<T ) of 3.9 dpm is obtained for an 800 min 
counting period.

All detectors are shielded on all sides by a 4” thick 

lead castle lined with 2mm cadmium sheet with an additional 

2” of lead over the top of the detector.
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The Nal (Tl) detector consists of a thallium-doped 

sodium iodide crystal which scintillates when exposed to 

tt-rays (Crouthamel et al, 1970). The resulting light 

pulse from each detected may be converted into a pulse of

electrons and amplified by a photomultiplier to produce an

output voltage pulse proportional in magnitude to the energy

of the original 'IS -photon. A series of such voltage

pulses may, after further amplification, be analysed and

stored in a multichannel pulse-height analyser (M.C.A.)

to produce a ^ -spectrum. The overall detection efficiency

depends on geometric factors but can be as high as 90% for

energies below 200 keV, but drops to ~  20% by 1 MeV. The

resolution of the Nal (Tl) is, however, limited by statistical

fluctuations in output pulse heights as the conversion of the

energy of ionising radiation to photons, electron emission

at the photocathode and electron multiplication at each

dynode are all subject to statistical variations. This

effectively limits the resolution (Full Width Half Maximum)
137to ^ 6% for the Cs photopeak (or ~ 40 keV).

The Ge(Li) solid state detector can be regarded as 
analogous to an ionisation chamber - where an impinging 

tf-ray causes the formation of electron-hole pairs in a 

semiconductor (Crouthamel et al, 1970). As a high potential 
is applied over this crystal in a cylindrical geometry, the 

electrons and fholesx travel to the electrodes with high 
mobilities and again produce, after amplification,a voltage 

pulse which is proportional to the energy of the exciting 

'S-photon. This signal is then amplified by circuitry of 

low noise and high gain and is subsequently analysed by an



M.C.A. Efficiency is intrinsically lower than an equivalent 

Nal (Tl) system but this apparent disadvantage may be offset 
by the much higher resolution available.

The differences between these two detector types are 
probably best illustrated by comparing equivalent 'direct 
counting' spectra of environmental materials (Fig 2.2).

It can be seen that while the Ge(Li) spectra show reasonably 

distinctive radiocaesium photopeaks, which may readily be 

used to assess nuclide content, the Nal (Tl) spectrum is . 

insufficiently resolved for these photopeaks to be unambig
uously defined and separated from background. The advantage 

of the higher Nal (Tl) efficiency may be exploited, however, 

if the caesium content of the sample is first extracted and 

purified radiochemically. This is most conveniently achieved 

for water samples by direct passage through a specific ion- 

exchanger onto which Cs is removed and concentrated in one 

step. The complete ion-exchange column can then itself be 
counted directly on a Nal (Tl) system and the resulting 
simple spectrum used for radiocaesium quantification (Fig 2.3)

The spectra from both detectors are output from the 
M.C.A. as arrays of numbers - 256 in the case of the Nal (Tl) 

and 1024 in the case of the Ge (Li) - in the form of a 

histogram of counts versus energy. Photopeaks are then 

integrated by hand over specific windows and these integrals 
further analysed by a suite of computer programs specifically 

developed during the project.
A basic problem in -spectral analysis is that an 

ideal spectrum from a monoenergetic point source yields not 

only a peak at an energy corresponding to the 'photopeak' but



FIGURE 2.2 DIRECT COUNTING SPECTRA (HOLYLOCH SEDIMENT)
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FIGURE 2.3 Nal(Tl) SPECIRUM OF USED "KCFC"



also shows a distribution of counts at lower energies 

(Fig 2.4) corresponding to energy loss processes, e.g.

Compton scattering, backscatter, escape peaks etc. (explained 

fully in Friedlander et al (1964)). In the analysis of a

complex spectrum containing several photopeaks, therefore, 

in addition to subtraction of an instrument 'empty counter' 

background, a further term must be deducted to account for 

base-line increases from the low energy distributions from 

higher energy photopeaks. Two common methods used to analyse 

complex spectra are 'spectrum-stripping' and 'peak shape 

analysis'. In spectrum-stripping, photopeaks are sequentially 

identified (in order of decreasing energy), integrated and 

their calculated low energy component stripped from the re

maining spectrum (Heath and Schroeder, 1957). Peak-shaping 

involves processing a photopeak until an idealised shape is 

reached, thus, hopefully, removing all background contribu

tions . In its simplest form this procedure involves taking 
only a segment of the photopeak which reproducibly corres

ponds to a set percentage of the total peak area (Coveli,

1959; Yule, 1968; Wasson, 1968; Sterlinski, 1968; 1970; 

Quittner, 1969; Baedecker, 1971), while more complex approaches 

involve extraction of a Gaussian peak form from the complex 

peak shape by Fourier analysis or multiple differentiation 

(Yule, 1971). Both of these procedures, however, require 

direct computer spectral analysis to be applied to a large 

number of samples, a facility unfortunately not available in 

this project due to lack of a suitable interfacing medium.

In this work, however, spectral analysis is considerably



FIGURE 2j± Cs-137 CALIBRATION SPECTRA
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aided by the relative constancy of the radionuclide content 
of samples.

Because of its lack of resolution, the Nal (Tl) 
detector is used only in conjunction with ion-exchange 

(KCFC) extraction of radiocaesium. From analyses of ion- 

exchange cartridges on the high resolution Ge (Li) system 

(Fig 2.5, Table 2.2) the only significant peaks in the

blank KCFC cartridge background between 0.5 and 2.0 MeV
, , 40t. 208_- 214 . , 228.are due to the nuclides K, Tl, Bi and Ac (apart

from annihilation radiation) from natural radionuclide 
contamination in the ion-exchanger, detector, and shielding 

materials. The only additional or significantly increased 

peaks in the spectrum from a real sample are those due to 

the radiocaesium nuclides and thus the contaminaht radio

nuclides represent an effectively constant background
v .component (within - 2 O' replicate errorj. Comparison of

these Ge (Li) spectra with equivalent Nal (Tl) spectra
(Fig 2,3) shows, in the latter, incomplete resolution of

134 137the 605 and 662 keV photopeaks of Cs and Cs respec
tively. The extent of this overlap can, however, be

rigorously defined. Thus an empirical factor relating the
134 137Cs component within the Cs window to the 797/803 keV
134Cs photopeak can be calculated from the spectra of pure 
standard sources, during which process peak windows are 

also optimised to minimise overlap.

Spectra from the Ge (Li) are much simpler in that all 

peaks of interest between 0.5 and 2.0 MeV are well resolved 

The samples counted on the Ge (Li) generally show, however, 

a much greater variation in radionuclide content. In 
deciding the best method of background subtraction from the



FIGURE 2.5 Ge(Li) SPECTRA OF "KCFC"
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TABLE 2*2

PEAKS in KCFC ( BACKGROUND SUBTRACTED)

(/800m)
ENEHGI (KEV) COUNTS

5X1 e+ 625
5&k 13^CS -

570 13\*

58/f 208T1 65

607 13i*Cs

610 2^Bi 71 •-

662 137Cs Ik

799 L3^CS -

913 228Ac 78

U60 ^°K 933

1762 21^B1 57

(/800m) 
COUNTS (SAMPLE) 

5k8 
97

230

lOZf

1800

13763

1409

kk

98/f

22



radiocaesium photopeaks, a series of homogeneous sediment 

replicates was analysed (Table 2.3). Linear regressions of

peak integrals against sediment weights for the 662 keV
137 134Cs and 797/803 keV Cs photopeaks derived by a) total
peak integration and b) Covell background subtraction 

(Covell, 1959) were compared. Slightly larger correlation 
coefficients were found for total peak integration in both 

cases (0.9934 and 0.8427 as opposed to 0.9913 and 0.8372) 

implying that, in this case, a constant background subtrac

tion method is more appropriate than a simple digital 

analysis treatment. This apparently anomalous finding is 

probably due to the effects of a) a fairly constant back

ground, b) a much higher activity of radiocaesium than of 

any interfering nuclides and c) the increased variance 

resulting from the raised baseline in Covell?s method 

(Baedecker, 1971).

While it has been shown that for direct counting of 
environmental samples, the higher resolution of the Ge (Li) 
is essential at the cost of longer count times, the necessity 

to optimise the use of counting facilities requires consid
eration of the choice of detectors and count time for 

measuring ion-exchange extracted radiocaesium from water.

For very low activity Samples the major consideration 
is the limit of detection of the counters which, in turn, 
is dictated not only by the detector efficiency but also by
counter resolution and background. For a count time of

137800 minutes (the M.C.A. timer maximum) the Cs detection 

limit (3 O' of background) is 3.9 dpm for the Ge (Li) which



TABLE 2*3 
SEDIMENT HEPLICATES

CODE 137-Integral 137-Covell
Bk.

1 * 1705 1371

2 1700 1357

. 3 . 1707 1360

A 1336 1172

5 1523 1208

6 1262 963

7 932 601

8 797 A9A

9 76A A87

10 519 2A9

degression |l37l vs wt 

(137-Bk) vs wt

113A| vs wt 

(13A -B k) vs wt

13A~Integral 13A- Weight
Covell (e)
Bk.

439 56 4 .685

440 94 4 .697

484 77 5 .3 3 9

443 71 4 -465

448 72 4.292

42if 51 3 .1 3 8

379 46 1 .9 7 5

438 5? 1 .3 3 1

367 14 1 .3 1 5

353 -1  0 .575

corr. coeft. = Q.993A  

» " = 0 .9913

corr. coeft. = 0.8A27 
" " = 0.8372
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is lower than that for the flat-top Nal (Tl) (6.9 dpm) 

although higher than that for the well detector (1.3 dpm) 

thus determining counter selection. It is straightforward 

to calculate the sample activity at which the flat-top Nal 

(Tl) detector becomes superior to the Ge (Li) ( in terms of 
counting error) by merit of its higher activity as:-

s _ (T(2B + ex))2 . 100% ......  2 1
Te*

where S = the percentage counting error

T = count time (mins)

x = sample activity (dpm)
B = background (cpm)

e = detector efficiency

Thus, as the counting error for these two detectors is

equivalent for an 800 min count at a sample activity of

~ 16 dpm, the Ge (Li) would be used for samples expected to

have activities <164 dpm while the flat-top Nal would be
best used for measuring higher activities.

For high activity water samples counted on the Nal(Tl)
detectors, however, optimal use of counting time favours
periods less than the 800 mins timer limit. For convenience
of scheduling sample changes, a short count of 400 minutes is

generally employed. The desired counting error (1%) on 
137Ĉs can be obtained on a 400 minute count of samples with
activities >729 or >164 dpm for the flat-top and well
Nal(Tl) detectors respectively (ean. 2.1). For real water
samples, however, count times are generally determined by 

134the Cs content, as this species is present at levels
137 134> 1 0  - 15% of those of Cs. As the Cs concentration



134 137is routinely expressed as a Cs/ Cs activity ratio, which

has less effective contribution from replicate errors, a

higher counting ferror limit (2%) for this species can usually

be tolerated. A 2% counting error criterion requires min- 
134imum Cs activities of 280 and 106 dpm for 400 njinute 

counts on the flat-top and well Nal(Tl) detectors respectively.
To put the above numbers into perspective, a 10 litre water

137 -1sample from the Clyde Sea Area ( Cs  ̂140 dpm 1 ,

ratio -v 0.13) would require an 800 minute count on the flat-

top Nal(Tl) but could be counted on the well detector in -
137400 mins . Similarly a North Channel sample ( Cs 180

dpm l"^, ratio -v 0.17) would require a count of only 400 ipins
137 -1on the flat-top while an Atlantic sample ( Cs 60 dpm 1 ,

ratio ^ 0.11) would require an 800 minute count on the well

detector.

2.3 Water Samples

The water sampling programme for this project involved 
a) regular monthly sampling of vertical profiles in Lochs 
Long and Goil b) sampling surveys throughout the Clyde Sea 
Area (C.S .A.) c) two annual sampling cruises in the Hebridean 
Sea Area (H.S.A.) off the west coast of Scotland and d) 
additional miscellaneous sample collections (Table 2.4).

Regular sampling from Loch Long/Loch Goil was performed 

in collaboration with the Clyde River Purification Board 
(C.R.P.B.) from their survey ship *Endrick II1 . This 
sampling schedule overlapped with that of Mackenzie (1977). 
Sampling from the C.S.A. was performed principally during 

cruise 16/77 of the National Environment Research Council 

(NERC) research ship 'John Murray* with additional samples
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TABLE 2,4 WATER SAMPLING PROGRAMME

SITE L.Long/ Clyde
L.Goil Sea Area H,S„A<

SAMPLING
FREQUENCY monthly one annual

only

No, OF
TRIPS 25

No, of 
SAMPLES/
TRIP ~ 16 53 2)7 8

1)49

TOTAL No.
OF SAMPLES /̂fOO 53 127

SAMPLING
MODE

Shipboard
pump/NlO
Bottles

Shipboard
pump/NIO
Bottles

Shipboard
pump

BOATS
UTILISED

Endrick II Ijohn Murray 
lEndrick II

Challenger

TOTAL NUMBER OF SAMPLES ~  630

a
Gareloch 
L.Fyne 
N.Channel 
Shore Samples

various

30

various

/Endrick II 
(.Leander



collected from 'Endrick’-'II ' . Sampling from the H.S.A. was 

performed during cruises 8/76 and 7/77 of the NERC research 

ship . ’Challenger * in collaboration with the Scottish Marine 
Biological Association (SMBA) laboratories. Miscellaneous 

samples were collected from Gareloch and Loch Fyne from 
'Endrick II',from the North Channel in conjunction with the 

University Marine Station, Millport using the research ship 

Meander', while shore samples were occasionally collected 
from Lochs Lomond, Long, Goil and Fyne.

Sampling procedures are variable according to location 

and shipboard facilities and include direct bucket sampling 

of surface waters, sub-surface sampling via shipboard 'clean 

salt water' systems, and depth profiling by both pump connected 

to polythene hose and National Institute of Oceanography (NIO) 
messenger-closed sampling bottles on a hydrographic wire.

Errors arising from sampling procedures must occur mainly in 
the collection of depth profiles wheredepth is specified 
only by the length of hydrographic wire released. Obviously 
the wire may in fact fall at an angle in locations with 
strong currents. Because of the inavailability of alternative 

methods, however, 'hydro-wire depths' are considered 

acceptable after the research vessel is stationed to minimise 
visible deviation of the wire from vertical. As the wire is 
generally less than 20° from vertical, the error introduced 

in depth assignment should involve overestimation by less 

than 6%. An additional error when pumping from depth could 

arise if tube leakage occurs, resulting in sample contamination 
by shallower water. A procedure has thus been adopted in which 
a surface sample is taken first and the integrity of the hose 

confirmed by checking the absence of air bubbles leaking into



the transparent hose. In all cases pumped samples are 

collected only after the system has been thoroughly flushed 
out with water from the sampling location.

On collection all water samples are stored in poly

thene bottles previously washed with 2M nitric acid. After 
collection, samples are generally acidified to pH 2 with 
conc. nitric acid and stored in a cool location till analysis 
storage time ranging from one week to several months. Acid

ification of samples to prevent loss of dissolved caesium- 

either by sorption onto bottle walls or particulates or by 

biological removal (IAEA, 1970) would ideally be preceded by 

a filtration step to prevent solution of particulate-bound 

caesium by the acidification process. Unfortunately immediat 

filtration was not feasible in practice, so that the error 
due to the acidification process was evaluated by filtering 

a series of both acidified and non-acidified water samples 
through a 0.22 jjm membrane filter (Millipore G.S. ) and 

comparing the activities of the resulting filtrates. The

results (Table 2.5) show that the amount of radiocaesium
137on filterable particulates is so small (<0.03 dpm Cs/ 

litre) that the error involved in acidification can generally 

be regarded as completely negligible.

In view of the large number of water samples to be 
examined, opti m.al use of counting equipment involves radio

chemical extraction of radiocaesium, generally followed by 

measurement on a Nal(Tl) system. Of the wide range of 
radiochemical separation techniques available, amongst the 
simplest and most specific is ion-exchange onto transition



TABLE 2.5 EFFECTS OF FILTRATION
75

NUCLIDE

Cs- 137 

Cs- 1.3k 
K-ZfO

TOTAL COUNTS FOR
1.6 FILTERS (NON- 
ACIDIFIED)

357 ±19 

336 ±18 

679 ±26

13 FILTERS 
(ACIDIFIED)

379 ± 19 

3^8 ± 19 

732 ±26

TABLE 2*6 COMPARISON OF ION-EXCHANGERS

KCFC ZrFC CuFC

137Cs efficiency 28*02% 26*39% 19*96%

13/fCs efficiency 12*26% 12*30% 9*92%

157 Cs Background4 19^3 1573 1797

15ZfCs BackgroundX litfl H^fO 1287

+ total counting and extraction efficiency 
x counts per 800 mins in photopeak window

Work performed with. A.G.Ballantyne*

BACKGROUND

356 ± 16 

378 ± 21 

807 ± 58



metal and mixed metal ferrocyanides, (Prout et al, 1965;

Boni, 1966; Folsom and Sreekumaran, 1970; Kawamura et al,

i971). The particular ion-exchanger utilised here is

potassium hexacyanocobalt (II) ferrate (II) (KCFC) which has
been widely used for this purpose despite its relatively 

40high K background from the potassium included in the
crystal structure (Folsom and Sreekumaran, 1970). Comparison
of KCFC with other ion-exchangers (Table 2.6 ) shows that,

40despite the higher K-derived background in the radiocaesium 

windows (which is, in any case, effectively constant), its 

higher net efficiency (combining both chemical and counting 

efficiencies) for radiocaesium determination renders it a 

good choice of ion-exchanger. In addition KCFC shows re
latively high selectivity, chemical and mechanical stability 

and effective insensitivity to flow rates (McKinley, 1975; 

MacKenzie, 1977; Ballantyre, 1978).

Additional practical advantages of KCFC are that it 

is comparatively inexpensive to buy ( ~£100/kg, Westo 

Industrial Products Ltd., 1976) or can be synthesised quite 
easily and cheaply (Prout et al, 1965; MacKenzie, 1977).
Apart from its ^ K  background, however, a disadvantage of
KCFC is its lack of complete specificity, as other radio-

60nuclides , eg Co, may be removed to a significant extent 
(Ballantyne, 1978). Because of the inherently low resolu
tion of the Nal(Tl) systems, this uptake could produce

60significant overlap of the Co CQnpton edges with the 

radiocaesium photopeaks, in addition to raising the general 
compton continuum background. Evaluation of this potential 
error, by counting a series of KCFC-extracted samples from



different locations on the Ge(Li) detector, failed to 

indicate the presence of any interfering radionuclides with 

gammas in the range 0 . 5 - 2  MeV. This possibility was, 

however, borne in mind, especially when examining new 

regions of interest, by regularly counting randomly selected 
KCFC samples on the Ge(Li) system.

The experimental apparatus for radiocaesium extraction 
(Fig 2.6a) consists of an upper water reservoir, a membrane 

filter unit (Millipore, 0.22 //m), a KCFC ion-exchange unit 

and a lower reservoir - the entire system operating by 

gravity flow. This configuration was designed to minimise 

experimental difficulties and to render the extraction pro

cess as reproducible as possible. The purpose of the filter 
is to remove suspended particulates which, although shown not 

to contain radiocaesium to any significant extent, would be 

expected to raise the background of radioactive contaminants 

(and thus decrease the apparent experimental selectivity)’ 

if trapped in the KCFC column. After passage of each sample 

through the filter unit, the membrane filter is itself 
labelled and retained for possible counting later.

The KCFC column is prepared in 1 cm (outside diameter) 
polythene tubing, as illustrated (Fig 2.6b), and is a 
standard length of 4 cm. KCFC, sieved to 30-80 mesh, is 
washed free of fines with distilled water and slurried into 

the tubing, taking care to avoid the formation of air pockets 

in the column. Examination of the absorbed radiocaesium 
distribution within the column over a range of flow rates



FIGURE 2 <.6 CAESIUM EXTRACTION APPARATUS 78
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indicates effectively complete removal of radiocaesium into

the first 1 cm of exchanger (Table 2.7). A 4 cm long column

was, however, regarded as ideal for ensuring complete caesium
40removal, ease of handling and low K background. The 

efficiency of the extraction process was additionally 

checked both by running eluted samples from the first pass 

through a second KCFC column and by comparing observed 
activities of spiked KCFC cartridges with theoretical 
activities from knowledge of the radiocaesium distribution
and the counter efficiency (Table 2.8). Calculated efficiencies

137of 99.7% and 97% respectively for Cs indicate that chemical 
removal is essentially complete. The possibility of an 

influence of salinity and pH on the extraction efficiency was 

also investigated, in collaboration with Ballantyne (1978), 

and the net effect shown to be negligible in both cases.
Flow rates through the extraction rig are dependent on 

the sample size (usually 1,5 or 101) and on the extent of 

particulate clogging of the membrane filter. Flow times 

range from ^2 hours to ~  2 days with average flow rates 
typically a/ 0.5 1 hr"1 .

After passage of the sample through KCFC, the ion- 
exchange unit is removed completely and dried in a filtered 
air stream. This method of drying was shown to be superior 
to oven-drying as the latter involves incorporation of salt
from residual sea water (up to 6 ml) in the column and cotton

40 40wool plug, thus increasing the K background (n.b. K
content of seawater ^0.75 dpm ml"1). If the airstream

used is filtered to remove dust, the contamination involved
in this drying method falls below the limit of detection even
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TABLE 2.7 DISTRIBUTION OF Cs-137 IN KCFC*

COLUMN 137 INTEGRAL 134 INTEGRAL
SEGMENT (cp800m) (cp800m)

Q-lcm 67762 11993
1-2 10780 6220

2-3 10446 6054
3-4 10665 6329
4-5 10725 6238
Background
(Empty Counter) 10694-201 6155 ± 83
Background 
(KCFC column) 11023 ± 141 6479 ±150
Background 
(1cm KCFC) 10760 ± 141 6220 ± 150
Implied efficiency 100% 100%

TABLE 2*8 

CODE

First Pass *138

2nd* Pass £140

Background

Implied Chemical 
efficiency

CALCULATION OF KCFC

137+
ACTIVITY

70884 ± 266 

11220 ± 106 

11023 ± 141

(99-7 ±0.2)%

CHEMICAL EFFICIENCY

134*ACTIVITY

13090 ± 114 

6634 ± 82 

6479 ± 130

(97.3 ±2*6)%
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TABLE 2.8 (CONTINUED)

15*0% (lxlcm. source at 12 cm)

x 0.531 

xo.8%a

6.75%

6.54%

97%

x CROUTHAKEL ET AL.1970

Absolute efficiency for 137 

peak/total ratio 

137 absolute intensity

.*. theoretical counting 
efficiency

observed total efficiency 

♦ chemical efficiency

TABLE 2.9 DRYING METHODS FOR KCFC CARTRIDGE
137+ 13V"

a) KCFC Blank dried in Air 10992 + 103 ' 6403180

b)+(Nat* Series Contamination) 11637 ±108 6606 1 81

c) Blank (oven dried/ aged ) 110231103 6479 180

a-*b increase 6% 3%

+ Counts/800mins in photopeak window.



after exposure for 3 days ( ~ 70 times longer than normal 

drying period). It must be noted that increases in background 

of ~6% in the 137Cs window and ^  3% in the 134Cs 

window have been observed in areas of high natural series 

background (Table 2.9) through incorporation of radon 

daughter products into the column (MacKenzie, 1977).

After drying, the KCFC cartridge is removed from the 

glass-frit support unit and, still contained in the poly
thene tubing, is plugged at its upper end by a 5 mm long, 

tight-fitting wooden plug and at its lower end by a plasticine 

seal. Excess tubing is then trimmed off and the cartridge 
is labelled and further sealed in a layer of adhesive tape.

For counting on either the flat-top Nal (Tl) or Ge 

(Li) detectors, the KCFC cartridge is placed in a perspex 

holder which reproducibly positions it over a diagonal of 

the crystal face with a point 1 cm below the top of the KCFC 

column directly above the crystal centre. For counting on 

the Nal (Tl) well detector, the KCFC cartridge is fitted 

snuggly, top down, into a plastic well-liner where the de

fined length of the wooden plug results in uniforn pene

tration into the well. In both these cases the procedure 
is defined to maximise counting efficiencies and reproduc
ibility .

In addition to radiocciesium analysis, most water samples 

are also analysed for salinity, temperature and dissolved 
oxygen concentration - usually by measuring these parameters 

on a duplicate sample collected from the same location. 
Salinity is measured by the C.R.P.B. either directly by an 

in-situ conductimetric probe or by more accurate conductivity 
measurement on return to the laboratory. Temperature is



measured by reversing thermometers on NIO hydrographic 

sample bottles or by direct measurement via hand-held 

thermometer. Dissolved oxygen is determined by the Winkler 

method (Riley, 1975) or by a membrane D.O. meter. On 

occassions water transparency, nutrient and chlorophyll 

concentrations and pH were also measured by the C.R.P.B. 
(Leather land, 1977).

2.4 Sediment and Biological Samples

A variety of methods have been used for collection of 
sediment samples. The most direct and primitive (but useful 
for rough evaluation) involves manual collection of muds 

exposed by low tide either by scooping surface sediment into 

a polythene bag or by slowly pushing rigid perspex tubing 

into the sediment, capping with a rubber bung and digging the 

tube out to obtain a rough core profile. The main dis

advantage of these methods is the atypical nature of the 

deposits relative to deeper sediments.

Some deeper samples were in fact obtained by scuba 

divers using procedures analog ous to those for tidally 

exposed muds, but limitations are the shallow maximum depth 
practical for scuba work ( ^30m), restrictions on the length

of core obtainable and difficulties in ensuring that cores 
remain undisturbed during transport to the surface.

Deep water sediments, however, are most frequently 
and reliably obtained by Craib and gravity corers operated 

from a research ship. The Craib corer (Craib, 1965) is a 
small, damped piston-corer (Fig 2.7) which soft lands on the 

sediment surface and retrieves cores up to 30 cm long with



insure 2.7

C r a i b  C o re r

h y d r a u l i c
d a m p e r

• spr ing  sea l ing
C Q P t ^lead

w e igh ts

s u p p o rt  f rame,  
coring t u b e

Figure 2.8

Grav ity  Corer

o n e  way v a l v e

e a d  w e ig h ts

plastic* core

core c a t c h e r



little disturbance of sediment by the coring process. Thus 

Craib cores generally exhibit a well-defined water/sediment 
.interface and show minimal suspended material in supernatent 

waters. The perspex core-liner tube may be readily removed 

from this corer with negligible disturbance of the core and 

may be easily handled thereafter.

The gravity corer used (UMEL screw barrel, 6 cm 

diameter) consists of a steel coring tube either 3* or 6* 

in length, driven by an upper assembly of lead weights. A 

perspex core-liner and a brass core-catching mechanism are 

incorporated (Fig 2.8). This device is used to obtain 

longer sediment cores and generally shows little evidence of 
surface sediment retention. Handling of cores longer than 
1 metre generally necessitates tilting on retrieval, a 

process which could cause some mixing of soft, upper sedi

ments .
On collection of a sediment core, supernatant water 

is generally siphoned off and either retained for analysis 

or discarded.. To prevent loss of core structure during 

transport, cores are generally either frozen or sectioned 

immediately after collection. Freezing is either slow, in 

a purpose-built freezer/transporter unit containing dry ice 

(C°2(S) ) or in a shipboard deep-freeze, or is rapid, by
immersion in liquid nitrogen. Slow freezing often results 
in formation of long ice crystals detectable both visually 

and by X-radiography. These are not apparent in quick- 

frozen cores (Fig 2.9 ). These long crystals are unde
sirable as they could cause redistribution of both dissolved 

and particulate-bound species but the quick freezing process 
is hazardous as it occasionally causes core-liner fracture
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FIGURE 2.9 X-RADIOGRAPHY OF FROZEN SEDIMENT

a) Quick frozen core - ice crystals evident at core
centre only

b) Slov/ frozen core - ice crystals throughout vrildth 
of core



and subsequent core loss. ^

As an alternative to freezing, cores can be sectioned 

either by piston extrusion of Craib cores followed by sub

sampling with a plastic spatula or by splitting gravity 

core-liners with a circular saw prior to sectioning with a 

spatula. After sectioning, core segments are placed in 

labelled polythene bags for transport to the laboratory. 
Sediment is generally stored in refrigerators prior to 

analysis to minimise chemical and biological action during 

this period.

In the laboratory, frozen cores are X-rayed to indi

cate any structural characteristics and are then sectioned, 

while frozen, by band-saw, this in the case of Craib cores 

being preceded by piston extrusion from the reusuable core- 
liners .

In all cases, sediment samples are initially weighed, 

dried in an oven at 100°C to constant weight and then re

weighed. Weighed samples of dried sediment are packed into 

standard counting vials which are counted in a plastic 

holder which positions the samples over the centre of the 
Ge(Li) crystal.

A series of other techniques routinely applied to 

sediment samples includes microanalysis for carbon, nitrogen 

and oxygen, trace metal analysis by atomic absorption or 

neutron activation methods, 210Pb, 226Ra and 228Ra radio

chemical analyses, mineral and particle size studies and 

palynological and palaeomagnetic measurements. These tech
niques are performed by other workers, details of procedures 

being described elsewhere (MacKenzie, 1977; Lennie, 1978; 
Swan, 1978).



Marine organisms have been collected‘by removal from 

tidal beaches, collection by scuba diver or by trawling. 

Samples are returned to the laboratory in labelled poly

thene bags either frozen or at ambient temperature and 

stored till analysis under refrigeration. The samples are 

then dissected if necessary, weighed, dried in an oven at 

^100°C to constant weight and reweighed. In some cases

samples are concentrated by reaction with Ho0o and HN0o and2 2 3
evaporation to dryness. Dried samples are then powdered 

and homogenised, either with mortar and pestle or via ball- 

mill rock crusher, and counted directly in an identical way 

to sediments.*

For both sediment and organic samples the presence of 

other -emitting radionuclides is normally detected.

These radionuclides can be identified by -energy analysis 

and roughly quantified from detection efficiencies obtained 

from an extrapolated sediment energy/efficiency graph 
(Fig 2.10).

2.5 Errors, Reproducibility and Sample Calculations

A consideration of errors is central to the evaluation 
of any measurement system. These can be classified as either 

random or systematic, where random errors are those caused 

by unbiased fluctuations of a measuring system or property 

and which determine how closely repeated measurements of a 

single parameter tend to cluster round a specific value 

(i.e. precision); systematic errors, on the other hand, are 

caused by measurement bias and determine how closely mean 

experimental values correspond with the 'true value* (i.e. 
accuracy). Random errors are generally evaluated by repeated
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measurements of effectively identical samples (replicates) 

while systematic errors may be evaluated by measurement of 

a known sample (standard) or, when no such absolute stan

dard exists, by inter-laboratory or inter-system calibration.

The most basic errors involved are those arising from 

the counting process itself. Due to the statistical nature 

of radioactive decay, a measurement of N counts on a system 

of background B counts for the measurement period has an 

associated inherent random error (standard deviation) on 

the residual counts, (N-B), of ^N+B. (Full details of 

statistics involved in Friedlander et al, 1964; Meyer, 1972; 

Till, 1974).

For real counting systems, however, the position is 
slightly more complex. The background which must be sub
tracted from raw count rates has components both from the 

counter background and from the sample containers - the 
KCFC cartridge for water samples and counting vial for 

sediment and biological samples. The resultant variation in 
effective background is often greater than that expected from 

counting considerations alone, and may be assessed by counting
a series of blank KCFC cartridges or empty sediment con-

137 134tamers. The resultant backgrounds, in the Cs and Cs

windows respectively, for KCFC cartridges are thus (13.8 ^

0.2) and (8.1 ± 0.2) cpm for the flat top Nal(Tl), (6.3 ±

0.2) and (7.1 ^0.2) cpm for the well Nal(Tl) and (0.49 -
0.02) and (0.53 - 0.05) cpm for the Ge(Li) system. As

these backgrounds show correlation with count rates in the 
40K window, they presumably reflect the effects of slightly 
varying column lengths and extent of physical compaction.



This variability is smaller for blanks of commercial KCFC 

than for ion-exchanger synthesised in the laboratory, pre

sumably because of greater batch homogeneity in the commercial 
material. The latter was therefore used for all samples 

analysed after July 1976. The empty sediment container 

backgrounds on the Ge(Li) ŝ s tem are (0.44 - 0.03) and 

(0.48 - 0.02) cpm in the Cs and Cs windows respectively 

these showing only a very slight increase in variability 
over the ’counting-only* variance and thus reflecting the 
effective uniformity of the sample vials.

The overall reproducibility of the KCFC extraction 

and counting system was determined by splitting a 1001 

homogeneous sea water sample into 20 x 51 subsamples which 

were then assayed individually amongst routine analyses of 
other samples, half of the subsamples being extracted by 
another worker on a separate system (Mackenzie, 1977). The 
results (Table 2.10) give both a measure of the reproduci

bility (precision) of such system and an assessment of the 
level of agreement between extraction and counting system s

(an internal assessment of accuracy). For 800 minute
137 134counts the residual error on both Cs and Cs count

rates increased from the well Nal(Tl) (0.5 and 1.1%
respectively) to the flat-top (2.4 and 1.2% respectively) to

the Ge(li) detector (3.2 and 4.2% respectively). This marked

trend was analysed further by counting two KCFC cartridges
4 137prepared from highly spiked water samples ( ~10 dpm Cs) 

and by subsequent comparison of their count rates a) without 

replacement and b) with replacement in the counter assembly 
(Table 2.11). Without replacement, only the expected counting 
derived variance in count rate was observed (/v*0.7%) but a
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TABLE a >10

REPLICATE ANALYSIS RESULTS*.

137Mean ^ Cs activity
dpml -1

observed(%)

90

2 .if

87

4*0

92 89

3.2 1.7

88

0.3

COUNT
CALCULATED(%) 0.2

.** RESIDUAL(%) 2*4

0*3

4.0

0*3 0*1

3.2 1*7

0*01

0.3

134Mean ^^Cs activity 

dpml'*' 12 12 11 12 11

observed(%) 1 .5 4 .1 4*5 3.2 1*4

COUNT
CALCULATED (%) 0*9 1.4 1*1 0.8 0.9

RESIDUAL(%) 1*2 3.9 4*4 3.1 1.1

1*
2 *

3.
4.
5.

Flat top Nal(Tl)
ft

G e (L i)

Well Nal(Tl)

System. 1 (ABM) 
System 2(IMcK) 
System 1 
System 1 

System 2

800 mins.

400 mins. 
800 mins.
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TABLE 2.11 DEMONSTRATION OF GEOMETRIC EFFECTS

SAMPLE COUNT NUMBER ------ --- ---GROSS COUNT
Without replacement With replacement

HAR1 1 23 631 2b 680
2 23 9̂ 5 23 2̂ 3
3 23 638 2b 956

HAR2 1 25 209 23 756
2 25 22 Vi 8
3 23 331 23 598



large apparent difference existed between sample means (~7%) 

On replacement, the count rate variability for each sample 
increased (^5.4%) but the sample mean difference decreased 

(~1.5%). From these observations the residual errors on 
replicate samples can be explained in terms of a geometric 

effect - in normal circumstances the distribution of radio

caesium is non-symmetric and variable giving rise to a 

varying effective counting efficiency. The observed trend 
in the magnitude of this residual error with detector type 

is thus explained by a similar trend in detector sensi- ' 
tivity to source geometry.

137 134Comparison of the mean Cs and Cs activities de

rived from the replicates (Table 2.10) show close agreement

between extraction systems and counters (i.e. within 1.5%
137for Cs evaluation). The apparently significant variation 

134in implied Cs activity (4.7%) is an artifact caused by 
decay correction, as the counting dates on the different 

detectors varied by up to 2 years.
The. random errors involved in radiocaesium measurement 

by KCFC extraction are summarised in Table 2.12. As the 

counting and geometric errors are completely dominant, the 

total random error, to a good approximation, can be con
sidered as resulting solely from these two sources.

The geometric error is proportional to the number of 

counts in the photopeak, while the counting error is propor

tional to the square-root of this parameter. Thus the total 

error tends to be dominated by the counting error component 

at low sample activities ( 50 dpm) while the geometric

error predominates at higher activities (>100 dpm) (Fig 
2.11). As the geometric error may be equated with the
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TABLE 2*12

ERRORS IN RADIOCAESIUM MEASUREMENT (Cs-137) 
[10-2000dpm in 10 litres]

1) Volume measurement 0*05%
2) Extraction onto filter 0*05%
3) Varying KCFC efficiency 0.1%
4) Counting Errors 0*01-10%
5) Geometric Error 0*5-4%

TABLE 2.I3 
REPLICATE 1-1 SYSTEM (WELL)

Mssii cr o'Mea3CI CT KES TOT

Cs-137 71936 cp800m 0*1% 1.7% 1*7%

Cs-134 3945cp800m 0.8% 3*1% 3.2%

RATIO 0*0548 0*8% 3.3% 3.6%

observed = 3.0%

*. &  - 2*<‘ RES

calculated



residual error, derived from the replicates, a total error
can be calculated simply for each sample.

In calculation of the error on the 134Cs/137Cs ratio,
1the effect of the correlated variation of both the Cs 

137and Cs peaks due to geometric effects must be considered.

For any set of replicates (e.g. Table 2.11) the resultant

error on the peak ratio (3.0%) is for this reason less than
that calculated by simple addition of errors on individual

peaks (3.6%). The error on the ratio can thus be calculated
137 134from the counting errors on the Cs and Cs peaks

added (in a reduced squares sense) to an empirically derived

additional geometric error (in this case 2.9%).

The errors examined so far have been random, but a

systematic error arises from calibration of the counting
system. All systems were calibrated by extracting onto
KCFC the radiocaesium from a series of sea water samples

137 134spiked with measured aliquots of Cs and Cs standard
solutions (Radiochemical Centre, Amersham). The overall 

efficiency of extraction and counting can thus be calculated 

by linear regression of the observed count rate versus 

spike activity. The random error associated with sample 
spiking is small (the main error of ~0.1% being in spike 
measurement). The original standard solutions are however, 

only specified, on an absolute scale, to. tl%. This system

atic error of il% is important only in specification of 

absolute values and, as samples are internally self-consistent, 

is not manifest in internal comparisons.

The systematic error for the entire sampling, extraction 
and counting systems was examined by comparing Glasgow 
results for a set of Hebridean Sea samples with those



obtained on equivalent samples (Table 2.14) by the Ministry 

of Agriculture, Fisheries and Food, Fisheries Radiobiological 
Laboratory (MAFF, FRL), Lowestoft (Jefferies, 1978). Al

though full errors for the MAFF data are not quoted,a maximum
systematic error of -6.4% in efficiency and +0.27 dpm in

137system blank are implied for Cs quantification.' Corn-
134parison of derived Cs concentrations is more difficult

as the activities at this location are very low (below

detection limit for 4 out 10 samples), but while the general
134trend m  derived Cs concentrations between samples is - 

134 137similar, the Cs/ Cs ratios obtained at Glasgow seem 

systematically lower than those derived by MAFF. The sig

nificance of MAFF intercalibration will be discussed further 
in later chapters.

Errors involved in the sediment preparation and counting 
procedures were examined by counting a series of subsamples
of homogeneous sediment. A maximum replicate error of 6.6%

137 134for both Cs and Cs was determined. Counting efficiency
was evaluated by spiking previously counted sediment with

134 137 60small volumes (0.1 ml) of standard Cs, Cs and Co

solutions (Radiochemical Centre, Amersham). The systematic 

error associated with this calibration method is effectively 
determined by the uncertainty in the standard absolute 
activity (il%). All errors in the sediment analysis pro

cedure, summarised in Table 2.15 are probably small relative 

to the less easily quantified errors arising during the coring 

process as further discussed in Chapter 6.
Details of the calculation of radiocaesium activities

137and associated errors are now presented. The Cs activity
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TABLE 2.1^ G.U./M.A.F.F. INTERCALIBRATION

SAMPLE G.U. RESULTS M.A.F.F. RESULTS
(137) *tot (134-) ®tot RATIO (137) ^ct (134) °*ct RATIO

2C 30.8 3.6 3.4 10.2 0.11 32.3 2.7 5.2 1.7 0.16

3C 13.8 4.2 1.7 18.6 0.12 16.9 0.5 2.6 3.3 0.15
bo 12.2 5.3 1.9 28.3 0.16 11.2 1.0 0 .8 5.6 0.07
5C 4-.1 19.8 * * * * * * * * * * * 7.0 0.8 0.9 6.3 0.13
6c 9.5 5.9 0.8 38.2 0.13 4.6 1.2 0.8 6.3 0.17
7C 11.8 4-.3 1.6 19.3 0.14 10.8 0.5 1.5 3.6 0.14
8c 9.4- b.6 1.5 20.2 0.16 8.1 0.7 1.3 4.2 0.16

8ac 2.1 70.9 * * * * * * * **** 1.5 2.9 0 .2 23 0.13
9AC 0.3 37.6 * * * * * * * * * * * 0.6 6.9 0.04 125 0 .0 7
10c 0.1 292 *** **** *** * 0.6 6.9 0.04 123 0.07

Cs-137: G•U. vs M.A.F.F.
Correlation coefficient - O.986 

Slope - 0.936
Intercept - 0.266

Deviation 
Zero error

- -6.4#
- +0.27 dpra/l

All activities in dpm/l Total (<J!j.0.|.) and counting (fl̂ ) errors in #
**** - value indistinguishable from background

TABLE 2.13 ERRORS IN SEDIMENTARY RADIOCAESIUM EVALUATION (3-630 pCi)

1) Weighing error 0.1#
2) Counting error 1-20#
3) Residual error 6.6#
4) Systematic error 1#

on standards



of a KCFC-extracted sample counted on a Nal(Tl) detector 
(D dpm) is given by

D = (C - (B,x TJ - f (C* - (B. x T)) x )
(1 - f T2 ) e X  T ...(2.2)

137where C is the count integral in Cs window
134C l is the count integral in Cs window 

137B is the Cs window background (cpm)
134B * is the Cs window background (cpm)

T is the count time (mins)
137e is the detector efficiency for Cs

134 137f^ is the fractional overlap of Cs in Cs photopeak
137 134is the fractional overlap of Cs in Cs photopeak

is the decay constant for Cs = 0.0000628 days'"

X is the delay between sampling and counting (days)

134Similarly the Cs (Df dpm) activity is given by

D> = { (C' - (B' x X)) - f2A ] x — ---(2.3)

134 -1where A  is the decay constant for Cs = 0.0009254 days
134e* is the detector efficiency for Cs

and A = (C - (B x T) - f (C< - (B» x T ))
(! • '

137The random error associated with Cs determination 

(S dpm) is thus given by



s = [(C+(E?xT2 ) + f 2 (C' + (E„2XT2 ))+ R 2A 2]* x exP(A-t) ----
x A ^ 1 (l-f^f2)xexT

 (2.4)

where is the random error on the background in the 137Cs
window (cpm)

E2 is the random error on the background in the 134Cs

137is the residual error in the Cs window derived

window (cpm)
ial error in

4 from replicates
134while the error on Cs (S1 dpm) is

S' = [(C< + E22 x: T 2 )) + £ 2 2 (C + (E 2 x T 2 ) ) +

f12 ( C  + (E22 x X2 )) + R22B] x eXP U Tr ) ...(2.5)

134where R2 is the residual error in the Cs window

B = [ (C» - (B* x I)) - f2A ]

The errors associated with radiocaesium determination 
via the Ge(Li) detector are simpler as there is effectively 
no peak overlap. From any photopeak the radionuclide 

activity (D dpm) may be calculated as

D = (C - (B x X)) x fPg-Ii p ....... .....  (2.6)

with an associated random error (S dpm) of

s = [ (C+(B2xI2)) + R2 (C-(BxT))2] i exp (XT ) ...(2.7)
e x T

The system constants required for these calculations 

are summarised on Table 2.16 while a suite of computer 

programs to perform them are listed in Appendix II.



TABLE 2.16

SUMMARY OF SYSTEM CONSTANTS»

KCFC
1

SEDIMENT

Flat top Well Ge(Li) ' Ge(Li)

B(cpm) 13.8 6*3 0.49 0.44

B*(cpm) 8.1 7.1 0.53 0 .4 8

e 0.0572 0.2078 0.0189 0.0193
e' 0.04-88 0.1237 0.0176 0.0158

f. 1-353 0.299

fx 0.00198 0.00147
E, (cpm) 0.2 0.2 0.02 0.03
Ex (cpm) 0.2 0.2 0.05 0.02

H. 0.024- 0.017 0.032 0.066

Rx 0.012 0.031 0.044 0.066

101.

Symbols defined in text.



Chapter 3

The Clyde Sea Area

3.1 Introduction

Previous work on water transport processes within the 

Clyde Sea Area (C.S.A.), as assessed by radiocaesium concen

tration (Mackenzie, 1977), was based on two main hypotheses, 
namelyI—

1) that the C.S.A. can be regarded as a simple system
with incursing Irish Sea - and Atlantic - derived salt water
causing displacement of residual water with no resultant

mixing or, conversely, with complete mixing, on the timescale
of water exchange processes (several months) and

1372) that peaks in the output level of Cs from
137Windscale can be correlated with observed maxima in the Cs 

concentration of C.S.A. waters.

In this chapter it is intended to examine these hypothes 
and, on the basis of the investigations herein, to develop 

a more rigorous mathematical model of the C.S.A. system.

This should lead to a more realistic treatment than the 

simple conservation of properties model proposed by Mackenzie 

(1977) and based completely on simple peak-matching.

Two extensive series of samples were obtained. The 
first set were collected from a wide range of locations in 
the C.S.A. in December 1977 (Fig 3.1) to examine the spatial 

distribution of radiocaesium in the area. The second set were 
taken, from a selected site in the north of the C.S.A.



FIGURE 3.1 STATION LOCATIONS. IN THE CLYDE SEA AREA
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(L. Goil), at regular time intervals to extend the temporal 

data obtained by Mackenzie (1977) and to examine the validity 
of a simple peak-matching process.

The majority of samples for the areal study of December 

1977 were collected during cruise JM/16/77 of the >N.E.R,G. 
research ship 'John Murray*. Additional samples from Lochs 

Fyne, Long and Goil were collected on cruises of the C.R.P.B.

research vessel ’Endrick II*, as were the regular samples

from Loch Goil.

All results of the spatial homogeneity study are tab

ulated in Appendix 1.1 where the positions corresponding to 

the sample codes are given in Table 3.1 and plotted in Fig.
3.1. The large volume of data available is reduced by

137presentation of surface values of salinity-corrected Cs

concentrations throughout the area in Fig 3.2, while vertical
137 137 134 137profiles of Cs, salinity-corrected Cs and Cs/ Cs

activity ratio are presented in Fig 3.3.

Temporal variations in radiocaesium in the C.S.A. are

based on L. Goil depth profiles as tabulated in Appendix 1.2

and are presented in Fig 3.4. These values have been selected

from a depth of 10 m for reasons considered in Chapter 4.

3.2 Spatial Distribution of Radiocaesium in the C.S.A.

137When corrected for salinity variations, surface Cs 
concentrations in the Clyde Sea Area are seen to be fairly 

homogeneous (Fig 3.2). Thus the standard deviation of all 

sample data is <4% which is only lightly larger than that 

Gxpected from the measuremenx process alone ( ̂ >2%). The



TABLE 3-1 STATION POSITIONS FOR AREAL STUDY.
105

DECCA N W WATER
CODE STN. NO. RED PURPLE LAT LONG DEPTH(m'[

r-
!,

JM1,2 1 D 8.58 I 58. 30 55 32.5 4 49.0 32 |i
i
■<..

JM3,4,5 2 D 15.88 H 78.50 " 31.3 " 55.8 73

JM6 3 E 0.33 H 70.65 " 30.0 5 3.5 42

JM7 4 D 17.95 6 55.4 " 18.9 " 0.3 55

JM8 5 E 5.41 G 52.95 " 19.0 " 9.0 . 51

JM9 6 E 16.03 G 52.26 " 19.1 " 13.9 49

JM10,11,12 7 F 2.43 G 52.30 " 19.1 " 23.2 46

JM 13 8 F 12.7 G 50.3 " 18.6 " 30.2 51

JM 14 9 G 6.48 G 74.69 " 17.4 "39.1 22

JM 15-21 10 D 20.88 I 61.69 " 34.4 4 59.4 113

JM 22-26 11 F 3.^9 H 65.37 rt 31.0 5 26.3 86 t i 
[ ]

JM 27-32 12 E 23.3 A 60.2 tf 55.0 ft 23.6 146
I j

SLF 13 n 52.64 H 22.55 170 x ] 
) ii

NLF 14 56 12.1 ff 4.9 135
i'.j

LL 1 15 ft 5.55 4 51.88 98
5'

:
LG 1 16 »» 8.39 tt 53.49 86 7



FIGURE 3*2 DISTRIBUTION OF RADIOCAESIUM IN THE C.S.A.
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FIGURE 3.3 VERTICAL PROFILES FROM STATIONS IN THE C.S.A.
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mechanism producing this surface homogeneity is almost 

certainly fast wind- and tide- driven surface water (0 - 10m) 

mixing and transport, the importance of wind-driven currents 
in the area having been described previously (Barnes and 
Goodley, 1961). Since the temporal variation in ^^Cs 

concentration during the months preceeding this survey 

(Fig 3.4) showed a generally decreasing trend ('v-7%/month)

and as the survey shows no corresponding spatial variation
137 . .m  Cs concentration, it is evident that surface mixing

134 137must occur on a timescale of £ 1 month. Surface Cs/ Cs 

ratios in the area average 0.093 with a standard deviation 

of <v 8.5% but no obvious spatial trends. The observed ratio 

variability is considerably larger than that expected from 

the measurement process itself ( ~4%), possibly due to short 

term fluctuations ( 'v weeks) in the ratio of incursing 

waters. In the months preceding the survey, random fluc

tuations of ~-5%/month were observed (Fig 3.4) in the C.S.A. 

ratio. Interpolation of a regular ratio trend is therefore 
impossible, so that sizeable fluctuations in ratio input 

could have occurred on a timescale less than the sampling 

frequency (1/month).
137 . •More distinct Cs concentration variations exist,

however, in the vertical radiocaesium profiles (Fig 3.3).

The four profiles from the Outer Firth (stations 2, 7, 10

and 11) show depth variations which are larger and more

regular than any expected analytical error. Stations 2 and
13710, to the east of Arran, show an increase in Cs 

concentration from surface to ~ 15 m followed by a decrease



to depth, this trend being more marked at the shallower,

southerly site. The data for the deeper station also pass

through a minimum at ^70 m. The western profiles (stations

7 and 11) exhibit an opposite trend, with a decrease in Cs

from surface to ~ 20 m followed by an increase towards the

bottom. Again this profile is more marked at the shallower,

more southerly site. There is very little marked trend within
134 13 7the variations of Cs/ Cs ratio, as would be expected in 

view of the highly irregular temporal changes in this para

meter over the time period of the study.

Although interpretation of these radiocaesium profiles 

is difficult without comparison to others from additional 

times of year, a tentative explanation may be proposed. The 

region of the Outer Firth consists of an area of deep water 

(>50m) separated from the deeper water ( >100m) of the North 

Channel (N.C. ) by a broad plateau of average depth <v40m 

(Fig 3.1). Within this area extensive deep trenches ( >100m)

- extensions of the L. Fyne fjord - extend round the north

coast of Arran (c.f. Chapter 1.4). Water transport in the
Outer Firth can thus be regarded as due to freshwater input, 

mainly from the estuary, and exchange with the waters of the 
North Channel with additional fast mixing and transport of 

surface waters as previously discussed.
As the radiocaesium concentration of North Channel water 

is regularly monitored (Dutton, 1978; Jefferies, 1978) it is 

known that, at the time of the Clyde Survey, incursing N.C. 
water had a lower ^^Cs concentration than residual C.S.A.

waters. Thus the waters at 40m at station 2 and 70m at station
137 “110 are more typical of the North Channel ( Cs H O  dpm 1 )
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rather than of residual Clyde Sea water (137Cs 135 dpm I-1)

To the west of Arran, incursion occurs at shallower depth 

( ̂ 25m) and, although incoming water is quite distinct at 

site 7, station 11 presents a well-mixed profile with 137Cs 

'v 125 dpm l-1, midway between C.S.A. and N.C. values. This 
profile shows a slight minimum at ^  25m which could indicate 
a current at this depth flowing northwards along the west

coast of Arran, gradually losing identity through vertical
. . . . 137mixing. The maxima m  the Cs profiles at ^15m at stations

2 and 10 and at ~ 40m at station 7 may indicate return flows

out of the Clyde Sea at these depths.

The profile from the continuation of the north west

trench system into south L. Fyne (station 12) shows a slight
137but regular increase in Cs from bottom to surface (Fig 3.3)

indicating a fairly well-mixed system with newer water being

introduced at depth followed by upwards mixing. By comparison

the north basin of L. Fyne (station 14) has a distinctive

profile with a radiocaesium maximum at 100m, 23% higher than
the depth average for the Outer Firth. This maximum is almost

certainly due to entrainment of deep water over a timescale
of months (c.f. Chapter 4). As this deep basin is separated

from the southern trench system by a 10-mile stretch of loch

of average depths 40m, only water from depths ^40m would be
expected to spill into the north basin. As the salinity at

'v40m in the south basin matches that of the deepest (>120m)
13 7low Cs concentration water in the north basin, the data 

may reflect flow over the sill from the south b-asin displacing 
the bottom waters of the north basin, thus giving rise to the



observed profile. If the maximum activity of north basin 

waters is matched against the temporal variation of radio-

caesium in the Clyde Sea (Fig 3.4), an ambiguous correlation,
137 134 1 *37both in terms of Cs activity and Cs/ Cs ratio, is

obtained, the water having an apparent residence time of

either ~ 4 months or ~ 1 year. This ambiguity arises from 
137the maximum m  Cs concentration and the decreasing trend 

134 137in the Cs/ Cs ratio in the C.S.A. in the preceding year

and prevents more precise residence time determination on
the basis of this single profile.

The radiocaesium profile in L. Long (station 15)
137indicates surface lowering of Cs concentrations followed

by an increase to relative constancy at depths below ~ 50m.

A mechanism of surface transport of low activity waters
followed by vertical mixing to depth is suggested. Sill-

protected L. Goil (station 16) shows a profile similar to
137that of north L. Fyne in that lowering of Cs concentrations 

is evident towards both surface and depth, implying a similar 

mechanism of water renewal both by surface transport and 

mixing and deep water displacement (c.f. Chapter 4).
A simple representation of the derived deep water flows 

for the area (Fig 3.6) shows a main flow northwards along the 

east coast of Arran to the south basin of L. Fyne, with some 

continuation over the sill into the north basin. A less well- 
defined flow northwards occurs along the west coast of Arran, 

with return transport along both coasts although most return 
flow probably occurs in surface waters. It must,.however, be 
strongly emphasised that the derivation of these flows is
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tenuous. In addition, because of the limited temporal

baseline of this study, no indication of the permanence of

the proposed transport pattern can be obtained. Indeed flow

characteristics within the area may be variable on a timescale
of days or weeks.

At a more realistic and quantitative level, the average
137(salinity-corrected) surface Cs concentration in the Outer

Firth is 134.1 i 3.6 dpm 1  ̂compared to the average for all

depths of 132.5 - 6.1 dpm l“*̂ . This comparison shows clearly

that, despite the obvious water structure in the area, the

volume-average radiocaesium activity lies close to that for
surface waters. To be more rigorous, a weighting factor

must be applied to radiocaesium concentrations at different

depths to account for changes in water columns for the various

bathymetric regions (Table 3.2). Using this weighting process, 
137the average Cs concentration for Outer Firth waters is

130.4 dpm l"*̂  which differs from the surface average for the 

entire Clyde Sea Area by only 2.6%, well within the derived 
lCT error.

The conclusion from this study is thus that, although 
definite vertical structure exists within the Clyde Sea Area,

1 0 7the average Cs content of the Outer Firth is closely
matched by surface concentrations which are effectively 

homogeneous throughout the entire C.S.A., in agreement with 

other studies (Jefferies et al, 1973; Steele et al, 1974; 
Mackenzie, 1977). The.situation inthe sill-protected 

northern sea lochs is more complex, however, as significant 

entrainment of water occurs in deep basins as considered 

further in the next chapter.
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TABLE 3.2 

DEPTH WEIGHTING OF 137Cs CON CENTRA!ION IN C.S-A.

a) DEPTH BAND(m) RELATIVE CUMULATIVE WEIGHTING
AREA TOTAL FACTOR

0 -2 0 546 3547 1
20-60 2246 3001 1.692
60-100 1440 1755 0.990

100 -160 276 315 0 .262

160 39 0 .022

b) DEPTH 157 Cs MEAN S.C.157Cs WEIGHTED WEIGHTED S.C
MEAN ^ C s  MEAN 1^7Cs MEAN

0 -2 0 1 2 7 .9 ± 3.5 135*7 2:3.1 128 136
20-60 1 2 2 .9 ± 7 .6 1 2 8.8 i 8 .0 208 218

60-100 1 2 3 .3 ±6 .2 130 ± 6 .4  122 128

100-160 129.9 135.3 34 35

PROFILE
MEAN 126 133 125 131

All activities in dpml-1

S.C.-Salinity corrected



Although not specifically investigated in this study,

there is no evidence of a THunterston effect1 due to radio-

caesium release from this nuclear power station. The total

activity of effluent released from this reactor (excluding

3H) is only ~ 115 Ci/year (1975) compared with ~1.2 x 105 Ci 
137of Cs alone from Windscale m  that same year (Mitchell,

1977). At the time of the areal study the total Clyde Sea
137 3content of Cs was ~  9.8 x 10 Ci ie about two orders of

magnitude greater than the entire Hunterston annual release.

Any Hunterston effect must therefore by highly localised

and is insignificant in calculations involving the entire

C.S.A.

3.3 Temporal Variations in the Radiocaesium Content of the C.S.A.

As indicated in the previous section, even though
137regional variations in Cs concentrations may exist, sur- 

137face Cs activity is effectively constant throughout the

area and may be regarded as approximately equivalent to the 
137average Cs concentration for the entire C.S.A. For 

analysis of temporal variations in radiocaesium content of 

the Clyde Sea a necessary assumption is that the situation 
as it existed in winter 1977 may be regarded as generally 
typical on a year rcund basis. Support for this assumption 

comes from the known dependance of surface water transport, 

and its implied resultant water mixing, on wind direction 

and speed (Barnes and Goodley, 1961; Dooley and Steele,
1969), parameters which, on a monthly average, are relatively 
constant in this region at all times of the year. Exceptions 
to this generalisation occur in the months of March and May,
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when the prevailing wind direction is from the north east 

rather than from the south west but, as the net change is 

not great, the general assumption of reasonably fast mixing 

( /vl month) and a water mass approximating to homogeneity 

throughout the year may be tentatively accepted.
137The temporal variation of salinity-corrected Cs

concentration in the Clyde Sea Area (Fig 3.4) shows a

generally increasing trend to a maximum of-v 200 dpm 1~^ in
134April 1977 followed by a decrease from that date. Cs/

137 . •Cs ratios during the corresponding time showed an increase

to a maximum of 0.18 in April 1975 followed by a fairly

regular decrease of ~15%/year. The most interesting general

point from this curve is the occasional rapid change in 
137Cs activity indicative of relatively short water residence 
in the area.

At a simple level, and with some experimental justi

fication, the C.S.A. can be regarded as a single water mass 

which is completely mixed on a timescale of vl month. This 

*mixing box* is characterised by volume (V) and average water

residence half-time (ti) with respect to exchange with North
2

Channel water. Freshwater flow may be considered negligible 
to a first approximation (Craig, 1958). The concentration of 

any conservative dissolved species originally present in this 

system, but absent in incoming *new* water, will decrease 
such that: -
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.0.693 x t )
Ct = Coe  3.1

where CQ and Ct are the concentrations of the species at 
time zero and t months respectively.

From this equation it is apparent that the residence 

half-time can be specified in terms of the input (or output) 

water flow (f):~
^ _ 0.693 x V „ „Ci- ---- ----- • • • • o . Z

2 x

3VFrom the data of Craig (1958), f = -j-/year, and thus

X\ = 0.46y== 5.54 months. The average water residence time 
2

thus implied (M3 months) may thus be directly compared to a

value of ̂ 9 months quoted without derivation by Heath (1974).
137From April - June 1977, the Cs content of the Clyde

137Sea Area decreased by ̂ 15% (Fig 3.4). As Cs decay is

insignificant over this time period, the decrease must be the

result of exchange process within the C.S.A. If, as an

extreme case, incoming water was assumed to be *Atlantic-

derived* and thus was effectively free from radiocaesium,

applying equation 3.1 for CQ = 198 dpm 1~^, Ct = 168 dpm 1~^

and t = 1.6 months gives X i = 6.7 months which is a maximum
2

possible value. This completely *Atlantic-derived* flushing

model is, however, immediately disproved by MAFF measurements

of radiocaesium in the North Channel (Stranraer-Larne) and
and Islay-Malin channel over this period (Jefferies, 1978).

137More reasonably, an approximate concentration of Cs in the 

incoming water may be obtained from the MAFF measurements of 

radiocaesium in the North Channel (Fig 3.5) bearing in mind 
the g .U./MAFF intercalibration constant (Chapter 2.5).



Although MAFF measurements of radiocaesium in the N.C. are 

restricted to surface waters, the water column in this area 

has been shown to be effectively homogeneous with depth 

(Bowden, 1950; Proudman, 1948; 1953; Preston, 1973; Officer,

1978) and thus surface values may be regarded as representative 

of the entire water mass. Taking a minimum value from the 

North Channel concentration curve at this time (114 dpm l""1), 

an input concentration of 110 dpm 1~^ can be derived by 

considering intercalibration and correction to salinity of 

35% from a typical North Channel salinity of 34% (Bowden,

1950). Taking the C.S.A. values previously considered, the 
proportion of *residual* water after three months (x) is 

given by

198x + llO(l-x) = 168  3.3

x = 0.66

and thus, from equation 3.1, ti = 2.7 months. This figure
2

indicates that the exchange rate during the summer is faster

than the annual averages quoted by Craig (1958) and Heath (1974)

but is in agreement with a *best estimate* residence time of
3.9 months derived from radiocaesium analysis by Mackenzie

(1977). Since winter water renewal is theoretically expected

"to be more rapid than in summer (eg due to increased vertical

mixing through breakdown of the summer thermocline) it is
also implied that fast mixing occurs generally throughout the
year. Short residence times have in fact been quoted for the
C.S.A. (renewal time ^ 4  weeks corresponding to Xi = 2.8 weeks

2
(Steele et al, 1974)) but, for the time period considered, these 
very short residence times seem incompatible with the radio— 

caesium data.



If the approximate validity of the calculation above

is accepted, it can be used as the basis of an indirect
134intercalibration of calculated Cs concentrations with 

MAFF data as this was not practical by direct methods (cf

Chapter 2.5). To improve the accuracy of this calculation
— 1 137a more realistic value of 147 dpm 1 is taken as the Cs

concentration of incoming water, this figure being obtained

by averaging the February and March concentrations in the

North Channel (corrected for salinity and intercalibration)

as opposed to the minimum value considered earlier. Using this 
137Cs concentration, the proportion of residual water is

calculated as 0.41 corresponding to a residence half-time of
1341,2 months. Taking the initial and final Cs concentrations 

in the C.S.A. as 17.8 and 17.6 dpm 1~^ respectively, and the

concentration in incoming water as 24.8 dpm l*”1 (obtained in
• • 137similar manner to the Cs input concentration), the following

equality is obtained:-

£(17.8: x 0.96 x 0.41) + (24.8 x 0.96 x 0.59) = 17.6 S
where & is the intercalibration constant and the factor 0.96

accounts for decay over the time considered. This calculation
134yields a value for 6 of 1.33; thus MAFF measurements of Cs

are systematically 33% higher than Glasgow values which,

bearing in mind the intercalibration constant of 1.07 for
Cs, implies a G.U./MAFF intercalibration constant of 1.24

for measured 134Cs/137Cs ratios. Alternatively, deriving 
137Cs and ratio inputs to the area from N.C. values for March
and April, the value of S obtained is 1.28 giving a ratio

intercalibration constant of 1.20. The relative consistency



of the values obtained by the two calculations above indicates

an insensitivity of the results to small variations in the
input parameters chosen and thus averaged intercalibration

134constants of 1.30 and 1.22 for Cs and ratio determination 

respectively may be accepted as reasonable estimates.

While it would be possible to calculate a series of 

implied residence half-times throughout the year by the method 

above, this is not generally practicable because of diffi

culties in specifying exact transit times from the MAFF 
North Channel station to the Clyde Sea Area and thus in 

assessing a reasonable average value for the radiocaesium 
concentration of incoming water, as the latter varies con

siderably on a monthly basis (Fig 3.5).

In the previous radiocaesium study of the C.S.A., 

Mackenzie (1977) matched observed radiocaesium variations 

from 8/74 - 3/76 (Fig 3.4) with the Windscale output Curve 

(Fig 3.7). As a result of the low sampling frequency, only 

a tentative match could be obtained - a point emphasised 

by comparison of the Windscale output curve (Fig 3.7) and the 

observed variation in radiocaesium concentration in the North 

Channel (Fig 3.5). Not only is unambiguous peak matching 

impossible in this simpler system, but the general trend in 
peak heights differs - output maxima between 1974 and 1977 
showing a decreasing trend while concentration maxima in the 
N.C. show a general increase. The difference between these 
curves may be explained in terms of internal mixing within 
"the northern Irish Sea (Bowden, 1950; 1955; Proudman, 1948; 

1953; Preston et al, 1972; Preston 1973; Officer, 1978) so 

that it is unrealistic to consider transport from Windscale 
"to the North Channel as simple advective flow.
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The effect of internal mixing may be examined by con

sidering the north Irish Sea as a single mixing box with a 

characterisitc average residence half-time, a single source of 

radiocaesium at Windscale, a diluting input of radiocaesium — 

free, north-flowing, Atlantic-derived water and a single output 

through the North Channel. The effect of variation of this 

residence half-time on the derived output curve can be 

readily illustrated using an electronic analogue circuit 

(Fig 3.8) in which an input waveform, which mirrors radio-, 

caesium output from Windscale, is produced by a signal gen
erator and is integrated by an operational amplifier. Neg

ative feedback of the integrated output is controlled by a 

variable resistor which is, in effect, representative of the 

residence half-time and the resultant output curve, on elect

ronic differentiation, represents the derived North Channel 
output (Hardy, 1969).

While the applicability of this model was initially 

determined using the electronic circuit above, calibration 

and enlargement of the circuit to mimic a second mixing box 

was hindered by a lack of necessary electronic assistance.

Thus the model was transferred to a digital computer. Although 
digital programs lack the continous variability of par ameters 
and, in this case, also the interactive nature of analogue 
circuitry, practical consideration of the required development 

times determined the choice for this analysis (Appendix 2.2).

Thus, from digital simulation of a one-box mixing model, 
a series of output curves may be derived from the Windscale 

input curve corresponding to different values of the box 

residence half-time (Fig 3.9). The observed North Channel 
curve (Fig 3.5) has a marked peakedness (kurtosis) in comparison
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to the smooth box-model output curves, a feature which may

be due to short term (monthly) variations in the degree of

Atlantic incursion in the North Channel and hence in the

extent of dilution of Windscale-derived water or may, to

some extent, be an artifact caused by sampling. The MAFF

samples are obtained in an undisclosed manner from the

Stranraer-Larne ferry and thus the depth of the ’surface1

sample may not be well defined. As very marked radiocaesium

profiles in the upper'few meters may be caused by rainwater

and coastal runoff dilution, slight variations in the depth

from which the sample is obtained and the weather over the

week preceding sampling may critically.affect the observed

radiocaesium concentration. As salinity data for the MAFF

station are not available, it is not possible to define the

cause of the observed short term variations. Therefore, to

allow comparison of yearly trends in the N.C. with box-model

curves, the effect was minimised by considering a three month

running mean of MAFF radiocaesium values (Fig 3.10). When

this curve is compared with box-model output curves (Fig 3.9)

a reasonable match in overall trends over the period 1973-
1976 is observed with curves corresponding to residence half-

times in the range 10-14 months. The match obtained may be

illustrated by comparing the fit between predicted and observed 
13 7 _Cs curves with a box residence half-time of 12 months with

that obtained from a shorter residence box (% x = 2 months)2
when a lag-time is introduced based on the ’markerT of the 

rapid output increase of early 1974 (Fig 3.11). Significant 
monthly variations exist between the observed and predicted

curves but, up till 1977, the model with Ti ~12 m. provides
2

a good match in terms of both the ratio of average /Cs
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content before and after the input increase event and the 

total integral under the curve. The observed deviations are 

thus explained in terms of seasonal changes in the extent of 

dilution, during transport,by either fresh or Atlantic- 

derived waters. As previously considered, in the absence of 

salinity data it is impossible to distinguish between these 
diluting processes.

In the match proposed above, a lag time of months 

was introduced - based mainly on correlation of the rise pre

dicted by the model for mid-1974 with that observed in early 
1975 - implying an additional delay of ̂ 6 months in transport 

to the North Channel station (mid Stranraer-Larne). The 

entire process may thus be regarded as a combination of mixing

with characteristic X i ^ 12 months (probably in the N.E.
2

Irish Sea) and advective flow with a transit time of 6 months

These derived values are similar in magnitude to, but shorter

than, the Windscale to North Channel transit times of 1.1 -

1.8 years quoted by Jefferies et al (1973) and ~ 1.8 years

derived by Livingstone and Bowen (1977). These estimates,

however, are based on a model of simple advective flow and 
134 137°n Cs/ Cs ratio changes in transit. It is clear from

this work that internal mixing within the Irish Sea is an

essential consideration and one which significantly modifies
values for apparent transit times. The estimates of the

other workers are therefore erroneously high.

The internal consistency of the model presented thus
far may be checked by comparing the observed North Channel 
134 137Cs/ cs ratio data (Fig 3.10) with the theoretical ratio 

curve (Fig 3.12) calculated from Windscale output values and
using a residence half-time of 12 months decreased by 6 months
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decay. The predicted ratio in the North Channel seems, how

ever, to be markedly lower than predicted values, e.g. 0.154 

for January 1976 relative to the observed value of 0.198.

It was previously noted that MAFF data for North Channel 

ratios tended to be ~ 22% higher than Glasgow University 

(G.U.) derived values and thus, when this correction is taken 
into account, the observed value becomes 0.162, in fair agree 

ment with the theoretical model (within 5%). If this model

ling process is justified, therefore, indirect intercalib^a-
134 137tion indicates reasonable agreement in determined Cs/ Cs 

ratios between Windscale and G.U. with MAFF-derived values 
being systematically high by ~ 23%. A deviation in ratio 

measurement between Windscale and MAFF is, indeed, implied 

by simple comparison of the Windscale release (Fig 3.7) and 

North Channel raw data (Fig 3.5). For example, even a simple 

advection model cannot explain the high ratio observed in 
January 1976 (water with ratio ^0.22 being released only 

before 1975 and is thus decreased by decay to ^0.17). More 

generally, the MAFF ratio curve for the North Channel shows a 

regular decrease of ~  -0.044 year”  ̂ over 1976 which is more 

negative than the Windscale ratio decrease rate of ^  -0.041 
year 1 since 1974 despite the fact that both mixing and decay 

during transport would increase this gradient (i.e. make it 
more negative).

From the Windsca1e/N.C. curve match, an Environmental 

Appearance of 137Cs in the North Channel may be calculated 
(after Dutton (1978)). The Environmental Appearance (E ) of 

any waste radionuclide may be defined as the resultant water 

activity of that species (pCi l”1) at a particular site per 
unit discharge (Ci day-1). This parameter is more useful



than a dilution factor as it does not require data on the 

radionuclide concentration of the release stream. It does, 

however, require phase matching of measured and output values

for exact calculation in any non-steady-state system. For
137 1the N.C. site an ea  for Windscale Cs of ~0.25 pCi 1 /

Ci day is readily determined by comparison of modelled

release and observed concentrations (Fig 3.11). This value

may be compared with an for Cs of 5 pCi 1 /Ci day

in the vicinity of the Windscale discharge pipe (Dutton,

1978), implying a dilution of ~ x 20 during transport.

Taking both the systematic error between Windscale and
MAFF values and radioactive decay during transport into account,

there is agreement between the predicted and observed ratio

curves over the entire period considered (Jan 1976 - Dec 1977), 
137and between Cs curves over the period Jan 1973 - Dec 1976.

137A very marked difference, however, exists in the Cs curves
137over 1977 (Fig 3.11). The observed large decrease in Cs 

activity in the N.C. in 1977 cannot be explained by any con- 

commitant change in Windscale output and thus must be due to

increased dilution of North Channel radiocaesium by *uncon-
137taminated* water. Rapid dilution of Cs concentration by 

influx of Atlantic-derived water would explain the lack of 

perturbation of the ratio curve as this parameter is indepen
dent of dilution. From the data presented so far it is 

impossible to determine if this Atlantic incursion is from 
south through the St. George*s Channel or from the north 
through the North Channel but measurements of rauiocaesium in 

the Hebridean Sea Area prove the former to be the case (cf 
Chapter 5) .



So far investigation of mixing in the north Irish Sea 

has been restricted to consideration of a single mixing box 

model but the digital computer program used may readily be 

expanded to a two-box model (or any higher level system) by 

simply nesting *do-loops* (Appendix II.2). The families of 

curves obtained for predicted ^37Cs and 134Cs/^37Cs ratio 

(e.g. Fig 3.13) show the same general trend as one-box curves 

but are extensively smoothed allowing systems involving long 

residence times in both boxes ( ^ 6 months) to be completely 

discarded, a s it is difficult to compare, in a quantitative 
sense, the curve match of one- and two-box models with the 

observed curves, due to varying curve smoothness, and, as no 

quantitatively better fit is observed with the two-box model, 

by Oceam?s Razor a one-box model is considered sufficient in 
this case.

Having considered, therefore, the origin of the variations 
in radiocaesium concentration at the North Channel site, 

these latter values may be compared with the observed temporal 

variation of radiocaesium in the Clyde Sea Area. As might be 

expected, the N.C. radiocaesium curves (Fig 3.5) show more 

similarity to the C.S.A. curves (Fig 3.4) than do the Wind

scale output curves (Fig 3.7), a similarity emphasised by 
consideration of the 3-month running mean smoothed N.C. curves 
(Fig 3.10). In the previous section it was considered 
reasonable to regard the Clyde Sea as a single well-mixed box 
and thus the process of North Channel water mixing into the 

C.S.A. may be reproduced by the analogue box—model discussed 

above. The predicted 137Cs curves from this model show good 

a9reement for residence half-times of 1 - 3 months. Longer 
times can be discarded both on the grounds of the excessive
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smoothing resulting from these values and. from comparison 

of the magnitude of predicted and observed curve peaks when 

C.S.A. values are corrected to North Channel salinity (taken 

as 34%). The model may again be examined for internal con

sistency by using the mixing box to predict the 134Cs/137Cs

ratio over the period which, for X  i = 1 - 3 months, shows2
remarkably good agreement with observed values when the inter

calibration constant is taken into account. Consideration 
137of both Cs and ratio results in a best match for X x =

2
2 months (Fig 3.15) which shows excellent agreement between

predicted and observed values, especially as peaks in these

parameters in both the N.C. and C.S.A. tend to be very sharp

and thus differences of a few weeks in the date of sample

collection could considerably affect the observed value.

This match is obtained by introducing a lag-time of 2 months

between the North Channel and Clyde Sea Area which represents

the transit-time between the two sites. Agreement between
13 7observed and predicted absolute concentrations of Cs, 

especially between autumn 1976 and winter 1977, indicates 

very little dilution between the North Channel and the Clyde 

Sea and implies that any mixing between ’Irish Sea’ and 

*Atlantic’ derived waters occurs in the North Channel itself. 

Thus there is no evidence of significant ’direct incursion’ 

of Atlantic water into the C.S.A., any contribution of salt 
water from this source being «5%. The slightly poorer match 

during summer 1976 and early 1978 could be interpreted as the 
result of increased direct Atlantic incursion at these times 

but, equally well, these deviations could be caused by a 

slight ('\x i month) increase in the residence half-time of the 
S-rea. As temporary, small changes in residence time in the
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C.S.A. are not detectable because of the inherent lack of

resolution caused by the sampling frequency, it is impossible

to distinguish between these alternatives. This low temporal

resolution also precludes examination of the coupling of N.C.

flow to C.S.A. exchange as any change caused by the very large

increase in N.C. flow between 1976 and 1977 is below the limit

of detection in this study.

As dilution is insignificant between the North Channel
137and the Clyde Sea Area, the of Cs is again ^  0.25 pCi 1

Ci day~^ in this region. Taking the volume of the C.S.A. as 
141.65 x 10 1 (Cambray et al, 1975), the daily outflow from

the area for X ± = 3 months (as an upper estimate) is 1.27212 -1 137x 10 1 day and the net Cs release from the area is
11 -1 thus 3.18 x 10 pCi/Ci day , i.e. ^32% of the Windscale

radiocaesium passes through the C.S.A. (as a minimum value).

For a more likely T  ^ = 2 months, the implied output passing2
through the C.S.A. is 47%. As a one month residence half- 

time requires 95% of Windscale radiocaesium to pass through 

the C.S.A., this value may be regarded as a lower limit of 

residence in the area.

3.4 Summary

The main results of this study of the Clyde Sea Area
are:-

1) The C .S .A. approximates to a spatially homogeneous 
system, surface waters being very rapidly mixed throi ghout 
the area. The limited vertical structure observed is expli

cable in terms of short-term mixing processes. Significant 

entrainment of deep water seems to occur only in the Northern



Sea Lochs.

2) Consideration of the C.S.A.. as a well-mixed re

servoir enables the observed temporal variations in radio

caesium activity to be explained by input of North Channel 

water into a system with an average residence half-time of 

^2 months (corresponding to an average water residence time 

of ~ 3  months), further implying that 30 - 50% of the total 

Windscale radiocaesium output passes through the C.S.A.

In addition, the observed N.C. radiocaesium variations 

may be explained by Windscale output mixing in the north 

Irish Sea with an average residence half-time of ~ 12 months 

and advection to the N.C. with a transport time of ^ 6 months 
over the period 1973-76 with a sudden, rapid flushing process

occurring in 1977. Indirect intercalibration suggests
134 137agreement between Cs/ Cs ratio measurement at Windscale 

and Glasgow with MAFF values being systematically high by 

/v23%. These residence and transit times, evaluated by an 

analogue mixing model, represent average values over several 

years of study.

The data obtained by this treatment are obviously use
ful in many oceanographic and environmental studies. For 

example, a residence half-time of 2 months implies a salt

water input to the area of 1.92 x 1012 1 day*1 which is vastly
Agreater than the freshwater flow of 9.46 x 10 1 day

(Mackenzie, 1977). On a quantitative level, this fact to
gether with the large percentage of Windscale output passing

"through the area emphasises the susceptibility of the C.S.A. 

to soluble pollutants introduced at distance into the Irish 
^ea> in agreement with the trace metal studies of Cambray et >al



(1975). Further applications of the derived data and invest

igations of the radiological significance of the radiocaesium 
data will be considered in Chapter 7.



Chapter 4

The Northern Sea Lochs

4.1 Introduction

The northern sea lochs of the Clyde Sea Area occupy a 
series of trenches formed by glacial scouring during the 

Pleistocene age (Deegan, 1974). From west to east these 

comprise L. Fyne, L. Riddan/Kyles of Bute, L. Striven,

Holy Loch, L. Long and Gareloch (Fig 4.1). Although a number 

of indentations in L. Fyne are named separately (East L.

Tarbet, L. Gilp, Lochgair and L. Shira), these minor embay- 

ments will not be considered in this study. The bathymetrics 

of the lochs vary greatly; Gareloch, L. Goil, upper L. Fyne 

. and, to a lesser extent, L. Long, are sill-protected, deep 

fjords, while lower L. Fyne is an extension of the N.E. Arran 

trench system (cf Chapter 3); Holy Loch is a simple extended 

embayment and the L. Riddan/L. Striven/Kyles of Bute system 

is a complex of glacial trenches extending to the deep waters 

of the Arran Basin (Mill, 1892; Mackenzie, 1977).

Major emphasis in this study has been on investigating 

water, mixing processes within L. Goil and has involved regular 

monthly sampling of vertical water profiles in Lochs Goil and 

Long. The choice of L. Goil as the focus for this particular 

study resulted from 1) the ill-defined nature of water pro

cesses occurring within this loch with some preliminary 
evidence for water retention,. 2) its importance with respect 

to naval, forestry, fisheries and recreational activity,



figure MAP OF THE NORTHERN SEA LOCHS

L.FYNE (N.BASIN)

LG1
L.GOIL

: LG2 L.LONG
LL1

GARELOCHLL2

HOLY LOG!
CLYDE ESTUARY

L.RIDDON L.STRIVEN

KYLES

BUTE

-Sampling site
BUTE



3) its environmental susceptibility to pollution from these 

sources, the Clydeside industrial conurbation and the nearby 

Finnart oil-terminal, 4) the general background of radio

nuclide data provided by recent studies of this ar.ea (e.g. 

Mackenzie, 1977; Swan, 1978) and 5) the general oceanographic 
interest in water renewal processes in fjords. The main 

sampling sites are in the middle of the deep basin in L.

Goil (LG1) and in the deep ^ o l e 1 in L. Long opposite the mouth 

of L. Goil. (LL1). Other sites within these lochs were 

occasionally sampled to examine the homogeneity of these water 

systems (Fig 4.1 ). In addition, some samples were obtained 

from stations in L. Fyne and Gareloch to allow their com
parison with L. Goil.

The results of radiocaesium analysis of profiles from 

L. Goil together with relevant hydrographic data are listed 

in Appendix 1.2, while data for all other sea lochs considered 

are listed in Appendix 1.3 .

4.2 Qualitative description of mixing in L. Goil

At a qualitative level, water transport processes in
137L. Goil may be examined via monthly depth profiles of Cs

concentration at the L.G.l site.

The extent to which profiles from the L. Goil deep site

(I'd) are representative of the entire loch may be determined

by comparing vertical profiles at 3 widely separated sites

in the loch (Fig 4.2). Taking the'errors associated with
the measurement process into account, the 3 profiles may

137each be regarded as demonstrating effectively constant Cs 

concentrations with depth (-v 103 dpm l**1) when corrected for
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fresh water dilution effects. While there is an apparent
134 137systematic variation m  Cs/ 'Cs ratio along the loch,

the ratio averages to 0.148 t 0.004, ie shows a variation of

2.7% which is comparable to that expected from experimental

error alone. The general validity of the above finding of

horizontal homogeneity may be checked by comparing profiles

obtained over a |our month period at the LG1 site (Fig 4.3)

with those obtained at the southerly LG2 site (Fig 4.4).

Direct comparison both of profiles for particular dates and of

trends between sampling dates shows remarkable similarity at

these sites. The major difference between sites is in sur- 
137face ( <10m) Cs values, which may be explained as follows.

137Surface Cs concentrations have been shown to be fairly

homogeneous throughout the entire C.S.A. through fast tide

and wind-driven mixing (Chapter 3). Thus surface waters from

the southern L. Goil site would be expected to exchange rapidly

with those in L. Long. In times of high fresh water flow,

however, as the major fresh input is at the head of the loch,

pooling of this less-dense fresh water in the northern reaches

of the loch may present a barrier to surface mixing. This
process, coupled to the effects of estuary-type circulation,

137may cause the observed variations in surface Cs concentrations.

This explanation accounts for the observation that the main

difference between sites is effectively restricted to surface
8 —1waters, as fresh flow (averaging 6.7 x 10 1 day ) is small

11relative to the total volume of the loch (3.1 x 10 1) and

is of more comparable magnitude to the average tidal influx 

(3.4 x 1010 1 low-high tide). Thus the total effect of the 
process on calculated inventories will probably be negligible.
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On this basis, study of monthly variations in the 137Cs 

profiles in L. Goil caused by fluctuations in radiocaesium 

concentration in the Clyde Sea Area (cf Chapter 3) enables 

mixing within the loch to be followed through two annual 

cycles. Because of the excessive data involved and the need 

to minimise grammatical repetition of qualitative descriptions, 

the results are summarised using an abbreviated format as 

follows, with reference to Figures 4.3 and 4.5 - 4.10.

a) December 1975 - stratified profile with significant 

difference between surface ( ̂ ~30m) and deep (^40m) water 
bodies.

b) January 1976' ~ less structured profile with total increase 

in integrated water activity of ^15% proving active External 

flushing* over this time period.

c) March 1976 ~ general decrease throughout water profile 

continuing through April indicating continuous fast flushing.

d) May 1976 - little change although slight indication of
137 . . . .vertical differentiation of Cs profile which intensifies

over August and September due to marked increase in surface

concentrations. General profile increases between May and

September indicate dynamic water behaviour over this period

of dissolved oxygen stratification (cf Chapter 1.4). By
137September, surface ( <30m) Cs concentrations are ~30% 

greater than those at depth.
e) December 1976 - vertical stratification intensifies and

1 *37deepens till difference in Cs concentration between 40m 

and 50m is 'v 40%.

f) January 1977 - stratification completely destroyed by 
flushing event. Resultant profile exhibits general increase 

with depth possibly implicating a mixing process of deep
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water incursion followed by upwards mixing.

g) February 1977 - noticable increase in 137Cs inventory of 

entire loch (by ^20%) due to rapid flushing with externally- 
derived water.

h) March 1977 - little change with the exception of develop

ment of a distinct maximum at ~20m - possibly reflecting 

incursion of higher activity water at this depth.

i) April 1977 - general increases throughout profile with max-
137imum Cs concentration now at 'v 20m - probably due to 

vertical mixing of the previously mentioned high activity in
flux .

j) June 1977 - both profiles obtained during this month show 

fairly homogeneous radiocaesium concentrations with values 

^12% lower than the April maximum.
137k) July 1977 - general decrease in Cs concentration through

out profile with indication of decreased exchange at depths 

below 40m.

1) August 1977 - continued decrease of radiocaesium activity

of the water column (by ^15%) demonstrating continuous dynamic
137behaviour over this period. Minima in Cs concentration 

occur at the surface, as would be expected through fast sur

face exchange, but also at ~60m (as also observed on 6th June) 

suggesting possible incursion at this depth.

m) October 1977 - little change except for development of ' 

additional minimum at ^30m.
n) November 1977 - significant decrease throughout the entire 

water column due to external exchange (in comparison to the 

distinct deep water entrainment observed over this period of 

the previous year). Decrease is greatest at ^20m and a, 60m 

implying external inflow at these depths followed by vertical



mixing.

o) December 1977 - little change in the total 137Cs conteht 

of the loch but definite alteration in profile shape suggest

ing incursion of lower activity water to give minima at the 
surface and>50m.rV
p) January 1978 - lower activity influx considered above

appears to have mixed throughout the water column to give a 
137fairly uniform Cs distribution with depth which changes

little over the next month.

In such a month by month interpretation of the L. Goil

radiocaesium profiles it is difficult to identify the general

pattern of mixing implied. To summarise, therefore, the

depth .variation of radiocaesium in L. Goil over the entire
137period is most effectively presented as Cs isopleths on a 

depth-time plot (Fig -4.11). In this type of diagram vertical 

isopleths indicate fast external exchange coupled with 

thorough internal mixing while horizontal isopleths reflect 

restricted vertical mixing throughout the water column.

Over the two year period considered, the general be

haviour of the loch is characterised by fast surface ( <30m) 

exchange at all times with a limited barrier to vertical 

mixing developing in late spring (March - July), although 

slow exchange of deep water also occurs during this period. 

During winter and early spring (Dec - Mar) there is fast 
mixing and exchange at all depths possibly due to an external 

flushing mechanism. The main difference between the two 
years was in behaviour during autumn; in 1976, very extreme 

stratification was observed to build up over the period Aug - 

Dec with a marked barrier to mixing at /v40m, while in 1977 

fast vertical mixing was evident from July - Sept, followed
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by a much more limited degree of stratification. A more 

quantitative analysis of transport and mixing processes will 

be developed in the following section.

A previous semi-quantitative study of L. Goil mixing 

characteristics by MacKenzie (1977) was based almost entirely 

on radiocaesium (and radium) profiles within the loch itself, 

but more rigorous expansion of this analysis requires data 

on the L. Long source water. To allow reasonable consideration 
of L. Long data it is first necessary to consider- the hori

zontal and vertical homogeneity of L. Long itself.

4.3 Water mixing and transport in L. Long

The spatial homogeneity of L. Long waters was first in

vestigated by measuring radiocaesium concentration at several 

locations throughout the L. Long/L. Goil system on three 
successive months (Fig 4.12). From these measurements it is

apparent that surface waters are fairly uniform in terms of
137 134 137both salinity-corrected Cs concentration and Cs/ Cs

ratio - being within ICT (experimental) of the mean value

at all sites. There are no marked trends across either the

length or width of the loch, in agreement with the general

fast surface transport found throughout the Clyde Sea Area

(cf Chapter 3). At a depth of 25m, however, there appears to
137 • •be a significant northwards decreasing trend in Cs activity, 

particularly in the eastern half of the loch. This effect,

however, may be an artifact caused by a particularly high
value observed in Cove Bay, possibly reflecting some localised 

entrainment of water in this embayment. To examine this 

apparent horizontal differentiation of L. Long water, two
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complete profiles from different areas were compared (Fiq

4.13). It is immediately obvious that 137Cs concentrations

at all depths are greater at the more southerly site, although

these differences are within lcT (experimental) for surface
134 137and depths below 40m. The Cs/ Cs ratio , shows very little 

variation at the north site, the standard deviation of the 

entire profile being 2.7%, which may be compared to the value 

of 1.4% expected from experimental errors on a series of 8 

measurements. Although the southerly site has a depth average 

ratio within 0.1% of that at the northern site, these values

show a much larger standard deviation of 5.1%. As the trend
13 7 134 137in both Cs concentration and Cs/ Cs ratio over this

time period was a general decrease with time, the observed 

differences between profiles may be explained by south-north 

advection of deep water (>30m) with significant upwelling in 

the northern reaches of the loch, followed by a surface (<30m) 

return flow. At the southerly station, the ideal profile of 

two distinct water bodies separated by a sharp discontinuity 

is disturbed by fast surface layer ( <10m) mixinq and trans

port as previously discussed. This model of loch circulation 

is confirmed by the salinity profiles at these sites (Fig 

4.13b). At the north site salinity is almost constant with 

depth, implying a homogeneous water body, with the exception 

of a considerably diluted surface layer (<10m) as expected 

from fresh runoff. At the southerly site, however, low 

salinities are present to 20m indicating a more extensiye but 
less diluted surface layer. If the major fresh water input 

occurs north of the L.L.l site, the loch could be regarded as 

similar to a Tsalt-wedgeT estuary (ie type *A 1 loch in the 

classification of Milne (1972)). Considering L. Long as a
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narrow estuary characterised by surface and bottom salinities 

(S1 and S2 respectively) and flows (F]L and F2), with a fresh

water inflow (F) into the head of the loch, the general 

treatments of Stommel (1953) and Craig (1958) can be applied 
thus:-

S S
F1 = p(s2 - S±y ’ F2 = p (s2 -  4 *1

Taking = 31.7%, S2 = 33.2% for the LL2 site, and the

sum of the average fresh water flows into L. Long and L. Goil 
3 -1(20.0m sec ) as a good measure of p(Leatherland, 1976; MdcKenzie,

3 ' -11977), F^ and F2 values of 443 ani 423m sec are obtained 

respectively. Assuming an approximately rectangular cross- 

section for the loch, of width 2.2km and depth 70m, at this 

site, the rates of surface and return flows may be calculated 

as ^0.58 and 'vO.42 km day  ̂ respectively. As the length 

of the loch is ^  25km, a simplistic estimate of the total 

flushing time of the loch, assuming constant flow rates, would 

be *v50 days. This value is in reasonable agreement with the 

differences observed in radiocaesium profiles (Fig 4.13a) 

and monthly spatial radiocaesium distributions (Fig 4.12) in 

the light of the known temporal radiocaesium variations in the 

C.S.A. over the considered periods (Fig 3.4).
As significant horizontal differences exist in radio

caesium profiles throughout L. Long, it is important that a 

sampling site close to L. Goil is chosen to determine the 

radiocaesium concentration of source salt water for that loch. 

With this in mind, a series of radiocaesium profiles were

examined during 1977 at the LL1 site opposite the mouth of
137L. Goil. The resultant variation in salinity-corrected Cs 

concentration over this period is presented as a series of



/^^Cs isopleths (Fig 4.14) in a manner similar to that

previously discussed for L. Goil. The most marked feature
137in this presentation is the Cs concentration maximum of 

March which is effectively restricted to water above 60m and 

is the most definite indicator of vertical stratification in 

L. Long over the period considered. As this maximum was very 
1 sharpT, lasting <2 months, the temporal extent of stratifi

cation is difficult to determine in view of the low sampling

frequency (monthly). During this period,- however, a Cs
• • -1activity of 200.4 dpm 1 was recorded which is the highest

value observed in the Clyde Sea Area over a period extending

from early 1974 to mid-1978 (cf also Mackenzie, 1977; Saad,

1978). Some further slight evidence of stratification

occurred over winter 1977-78 but the low rate of change of
137 . . . .Cs concentration during this period makes this feature less

obvious than that of March. At all other times the water

column appears to be completely homogeneous.

4.4 Quantitative analysis of mixing in L. Goil

Water transport between Lochs Goil and Long is controlled

by the sill at the mouth of L. Goil. This limits the depth

at their junction to £2Cm (Fig 4.15). Comparison of the

1977 variations in ^3^Cs concentration in L. Goil (Fig 4.11)

with those in L. Long (Fig 4.14) shows plainly the complexity

of the mixing process. Thus, though trends in surface ( <20m)

variations tend to be very similar, marked fluctuations at

depth occur in L. Goil at various times of the year. During
137periods of low rates of change of source Cs concentration,

134this effect can be demonstrated by considering the Cs/
137 . . .Cs ratio (Fig 4.16). When comparing ratio variations,
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however, the effect of decay on a monthly timescale is

significant and must be taken into account. For example,

the high ratio (>0.11) deep water ( >50m) in L. Goil over

June/July 1977 may be unambiguously correlated with the high

ratio surface water in both lochs, showing that considerable

mixing of L. Goil bottom water occurred during this period.

However, the low ratios observed in the deep water over Dec/

Jan 1977/78 may be due either to exchange with surface waters

or to entrainment coupled with radioactive decay (ratio

decrease by decay ^ 2 .6% per month).

A simple model may be postulated for water transport

in L. Goil, involving fast exchange of surface ( ;$20m) waters

with L. Long followed by vertical mixing to a variable extent,

with deep waters. From monthly averages of surface and deep 
137Cs concentrations, the extent of deep mixing during each 

month may be-estimated from a simple conservation of volume 

equation
(So+St)

Dt = 0CDo +(l-oQ 2 ---4.2

137where D and S are deep and surface Cs concentrations at 

times o and t as denoted by the suffices and oc is the remnant 

fraction of deep water. In this equation a mean value of the 

surface concentration is taken as representative of surface 

input concentration over the time considered. Solving equation 

(4.2) for oc gives : ~
0C = (2Pt - So - St) ' 4 3

(2Do - So - St) ' ’ ’ ’ '

which has been evaluated at approximately monthly intervals 

over 1977 (Table 4.1). The values obtained, however, often 

represent physically unreal situations (ie 0̂  <0) indicating 
that this model is an oversimplification of the real system.



TABLE 4.1 MONTHLY EXCHANGE OF L.GOIL DEEP WATER 171*

MONTH SURFACE Cs-137 DEEP Cs-137
(dpm/l) (dpm/1)

D 136*1 122.8
J 141.9 143.2

F 169*1 160.6
M 180.9 168.0

A 188.9 176.3
H

J 166.1 163.7
J 157.0 161.4
A 14-2.8 146.8
s
0 143.2 145.1
N 133.3 139.4
D 129.7 138.3
J 133.3 132.8

FRACTION EXCHANGED 
(a)

- 0.26
-0.41

0.49
0.51

-4.25

0.24

-0.27

0.55

0.17
0.86
O.19



Factors unaccounted for in this simple model include 1) 

vertical structure within the regions considered as boxes,

2) non-linearity of trends and hence inapplicability of inter 

polation of average supply activity, 3) exchange rates faster 

than the sampling frequency ( ^1 month) and 4) direct 

incursion of L. Long water. All of these phenomena could 

cause failure of this derivation. With these reservations 

in mind, it may be implied that over periods when ’reasonable 

exchange rates were observed (ie 0 ̂  CC <?1) the Loch Goil 

system may conform to the restrictions of this simple model. 

Thus, during the period Jan - March, surface exchange be

tween Lochs Long and Goil may be fast with deep mixing more 

restricted - corresponding to r* 50% per month, a value similar 

to that observed between August and October. An apparent 

increase in deep exchange is observed between October and 

November followed by highly restricted mixing during the 

period Nov-Dee. ( ^14%/month) and a further increase to ~ 81% 

per month over Dec-Jan. These periods for which the model 

seems to hold are significant as they correspond to periods 

showing reasonable stratification of the water profile as 

previously discussed. Negative (’unreal’) values of oC occur

at times (Dec-Feb, April-June, July-Aug) when rapid changes 
• 137m  bottom Cs concentrations were observed. It is therefor 

implied that at these times, the model breaks down due either 

to the effect of external incursion or to the rapidity of 

mixing processes. These causes cannot be distinguished by 

this simple treatment.
In the derivation of a more realistic model it is 

important to consider the physical processes occurring during 
mixing and transport. The basic description of mixing in a



sill-protected fjord has been theoretically derived (e.g.

Sverdrup et al, 1942) and applied practically (e.g. Milne,

1972; Anderson and Devo 1, 1973; Edwards and Edelsten, 1976a;

1976b; 1977). This indicates that deep water renewal is
determined by the density of external water at sill depth 

relative to that of the entrained water. From the salinity 

and temperature measurements during sample collection (Appendix 

I), the density profiles in Lochs Goil and Long may be determined 

by interpolation between curves obtained from tables (e.g.Mil- 

lero and Lepple, 1973; tabulated in Riley and Skirrow, 1975) 

or by evaluation of a polynomial expansion' Although the 

cumbersome polynomial expansions are more accurate than either 

required in this application or justified by the quality of 

the hydrographic data, they have the advantage of being readily 

evaluated as part of a standard computer program. In this work, 

the expansion obtained by Cox et al (1970), was used to determine 

the specific gravity, i.e.

' * - 1 1 %  T' sj ( K i , j ^ 3 ,4
i jwith i 

0
j
0

a . .

8.00969062 X i o “ 2

l 7.97018644 X 10"1*
2 1.31710842 X 10-4
3 -6.11831499 X 10-8

1 0 5.88194023 X _ 910
1 -3.25310441 X i o “ 3

2 2.87971530 X IQ"6
2 0 -8.11465413 X i o “ 3

1 3.89187483 X 10~5
3 0 4.76600414 X 10-5

T - temperature (°C), s - salinity (%o)



(N.B. the exponent of 10 for a is misquoted as 2 by Wilson 

(1975)). The resulting density variations over 1977 in Lochs 
Goil and Long are plotted in Fig 4.17. The most obvious 

features of the density plots in both lochs are the.maxima 

in early summer and minima in late autumn. These features 

are produced by the annual variation in rainfall and tempera

ture over the entire Clyde Sea Area (or coastal water catch

ment) as previously considered in more general studies (e.g. 

Mill, 1892; Barnes and Goodley, 1961). To simplify inter

pretation of the density data, the temporal variation in density 

at sill depth (20 m) in L. Long and at 40 m depth in L. Goil 

(a value chosen from the previous consideration of Cs 

profiles) may be compared (Fig 4.18). It is immediately 

seen that favourable conditions for advective replacement of 

L. Goil deep water occur only for about a month in January 

and April, direct gravity-driven incursion being impossible 

at all other times. It is noticeable that the autumn rise in 

L. Long density occurs earlier and less rapidly in winter 

1977/78 than in the previous year and that less density 

difference between L. Long surface and L. Goil deep waters

develops. This undoubtedly explains the qualitative differ-
1 3 7ences m  extent of Cs stratification between the two years 

as previously observed in section 2.

Bearing this in mind, a model for L. Goil mixing can be 

postulated such that the main residual flows are those of a 

surface layer ( ^10 m) out of the loch driven by runoff and a 

return flow (10 - 40 m) of salt water from L. Long (Fig 4.19). 

Deep water (>40 m) may be assumed to exchange with the over- 

lying water body with occasional direct influxes from L. Long.
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Labelling the flows between boxes as illustrated (Fig 4.16) 

a series of independent equalities can be derived immediately 

from conservation of water in each box (evaporation being 
accounted for in the runoff term, R):~

(1) a + R = f

(2) e + d + R = f ....4.5

(3) d + b = c

(N.B. conservation equation a + b = e + c for box. ;(2) may 

be derived from these equations and is thus not independent).

As deep water replacement is expected to be the slowest 

process here, it is best suited to evaluation from low fre

quency sampling. For the deep box (3), to solve for three 

unknown flows, three independent equations are required:- 

Conservation of water (1) c = d + b

.Conservation of 137Cs (2) | A7j*= J*d 7^t * b̂ <)t "fflC 7Jt

Conservation of salt (3) | AS3£= t + j‘ bS^t -j/c S3Jt
where b, c and d are water fluxes as shown in Fig 4.16, 70 , Sn

137 •are the concentration of Cs and salinity respectively m  box

n and I^Kn |p in the change in content of parameter K in box

n over time 0 t. Initial simplification may be performed

by assuming (a) the fluxes to be independent of time and (b)

the change of each parameter in a particular box to be linear

with time, such that

= r W

 4.6



17 9.

Solution of the equations above gives;—

(i M _ ,
tl - 1&S,C-(!(sH s}) • )

{7J1
K ^ } - { 7 J )   4 7

L lA7.il - d ( ( 7 j - { 7 3})
( ~{7J )

c = d + b ✓

For the period December 1976 - January 1977, substitution
11of observed data m  these equations yields values of 4.70 x 10 ,

11 9 -14.79 x 10 and 9.46 x 10 1. month for d, b and c respectively.
10As the volume of the deep box is only 7.77 x 10 1, these

values clearly indicate extremely rapid deep water replacement

with an implied deep water residence time of ~5 days over this

period. As this residence time estimate is much smaller than
the sampling period, its reliability is questionable. However,

complete flushing in less than one month is certainly implied

in agreement with values obtained by MacKenzie, (1977). Fast

flushing events of this type have been reported elsewhere (e.g.

deep water renewal time of ^12 days for Saanich Inlet, Anderson

and Devol, 1973) and thus the postulated renewal rate is not

unreasonable. Exchange of the entire deep water body (7.77 x
1010 1.) in 1 month would involve an outwards flux (balanced

3 1by a return flow) of 30.0 m sec" which is small compared to

the tidal influx of 3.4 x 1011 1.(low - high) which corresponds
3 3 1to an inflow of 1.5 x 10 m sec” . Thus, even flushing of

3 -1the deep basin in 5 days, requiring an inflow of 180 m sec , 

could be readily accomplished by tidal influx of dense L. Long 
water.



By contrast, it is evident from the density curves of

Lochs Goil and Long (Figs 4.17, 4.18) that L. Goil deep water

(>40m) is considerably denser than L. Long sill waters over the

months Aug - Nov and hence direct incursion cannot Occur during
this time. Changes in the L. Goil depth profiles of 137Cs,
134Cs and salinity during this period must thus be explained in 

terms of surface transport followed by internal vertical mixing 

processes. Over the period 16.8.77 ~ 15.11.77 there is little 

change (<0.1%) in the salinity of deep (>40 m) water, the main 

density change over this period being due to fluctuations in 

water temperature. The temperature profile gradually degrades 

from a difference of > 8°C from 0 - 70 m in August to only 

^ 2°C in November, mainly through surface cooling, while the 

low bottom D.O. values of August (3.7%o) decrease to virtually 

anoxic conditions (<0.7%*). In previous work oxygen depletion 

has been attributed to deep water stagnation through develop

ment of a strong pycnocline (C.R.P.B., 1974; Mackenzie, 1977),
134 137but the increase (by 13%) in Cs/ Cs ratio of bottom water

over 16/8 - 11/10 shows definitively that this is not the case

(during this period radioactive decay would be expected to

produce a ratio decrease of 5%).

As no mechanism for vertical advection seems possible,
1 "34the change in Cs concentration over this time period may be

attributed to diffusion. A barrier to mixing appears to exist
134.at ̂ 40 m as a marked gradient in Cs concentration, temperature 

density and dissolved oxygen exists between 30 and 40 m on 

16/8 and 15/11 and, to a lesser extent on 11/10/77. Values of 

these parameters above and below thispycnocline are fairly 

constant and indicate relatively fast mixing of surface and



deep water bodies.
The simplest approach to the 30 to 40m mixing barrier 

134is to average the Cs concentration above and below it 

over the period 16/8 - 11/10, namely 13.0 and 12.5 dpm l"1 

respectively so that, if mixing can be regarded as a steady 

state process, with diffusion balancing decay, a simple one

dimensional diffusion model may be used for its description 
(cf Chapter 1).

The steady state equation is:-

-f- ( Kjif- )- Ac = 0
Jz J<>Z ....4.8

which has the standard solution (cf, eg Chung, (1973), Baxter 

and McKinley (1978)) when appropriate boundary conditions are 

. imposed of

cz = co exP(-z (ir)5 > — 4-9z
assuming is independent of depth. Rearranging this equation 
gives

K„ = , Z2 A ______4.10
C 2(ln(l£))CO

and thus, putting A = 0.028 month C^ = 12.5 dpm 1 CQ =

13.0 dpm l"1 , z = 10m; = 1.82 x 103 m2 month"1
2 -1= 7.0 cm sec . ■

This derivation, however, involves the standard assumption

°f = 0, which is plainly not applicable in this case as 
134deep Cs concentrations actually increase over the period of

134interest. As> during 2 months, the deep Cs concentration 

increases from 11.6 to 13.3 dpm l"1, = 0.85 dpm l"1 month"1 .

Equation 4.8 thus becomes



182.

K ifc - Ac - 0.85 = 0  4.1X
Z 2 <Jz

but in this case the concentration gradient is time-dependent 
and a general solution is:-

C(Z,t) = c0 f 1 + 2 e P\ j i 1 ....4.12
—  rr Jo

to which further terms must be added to account for decay 

(Daniels and Alberty, 1966; Duursma and Hoede, 1967). Because 

of the low spatial and temporal definition of the data in this 

project, however, rigorous solution of the above .equation is 

not possible. An alternative method of compensating for diff

usive increase at depth while retaining the simplicity of a 

mean concentration gradient is to introduce an additional 

lin-situ’ removal rate constant to balance the build up. In 

this way equation (4.8) becomes

V 2c - ( A ! + A 2)c = 0 ....4.13

with the radioactive decay constant and an in-situ

removal rate constant balancing the increase rate (7.3% month "**)

The general solution for K is thus:-z
Kz = 22 U i  + A 2 )

(ln(C^))2 ....4.14
c~o

which, using the values above (cf equation 4.10) and

^2 = 0.073 month’"'**, gives = 6.57 x, 10^ m^ month
_  0 2 -1 = 25.3 cm sec

Although the calculations above are somewhat less than

completely rigorous, it is perhaps reasonable to regard the

vertical diffusion coefficient as falling within the range

7 - 25 cm2 sec"1 f if the standard assumption of Kz being



independent of depth and time may be made. These values are,

however, considerably larger than might be expected in view of

the strong density gradient present (cf eg 1 - 1.5 cm2 sec"1

for the main ocean thermocline (Broecker, 1966; 1974) and 
2 - 13.9 cm sec in a basin (Santa Barbara) having a much less

marked pycnocline (Chung, 1973)) and are more typical of values
2 -1'found in ocean bottom waters (2 - 200 cm sec , Broecker, 1974), 

ie in areas with negligible density gradient. If the high values 

are real - and are not simply produced by failure of model 

assumptions - they could be caused by turbulence through coupling 

with the surface, fresh water-driven flow. Indeed mixing 

through thermoclines has been postulated as due to the presence 

of internal waves (Bowden, 1975) which may possibly be generated 

by such turbulence. The reality of the fast diffusion rate is 

further implied by the large change in bottom density over the 

period considered - this resulting mainly from an increase in 

bottom temperature by ~22%, indicative of considerable water 

exchange between deep and surface bodies. Perhaps the main 

difficulty associated with this fast diffusion rate would appear 

to lie in explaining the observed decrease in D.O. between 

August and September . This depletion may be assumed to be 

caused by rapid consumption of oxygen at depth, presumably by 

oxidation of organic debris, which may be largely residues of 

"the summer plankton bloom (cf eg Mackenzie, 1977). This rain 

°f organic debris may, however, be expected to perturb the 

earlier models if radiocaesium is associated with it and is 

transported to depth and released during organic decay.

Taking an average Cs concentration factor of x 100 (cf 
Chapter 7) for plankton, the required organic flux to cause •



1 34  p -jthe observed Cs increase would be 28 kg m month . This

particulate flux could not, however, cause major isotopic

fractionation and hence would also involve transport of 137Cs

resulting in an increase of 17pCi 1  ̂ over the time considered,

as opposed to the observed increase of 0.6p Ci l“ .̂ On this

basis, this transport mechanism may therefore be regarded as
insignificant.

1 34The absence of any marked depth variations in Cs

concentration within the deep body implies fast internal mixing
2 -1a difference of less than 5% over 40m implying ^ 70 cm sec 

(equation 4.10) as might be expected on the basis of the low

density gradient in this region. From this minimum value of K

in the deep water body an estimate of the rate of oxygen 

utilisation may be derived, assuming the removal rate to be 

first order. Further assuming a steady state gradient of D.O. 

in early November, with the bottom (70m) D.O. ^ 1.0%# and the D.O 

at 40m ^3.5%^ rearranging equation 4.10 gives 

\ = \  (ln^)2 ....4,15
 _____ O

Z2
\ •- S — 1yielding A =  1.2 x 10 sec . Thus, the maintenance of the

observed profile would require a minimum consumption rate of

** 1.5mg 02 I-1 day*"1 at 70m. It may, however, be more realistic

to consider the oxygen removal rate (Rz) to be controlled by the

organic particulate content (or some similar parameter) such
that removal is effectively zero order with respect to D.O.

%

Equation 4.8 thus becomes
<̂2r t>



which, if Rz and are independent of depth within the deep
water zone, may be integrated twice to give:- 

2
C = z + ocz + p _4.17

ocKz

where o( and /J are constants of integration, with the additional

data that the D.O. at 55m is ^ 1.8%*in the steady state case

considered above, three equations for Cz at depths 40, 55 and

70m may be solved simultaneously to give R^z.1.9 x 10“5%osec"‘I‘
-1 -1(6^2.35 mg 1 day ). While these oxygen removal rates may

be atypical of the annual average for the loch,- they lie at

the low end of the range of Biochemical Oxygen Demand (0.2 - 38 
-1 -1mg 1 day ) found within the Clyde and its tributaries

(CRPB, 1976). Although B.O.D. values measured in the Clyde

system may be correlated with inputs from rivers and sewage

^works (MacKay and Leatherhead, 1976), the oxygen demand in L.

Goil will have additional significant components from the decay

of plankton remains and possibly from reactions at the sediment/

water interface (Steel, 1972). Without further data on the

particulate flux in the area, however, it is not possible to

comment further on these oxygen consumption estimates.

In general, therefore, water transport in L. Goil may be

categorised as either rapid flushing with externally-derived

water during which the residence time of even the deepest

areas of the loch is £1 month, or fast surface exchange

followed by mixing over a developing pycnocline which, even at

maximum extent (in 1977) showed an average vertical eddy
2 -1diffusion coefficient of 7 - 25 cm sec . The particular 

behaviour of the loch is determined by density gradients - 

flushing occur ring when the density of L. Long water at sill



depth is greater than that of L. Goil deep water.

4.5 Gareloch and L. Fyne

In addition to the detailed studies of L. Goil and L.
Long, occasional samples were obtained from Gareloch and L.
Fyne.

Gareloch extends "5 miles NNW from the Clyde Estuary 

and consists of a trench averaging "40 m deep along its centre 

separated from the open estuary by a narrow sill^ 20 m deep at 

Rhu. This loch is generally regarded as being greatly influ

enced by the estuary both in terms of water and sediment input 

(Mill, 1892; Mackenzie, 1977). Two samples taken from mid

depth (20 and 30 m) on 6.11.75 showed radiocaesium concentrations 
typical of the C.S.A. concentration at that time (cf also 

Mackenzie, 1977) and no significant difference was observed 

between the two depths. A complete profile was obtained
137however, on 3.8.76 (Fig 4.20) when a marked increase in Cs

concentration (salinity-correlated) was observed at 10-20 m

relative to surface and deep values although no significant
137trend in ratio was noticeable. As the net trend in Cs 

concentration in the C.S.A. over this period was a general 

increase (Fig 3.4), a water renewal mechanism may be postulated 

involving influx from the estuary at mid-depth (probably as a 

salt return flow). Older water is removed with the fresh 

surface flow and deep flushing/mixing is slow, on the timescale 

of months. In the absence of additional data, it may be sug

gested that, at this time of year Gareloch is similar to L. Goil, 

with fast runoff and tidally-driven surface exchange followed 

by more restricted mixing to depth although lower gradient of 

salinity, temperature and D.O. imply less restriction to vertical
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mixing in Gareloch.

Radiocaesium measurements previously considered (Chapter 

3) indicate that L. Fyne may be regarded as comprising two 

distinctive regions - a southern basin, which is effectively 

a continuation of the N.W. trench system of the Clyde Sea basin, 

and a sill-protected northern basin. Initial measurements on 

17.2.76 showed no systematic variation in radiocaesium concen

tration along the loch or in the surface layers (0-40m) of 

the north basin (Fig 4.21) and led Mackenzie (1977) to assume 

that the entire loch could be regarded as well-mixed. Surface 

and bottom sample pairs taken from the southern and northern 

basins on 24.11.76, however, indicated that the deepest water

in the north basin was considerably different from that else-
137where, being ̂ 30% lower in Cs concentration and ̂ 10% lower 

134 137in Cs/ Cs ratio. 4As the C.S.A. in general is characterised
137 -1by a salinity-correlated Cs concentration of 130 dpm 1

1 3 4  1 3 7and Cs/ Cs ratio o f ^0.117 (Fig 3.4), the entire south 

basin and surface waters in the northern reaches of the loch 

may be regarded as well-mixed while the north basin deep water 

is more typical of much *older* water. Assuming complete

entrainment of the deep water with negligible vertical exchange
137 -1a Cs concentration of 100 dpm 1 is similar to that found

in the C.S.A. generally around May 1976 or April - November 1975

The ratio in May 1976 was ̂ 0.15 which is reduced by decay to 

^0.128 by November 1976 while that of April 1975 (0.17 - 0.15, 

Mackenzie (1977)) corresponds to 0.102 - 0.108 and November 1975 

(0.158) to 0.115 by this date. It would thus seem that, if 

this deep water body can be regarded as isolated by a mixing



barriers the entrained water has sum £age* of w- 1_6> years„ It 

is not possible, in this case, to quantify the effects of ver

tical diffusion over this time but, in view of the trends in
137 134 137Cs concent rat ion and Cs/ Cs ratio o w e  tlhis tins (Fig
3.4), the deep water residence time must be 1 year*

The most detailed profile of the north basin was obtained

on December 1977 (Fig 3,3) and, as previously discussed (Chapter
1373), shows a distinct Cs maximum at ^XQOmu As a generally

137decreasing trend in Cs concentration was prevalent In the

Clyde Sea Area over this time, this maximum Indicates signifi-
137cant entraiiment of fold* water in the basin. Decreased Cs

activities at surface and depth Indicate that water transport

to this basin is both by rapid surface mixing and deep water

replacement by influx of high salinity wafer from the southern -

basin. From previous consideration of L. Goil mixing, it is

probable that the deep water incursion process occurs only

during the winter as observed in this case. Relative to the

known variations In radiocaesium content of the Clyde Sea Area
137m  the months preceding this study (Fig 3.4), the Cs

134 137 . . .concentration and the Cs/ Cs ratio of the activity

maximum in Loch Fyne indicate an *agc1 of that water body of
either *v4 months or ^  1 year (assuming no diffusion). It is

again impossible to define this deep water residence time
because of the low sampling frequency. It seems, nevertheless

that the north basin of L. Fyne probably experiences the

longest periods of deep water entrainment of all the sea lochs
studied and, as deep water residence times are year, the

extent of annual renewal may well be greatly influenced by

weather conditions.
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Generally, therefore, the surface waters of the northern 

sea lochs examined exchange rapidly due to circulation induced 

by fresh water -runoff with additional contribution from wind- 

and tidally-driven currents. Water exchange in sill-protected 

basins is either via vertical diffusion or by distinctive 

advective flushing processes when the external density at 
sill depth exceeds that of the deep water body.

4.6 General Overview

Examination of radiocaesium depth profiles in the L. Long 

■f- L. Goil system has allowed the water mixing processes in 

these lochs to be studied in some detail. L. Long may be 

regarded as a simple narrow estuary with circulation driven 

by fresh runoff and characterised by a total flushing time of 

^1 month. Little evidence of deep water entrainment is 

observed over an entire annual cycle. L. Goil, however, is 

characterised by rapid exchange of surface waters (<J40m) at 

all times of year (residence time ;£l month) but there is 

evidence of restricted deep water renewal during summer and 

autumn. During vertical stratification of this loch, a

pycnocline develops between 30 - 40m which limits vertical
0 - 1mixing (K ^ 7 - 2 5  cm sec ) while internal mixing m  the

2 -1deep water body is much faster (K^ 70 cm sec ). When

external density at sill depth (in L. Long) exceeds that of 

the L. Goil deeps, the bottom water renewal rate increases 

rapidly giving complete replacement in <1 1 month.
Preliminary measurements in Gareloch and upper L. Fyne 

show that, in contradiction to previous work, both these 
lochs display vertical structure which may be interpreted in 

terms of similar transport mechanisms to those invoked foe 
L. Goil.



Chapter 5

The Hebridean Sea Area

5.1 Introduction

The Hebridean Sea Area may be considered as that 

region of the continental shelf between Malin Head in the south 

and the Butt of Lewis in the north (Fig 5.1). This area 

has been little studied in comparison to other coastal 

waters around the British Isles (Ellett, 1978a). In addition, 

any hydrographic studies of the region have concentrated 

on the shelf-edge, in particular in the vicinity of the 

Rockal'l Channel (Ellett, 1977a; 1978a). Water movement on 

the Hebridean Shelf may be regarded as a resultant of 3 

water fluxes, derived from Atlantic and Irish Sea water 

bodies and from fresh-water runoff. Such flows have been 

studied via the salinity distribution (Craig, 1959), the 

saliiiity and temperature distribution (Ellett,, 1977b; 1978a; 

1978b), drift-bottle releases (Barnes and Goodley, 1961) 

and the distribution of Windscale-derived radiocaesium 

(Jefferies et al, 1973). From these investigations, the 
apparent general distribution of surface water currents has 

been derived for the summer months (April - October) (Ellett, 

1978a). Even so, Ellett emphasised the sparsity of data for 

the area.

It is intended in this chapter to examine in some 

detail the flow of coastal, Irish Sea-derived water through 

the Hebridean Sea Area (H.S.A.) during the summer months 

and to determine the variability of this flow between successive
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. years. With this aim in mind, 43 samples in 1976 and 71 

samples in 1977 were collected from a grid of stations in 

the H.S.A. by Ellett (of SMBA) during cruises 8/1976 and 

10/1977. of the NERC research ship 'Challenger*. The results 

of radiocaesium analysis of these samples together with 

hydrographic data provided (Ellett, 1978c) are listed in 

Appendix 1.4. The positions and sample codes of stations 

used in both years are plotted in Fig 5.1.

5.2 Data for Summer 1976

The results of radiocaesium analysis of the samples

obtained on 25-29 May 1976, when plotted on a map of the area
137(Fig 5.2), show a marked decreasing trend in Cs concentra

tion from south to north and east to west while trends in 
134 137the Cs/ Cs ratio are less distinct. The distribution 

137of Cs in the area is more conveniently presented by
137drawing a set of 1 Cs-isopleths * which show the marked

*Cs-plume? of coastal water flow (Fig 5.3). As the only 

significant source of radiocaesium to the area is Windscale 

(Jefferies et al, 1973; Livingstone and Bowen, 1977), the 

dilution and dispersion of the Cs-plume may be regarded as 

representative of the processes occurring to the Irish Sea- 

derived coastal water body and its dissolved constituents.

Several points are immediately obvious from the radio

caesium distribution in the H.S.A.
1) There is a very marked horizontal stratification

137 . .in the Islay-Malin Head Channel, with high Cs activity 

Irish Sea-derived water flowing along the Scottish coast.

This component is quite distinct from the low activity waters
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along the N. Irish coast, which probably reflect marked 
Atlantic incursion along the north of Ireland into the northern

i 07reaches of the North Channel. The steep Cs gradient

across this channel indicates little mixing of the Atlantic
and Irish Sea-derived water bodies in this region. The 
134 137Cs/ Cs ratio distribution across the channel shows little 

real variation - the low values observed at sites 1A and 2A 

(and 7A) have very-large associated errors and thus are within 

ilCT experimental error of the average ratio for the area 
(3 - 6A ) .

2) There is a very marked front between Atlantic and 

coastal waters to the' south of Tiree, running approximately 

along 7°W, indicating sharp differentiation of the two water 

bodies in this area. To the north of Tiree, however, the 

front is less well-defined, indicating substantially increased 

mixing and dilution of the coastal water flow. Such enhance

ment of mixing could be due to increased turbulence and com

plexity of the coastal flow through perturbing influence

of the ‘Small Islands*, particularly caused by the channel 

restriction between Coll and Mull.

3) There is a marked tongue of high radiocaesium water 

extending to the south of Barra which may be due either to a 

sudden incursion of Atlantic water towards Skye, thus dis

rupting the coastal plume, or to a steady-state southwards • 

flow from the Outer Hebrides. Indeed Craig (1956) has 

postulated a southwards flow along the east coast of S. Uist, 

round Barra Head and thence northwards to the Butt of Lewis, 

this caused by constriction of the northwards coastal flow



by the Little Mifch. > However, the occui^nce of high activity 

water ^50 km south of Barra may imply the presence of a weak 

counter-clockwise gyre in the area, possibly through coupling 

of the southwards flow at Barra with the eastwards Atlantic 

incursion and northwards coastal flow. The increased com

plexity of coastal transport caused by the Little Minch may 

also contribute to the breakdown of the well-defined front 
system observed above.

1374) The concentration of Cs in these coastal waters 

decrease s by ̂ x 3.5 from south to north of the area, implying 

considerable dilution of the Irish Sea-derived water with 

‘uncontaminated* Atlantic and runoff waters (c.f. the small 

extent of dilution observed between the MAFF North Channel 

site and the Clyde Sea Area - Chapter 3).

To examine these results more quantitatively, the 

temporal variation of radiocaesium concentration in the coastal 

water body must be known. Such an estimate may be derived 

from MAFF measurements of radiocaesium at either the North

Channel (Fig 3.5) or the Islay-Malin Head stations (Fig 5.4).
137Although the Cs maximum in early 1977 and the general 

decrease in ratio are comparable for these two sites, there 

is little similarity in overall curve shape. Nor is the match 

of these curves particularly improved by assuming mixing in 

the northern reaches of the North Channel or in the Clyde 

Sea Area and deriving resultant North Channel curves using 

the box'-model discussed in Chapter 3 (Fig 3.13).

In this analysis the North Channel (Stranraer-Larne) 

radiocaesium curves will be taken as representative of the 

coastal source water radiocaesium variation with time, as 

the marked concentration gradient observed across the Islay-
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Malin Channel makes data obtained from a sampling station in
this area highly susceptible to the effects of variations in

*Plume width*, as will be emphasised in the next section.
137As the Cs concentration in the North Channel shows

considerable fluctuation, in the months preceding this survey,
the dilution factor, as obtained previously, between south
and north of the area must be regarded as a simplistic
estimate of the true dilution. Accurate calculation of

137environmental appearance (E^) values for Cs in the area
is therefore precluded (c.f. Chapter 3 for definition of the

134 137E^ units). The Cs/ Cs ratio in the North Channel does,
however, show a much more regular trend over the preceding
months and can b e  approximated via the linear function.
R = 0.2-21 - (0.008 x m)  5.1m v '
where R is the ratio at time m months after.January 1976 m
(correlation coefficient 0.92). Bearing in mind the inter

calibration constant of 1.22 between MAFF and G.U. ratio 
data (Chapter 3) and radioactive decay, the transit time 
from the North Channel to Islay should be calculable from 
the 0.134 average ratio in the Islay-Malin Channel (Stations 
2A - 6A). Thus, if transport is by simple advection,
0.134 = 0.221-0.008(5-t) x exp(-0.02625xt)  5.2

‘ 1.22
where t is the transit time in months. This equation does 
not have a real solution nor is a solution obtained by con
sidering the observed monthly ratio values for the North 
Channel reduced by the intercalibration correction and decay 
(Table 5.1a). Explanation of transport between the North 
Channel (Stranraer-Larne) and Islay in terms of simple
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advection is therefore precluded. If, however, a similar
calculation of the expected ratio at Islay is performed

using as source data the ratio values observed in the Clyde
Sea Area, a match is obtained for 'March* water from the

137C.S.A. (Table 5.1b). Comparison of Cs concentrations
between March C.S.A. water and observed Islay-Malin values
sh'ows that, if the above correlation is real, dilution by
~20% has occurred during transit between these sites through
mixing with Atlantic or runoff-derived waters. A resultant

137value for the environmental appearance of Cs at Islay of
-1 -1 ^0.2 pCi 1 /Ci day is obtained.

This perhaps surprising match between calculated
radiocaesium concentrations from C.S.A.-derived water and
observed values in the H.S.A. may be due either to short
residence of water in the C.S.A. and the implied large
percentage of Irish Sea-derived water through the area
(cf Chapter 3) or to the existence of a large area of mixing
in the northern North Channel (including the C.S.A.) with an
average residence half-time of 1-2 months. With a sampling
frequency of l/month it is impossible to distinguish between
a model with the entire northern North Channel and C.S.A.
acting as a single mixed box with residence t_i months or

2
an alternative with 2 linked mixing boxes, corresponding to
-the C.S.A. and the north reaches of the North Channel, each

with residence ti ^  l\ months. Both models } however, imply 
2

that water transport from the MAFF North Channel site over 
this time period may be regarded as occurring via northwards 
advection with a transit time of ^1 month to an area of



mixing with residence t_i ^ 2  months around the Clyde followed
2

be advection to Islay with transit time of ~  2 months. At
a more realistic level then, transport of radiocaesium through
the North Channel may be considered to occur by a combination
of mixing and advection processes, the former (residence t

2̂
^ 2  months) proceeding on a similar timescale to advection

(transit time ~ 3  months corresponding to an average velocity 
-1of 1.6 km day ). Such a combination of mixing and advection 

is similar to the model previously invoked to explain radio
caesium transport in the northern Irish Sea and into the 
C.S.A., and probably reflects the superimposition of tidal 

and wind-driven mixing on residual advective flows. The
derived values of~20% dilution during transport through the

-1North Channel and ~1.6 k-m day average residual flow rate
-1may be compared with values of 10% and 5 km day respectively

obtained by Craig (1959) from measurements of surface salinities.
134 137The observed values of Cs/ Cs ratio are very 

similar throughout the area (Fig 5.2 ), values for even the 
most northerly area around Rhum being effectively within 
experimental error (KT ) of the average for the Islay-Malin 
Channel. As a result, the only match with calculated source- 
water values (Table 5.1) is again with that derived from 
March C.S.A. waters, implying fast transport throughout the 
region considered. As transport from Islay to Rhum is thus 
characterised by a transit time month the average flow
rate through the area is at least r*5 km day*1 (in good 
agreement with the value obtained by Craig (1959)). Compar
ison' of 137Cs concentrations in the south and north of the



area is thus valid bearing in mind the rapid transit involved
and the dilution of ~  x 3.5 during transport results in an

137 1environmental appearance of Cs at Rhum of ~0.06 pCi 1 /
-1Ci day . Comparison of water transport between Stranraer/ 

Larne - Islay and Islay - Barra therefore suggests that the 
very much greater transit velocity and dilution derived for 
the latter case may be linked, in that the Hebridean coastal 
flow may be driven to some extent by the diluting Atlantic 
and freshwater currents.

The validity of the calculations above may be very 
roughly checked by considering the flux of radio caesium

through the Islay-Malin Head Channel. Assuming a 90 m
average depth for this channel, a plume width of 25 km, an

137 . -1average Cs concentration of 30 pCi 1 and a ccastal water
-1 137velocity of 5 km day , the Cs flux is estimated at 

-1^450 Ci day . This figure corresponds to a total annual
-1flux of ~ 123,000 Ci year , in reasonable agreement with the 

Windscale release rate 141,500 Ci year ^ for 1975). Indeed 
agreement is remarkable bearing in mind the crudeness of the 
calculation, the complexity of the transport process, the 
accumulation of ^ ^ C s  in the Irish Sea and southwards removal 
from'the Irish Sea through the St. George?s Channel and

possible seasonal fluctuations in the flow characteristics 

of the coastal currents.

5.3 Data for Summer 1977

The observed radiocaesium plume in the more extensive 
survey of the h .S.A. in summer 1977 (Fig 5.5) shows some
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marked differences from the pattern of the previous year 

(Fig 5.2). These are emphasised by comparing 137Cs isopleths 
for 1977 (Fig 5.6) with those for 1976 (Fig 5.3).

The main differences in radiocaesium distribution for 
the two years are:-

1) In 1977 both the physical extent of the plume
137and the average Cs concentration within it are greater

than in 1976. Although the sampling grid was insufficient
to determine the east-west limits of the plume (as may be

-1defined by the 1 dpm 1 isopleth), the area enclosed for
i -•example, by the 30 dpm 1 isopleth is ^  x3 greater m  1977.

If the area is assumed to be of constant depth, the total 
137Cs inventory of the area under study may be calculated
as >x2 the value for the previous year. By including the
effects of increasing depths to the west of the area and of
the unmeasured western extent of the plume, a more realistic

137estimate of the increase in Cs content of x3 is obtained.
2) Although once more there is a considerable hori

zontal gradient in radiocaesium concentration across the Islay-

Malin Channel in 1977, there is no apparent Atlantic incur-
137sion into the North Channel. Indeed a steep Cs gradient 

exists between Fair Head and Benbane Head on the North Irish 
coast. This represents a significant difference from the 
previous year, although it must be noted that the less exten
sive 1976 survey did not conclusively prove but, rather, 
strongly implied significant Atlantic incusion into the North 

Channel.



3) In contrast with ths trends of 1976, there are 
quite significant variations in 134Cs/137Cs ratio throughout 
the area in 19.77, a fact emphasised by the generally lower 
experimental errors on the more recent ratio determinations.
The ratio shows a generally decreasing trend from south to 
north with an additional suggestion of systematic variations 
from east to west, particularly across the Outer Hebridean 
area. These ratio variations suggest significant internal 
transit times on the timescale of source-water radiocaesium 
fluctuations (i.e. in the order of months).

1 3 74) A strong front, as indicated by a steep Cs 
gradient, extends from the North Irish Coast north east to 
approximately the latitude of northern Islay (56°N), where 
it breaks down somewhat with marked widening of the plume.
This observation may be compared with the strong front ex
tending as far north as Tiree (56° 30* N) in the previous year. 
This difference in circulation pattern could be due to the 
increased restrictive effect of the channels between the *Small 
Islands* on the greater volume of ccastal flow in 1977, 
causing more rapid disruption of simple northwards advection 
and increased lateral extension of the plume.

If the source of the coastal plume in the H.S.A. is
assumed to be Clyde Sea Area/ North Channel waters, it is
difficult to explain the observed differences between 1976 

1 3 7and 1977 Cs plumes. Between spring 1976 and ~  February
1371977 there is a significant increase in the Cs concentrations

in both the N.C. and C.S.A. This increase, however, -is not
137large enough to explain the > 1 0 0 %  rise in Cs content of the 

Hebridean Sea in 1977 on the assumption of similar water 
transport conditions to those derived for summer 1976. The



increase thus implied, for coastal flow during summer 1977 
is, however, in agreement with the large change in water 
transport through the N.C. around January 1977 as discussed 
in Chapter 3. There, if will be recalled, an extensive 

Atlantic influx into the Irish Sea was invoked with resultant
increased water flow through the N.C. Consequent dilution

13 7 .of Cs concentrations m  the northern Irish Sea produced
the observed relationship between N.C. and Windscale radio
caesium curves. On the basis of the data considered in 
Chapter 3, it was not possible to distinguish between mech
anisms involving Atlantic incursion from the south throuah 
the St. George's Channel or from the north along the east 
Irish coast of the N.C. On the basis of the increased dis
placement of Irish Sea-derived water into the H.S.A. and the 
obvious absence of Atlantic incursion into the N.C., it may be 
concluded that the incursion event must, indeed, have occurred 
via St. George8s Channel.

To facilitate analysis, the variation in average 
radiocaesium concentration with distance from the mouth of the 
North Channel, considered here as mid-way between the Mull of 
Kintyre and Garren Point, (along transect X  - Y on Fig 5.6) 
may be plotted (Fig 5.7), postponing for the moment,
consideration of sites west of the Outer Hebrides. From this

137curve it is noticed that a) over ^ 3 0 0  km the cs concentra
tion decreases by a factor of two, with major rates of dilution 
being 0 - 5 0  and 150 - 200 km from the N.C. mouth.

b) the 134Cs/137Cs is effectively constant at ~  0.110 
over the range 0 - 200 km, after which it passes through a 

marked minimum of ^0 . 0 9 7 at 260 1cm.
The ratio trend is particularly useful as it may be
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compared to curves of the terrporal variation in coastal 
flow source water, displacement being directly related to 
time if the coastal advection rate is constant. To relate

temporal ratio variation curves for the N.C. and C.S.A. to

the observed ratio vs. distance plot, the effect of radioactive 
decay must be considered and, for the N.C. data, the inter
calibration constant must be invoked (Fig 5.8). No obvious 
relationship exists between the Source water1 curves (Fig 
5.8) and the observed spatial variation, remembering that as 
distance is directly related to water age 'the x-axis of one 
of the figures must be inverted for direct comparison. In 
particular, as fC.S .A .-types water was considered represent
ative of the coastal flow source, there is an absence of ary 
feature in the June 1977 H.S.A. profile corresponding to the 
marked minimum in C.S.A. ratio of April while, equally, 
no feature matches the N.C. ratio maximum of March. A fairly 
constant source water curve may be genemted, however, by 
1:1 addition of C.S.A. and N.C. type waters with a 1 month lag 
of the former (which may correspond to the N.C. - C.S.A. 
transit time of 1 month derived in Chapter 3). This latter, 
curve has an average ratio value of ^0.107 over the period 
January - June 1977, in reasonable agreement with the observed 
value of ^  0.110 for the range 0-180 Ion from the N.C. mouth.'
The slightly lower value of the derived source average may be 
due to the actual percentage of <N.C. typer water being 
greater than 50% (an average source ratio of 0.11 being produced 

66% N.C. plus 34% C.S.A. water types), while the lower 
variability of the spatial curve may reflect smoothing due to



a - North Channel (intercalibration corrected) 
b - 5Cffc N.C ./C.S.A. (assumed lag 1 month N.C. site to C.S.A.) 
c - Clyde Sea Area

trTV

197
6 

19
77



mixing in ti3.nsit. Jlespite this initial agreement, however, 
there is no correlation oetween the derived ratio curve pre- 

January 1977 (very constant ratio ^ 0.105) and the observed 
minimum at 260 km from the N.C. It was previously noted, 
however, that, in January 1977, a marked change in the corre

lation between Windscale output and N.C. radiocaesium con
centrations, occurred, implying a major alteration in the 

previously stable coastal flow characteristics (c.f. Chapter
3). If previous to January 1977, the coastal flow was as 

characterised for summer 1976, the source water at this time 
would be of EC.S.A. type* and thus would show the ratio 
minimum ( ~ 0.097) of November 1976 corresponding to the spatial 
minimum of ^  0.097. The higher ratio at ^300 km (0.106) 
may thus be matched with the C.S.A. - derived value for 
September 1976 (0.107j. Although both the spatial and 
temporal sampling frequencies are low over the regions con

sidered, from the match above an advective velocity of <v0.7 
km day may be estimated for the southern approaches to the 
Little Minch. This figure, despite its very large associated 
errors, is much slower than any previously estimated vel
ocities, possibly due to t he complexity of the flow pattern 

caused by the funnelling effect of the Little Minch.
Correlating the ratio observed in the coastal water

mass north of Coll with that originating from a C.S.A. -type
mixing zone around November 1976 and talcing the distance from
this mixing box to the N.C. mouth (as defined) as ~  50' km

-1implies an average advective rate of 1.5 km day through this 
region, markedly lower than that observed in the previous



year. (For direct comparison the 1976 transit time of 2 
months from the mixing area to Islay-Malin and 1 month 
for Islay to Barra must be added to give an average advective 
rate for the entire transit ©f 3.4 km day”1 ). This apparently 

contradictory decrease in coastal flow rate resulting from 
increased flow from the Irish Sea into the North Channel may, 
in fact, be a quite reasonable consequence of the associated 
marked widening of the coastal plume. Other possibly signif

icant factors may be the absence of Atlantic incursion along 
the North Irish Coast into the Eastern N.C. and the decreased 
rate of dilution observed from south to north in the H.S.A. In 
the previous section it was noted that correlation between rate 
of dilution and advection rate implied !driving* of the coastal 
current by Atlantic flow. Thus an absence of Atlantic incur
sion into the N.C. would preclude this driving effect and 
would therefore decrease the total change in advection ex
pected from increased Irish Sea input to the North Channel. 
Widening of the plume would decrease the extent of Atlantic 

interaction with more easterly waters, as reflected in 
decreased dilution rates.

While this explanation of the observed distribution of 
ratio values in the H.S.A. is somewhat complex, additional 

support for the proposed model is to be found in the values 
obtained at sites to t he west of the Outer Hebrides. Craig 
(1956) has shown that the constriction of the Little Mincn 
causes a flow southwards along the east coast of Uist, round 
Barra Head, and northwards along the west coast of the Outer 
Hebrides. This transport phenomenon would explain the simi
larity in ratio between the sites to the south west of Uist 
and those in the southern approaches of the Little Minch, as



the water in these areas would be of similar *age*. The 

more northerly oites to the west of Benbecula thus represent 
older water which has a ratio of a* 0.108, in agreement with 
a predicted value from the model of ^0.107 assuming the rate 
of advection along the west coast of Uist is similar to that 

between the N.C. and Coll. The Barra Head — Benbecula transit 
time is therefore /v 2 months.

5.4 General Conclusions

The radiocaesium distributions in the Hebridean Sea Area
during the summers of 1976 and 1977 imply very marked *

differences in coastal flow through the region for these two
years. For 1976, the *coastal plume* can be explained by a
flow from the mid-North Channel (Stranraer-Larne) to the
southern region of the H.S.A., characterised by an advection
velocity of ^ 1.6 km day 1 and a residence half time of ^ 2
months, followed by rapid northwards advection of a well-

—1defined coastal water body at a velocity ^  5 km day . In 1977
a more extensive plume resulted from effective flushing of
Irish Sea water through the N.C. Thus, at the time of the
survey, source *coastal water* to the H.S.A. could be regarded
as a composite of ~ 6 6 %  directly advected mid-North Channel

(Stranraer-Larne) water added (with a 1 month lag) to ^34%
water mixed with a residence time of ^ 2  months (*C.S.A. type*).
In 1977 the N.C. - Barra advection rate has decreased by a

-1factor of ^ 2 from the previous year to ^ 1 . 5  km day while 
the northwards velocity in the southern approaches to 1he Little 

Minch was even lower at ^ 0 . 7  km day
In the above *explanation1 of observed variations in 

water flow within the H.S.A., only coastal phenomena have



been considered. A more direct explanation would involve
consideration of the behaviour of Atlantic currents which, to
a large extent, drive the coastal flow. This approach is,
however, outwith the experimental limits of this project.*

Because of the major differences in coastal flow 
pattern during the 2 years of study, it is difficult to pre
sent *typical* values for hydrographic parameters within the 
Hebridean Sea Area. Records of long-term North Channel radio

caesium variations imply that 1977 was markedly different to 
preceding years (Chapter 3) but continued work-in the area 
will be required both to prove this point and to determine 
the time required for the system to return to *normal* after 

this flushing event. ,



Chapter 6

Sediments

6.1 Introduction '

In previous chapters the effectively conservative
nature of radiocaesium in the marine environment has been 
cited as a major advantage in its application as a water 
tracer. Loss to sediment has been considered negligible

j
during water transport. In this chapter,^however, the extent 
of radiocaesium removal into coastal marine sediments will be 
evaluated. Tracer applications in these deposits will also 
be considered.

As previously discussed (Chapter 1), there is considerable
controversy with regard to the degree both of radiocaesium
immobility (chemical) within the sediment column and of re- 
depositional mobilisation through physical and biological 
turbation processes. An additional restriction to the applica

tion of radiocaesium as a sediment tracer is the general 

requirement of retention of the sediment surface during coring 
(as its general use involves stratigraphic marking rather than 
establishment of a concentration gradient by decay) . Thus 
a well-defined coring technique is essential. The importance 
of these limitations will be determined here in a general 
study of radiocaesium methodology as applied to coastal marine 
sediments. The radiocaesium data obtained will be compared 
with those from complementary natural series Geochemical studies 

(Mackenzie, 1977; Swan,.1978).

At this stage it is worth emphasising the importance of 
considering porosity variations when interpreting sediment data.



As the sediments of the C.S.A. have high surficial water 

contents (£90%) decreasing with depth, it is difficult to 

define rigorously a sedimentation rate in cm y ”1 (or alternative 
length-based unit) as no absolute datum line is available.
Thus sedimentation rates quoted in this manner must be taken 
as the upwards velocity of the sediment/water interface rela
tive to a reference position at depth in the sediment with 
defined porosity which is invariant with time (at least on the 
timescale considered). An alternative treatment circumvents
the effects of porosity changes by defining depth in terms of 

-2g cm - the cumulative mass of dry sediment per unit area
profile (measured from the sediment/water interface) corrected
for the weight of contained pore-water salt. This treatment
also avoids some errors in sectioning as it does not require
rigorous definition o f ‘sample thickness. Sedimentation rates
may thus be defined as the rate of accumulation of sediment 

—2(in g cm ) above any distinctive feature at depth.
The radiocaesium profiles of all cores analysed in this 

study are listed in Appendix 1.5, while positions corresponding 
to the sample codes are listed in Table 6.1 and plotted in 
Fig 6.1

6.2 Coring methodology

As discussed in Chapter 2, sediment cores have been 
obtained from the Clyde Sea Area using both a small diameter 
,Umelr gravity corer and a soft-landing, hydraulically-damped, 
’Craib* corer. Initial measurements by Mackenzie (1977) implied 
"that the gravity corer tends to lose ^8 cm of surface sediment 
during coring, while the Craib corer recovers the sediment 

surface intact. This observation was examined further by



TABLE 6.1 CORE PROFILES ANALYSED.

SITE DATE CODE CORE TYPE TOTAL LENGTH

l.goil 1 

56 08' 20VN
Oif 53' 21"W

4/2/76 LGG5

10/8/76 LGC9

28/6/77 LGC11
LGC12

GRAVITY

CRAIB

CRAIB

45 cm. 

18cm.

13cm.
1 0cm.

L.GOIL 2 
56 061 8"N 
04 531 1MW

4/2/76 LGG7

3/3/76 LGC4

GRAVITY

C&AIB 1 8cm,

GAIRLOCH 
56 02' 42"N 
04 49' 36"W

14/1/74 GLG1 

6/11/75 GLC3

GRAVITY

CRAIB 15 cm.

HOLYLOCH 28/6/77 HLC1 CRAIB 10 cm.

L.LOMOND 
%  03' N 
4 35'W

22/8/76 LLRPM1 MACKARETH 96 cm.



L.GOIL 1

L.GOIL 2

GARELOCH
L.LOMOND 

(ROSS PRIORY)

HOLYLOCH CLYDE ESTUARY



comparing radiocaesium profiles in gravity s.nd Craib corss
from three different sites (Fig 6.2 - 6.7).

At L. Goil site 1, comparison of LGG5 (Fig 6.2) with
LGC9 (Fig 6.3) indicates considerable disturbance during

134gravity coring. As the Cs concentration is within ~ 1CT
of background at the surface of LGG5, loss of ~  10 cm ( ~ 2 . 6

-2 - 137g cm ) is implied. The Cs concentrations in the gravity
core between 1 - 4  cm, however, correspond to concentrations
found at ^ 8 - 9 cm in the Craib core. These observations are
probably best explained by postulating that gravity coring
has induced considerable mixing and loss of surface sediment.

• 137 - -2As the Cs activity at 8 cm (<v2.1 g cm ) in the gravity
-2core is. less than that at 17 cm (^4.9 g cm ) in the Craib

-2core, a loss of £ 10 cm length (or more rigorously ~  2.8 g cm ) 
of the sediment column is implied. At station 2 in L. Goil, 

a more distinct profile in the gravity core (LGG7 - Fig 6.4) 
is apparent, but comparison with a Craib core from the same

-2site (LGC4 - Fig 6.5) indicates that 0 - 3  cm (0 - 0.5 g cm )
in the gravity core is the residue of a mixing/loss process

-2during coring, while 3 - 5 cm (0.5 - 1.1 g cm ) may overlap
with 15 - 17 cm (5.1 - 5.5 g cm"2 ) in the Craib core. As
the 6 - 7  cm ( 1 . 4 -  1.5 g cm"2 ) section in the gravity core
has a Cs concentration less than that at 17 cm (5.5 g cm )

- 2 .. m  the Craib core, a loss of at least 11 cm length ( ^ 4  g cm ) 
is implied. Cores taken from a different loch (Gareloch - 
cores GLG.l , Fig 6.6 and GLC3, Fig 6.7) show exactly the same 
trends with a mixed residue present in the upper few centimeters 
('v 0 - 0.5 g cm 2 ) and a total column loss of ̂ 13 cm ('■v'4.1
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These observations agree well with conclusions from
other radionuclide data in Clyde Sea Area sediments

(MacKenzie, 1977; Swan, 1978) and prove that gravity coring
of high porosity sediments has not retained surface ( <15 cm 

-2or 4.5 g cm ) material. Furthermore, the apparent surface of
such cores is actually a residue of mixed sediment from

undefined depth. This loss appears, however,, to be much less
in sediments of lower porosity but may still be significant
(Swan, 1977). '

A major, but unproven, assumption of previous studies,
however,, is that the Craib corer reproducibly retains surface

137 210sediment, thus allowing evaluation of total Cs or Pb
inventories (MacKenzie, 1977; Swan, 1978). This premise was
investigated by comparing radiocaesium profiles of duplicate
cores, LGC11 and LGC12 (Figs 6.8 and 6.9), taken at the same
site on the same day. It must be noted however, that after
collection, core LGC11 was immediately frozen and, after return
to the laboratory, sectioned with a band-saw, while LGC12 was

directly extruded with a piston, sectioned while wet and then
frozen pending analysis.

At a simple level, comparison of these profiles indicates
a very good match below 1 cm depth in both profiles - a match ,
improved to near identity by downwards displacement of LGC11
by /v0.5 cm. This would appear to imply the loss of most of
the surface 1 - 1.5 cm in LGC11 during coring leaving only a
high porosity suspension in its place. Integrating the total 
137Cs activity over the region 0 - 1 0  cm yields a value of 
1482 dpm for LGC11 compared to 1697 dpm for LGC12 - a net 
difference of *■'13%. Tt is interesting to note that this 217 dpm 

inventory deficit of LGC11 is larger tha®the expected content
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of the ‘lost1 1.5 cm (~ 170 dpm). Similarly, comparison of

the porosity-corrected profiles for LGC11 and LGC12 indicates
-2a surface loss of ^0.08 g cm with an overall difference in

-2integral from 0 - 2.3 g cm of 8.72 dpm - equivalent to LGC11 

being^ll% less than LGC12 (the expected content of the surface 

0.08 g being ~6.5 dpm).

The deficit in LGC11 integral over that expected by 

surface loss may be explained by loss during sectioning.

This may seem anomalous as LGC11 was directly extruded while 

wet on board ship and thus might be expected to have suffered 

more loss of material than LGC11 which was sectioned in the 

laboratory. Careful direct wet extrusion and sectioning, 

however., observably results in little material loss. Sub

sampling of frozen cores by band-saw, on the other land, 

results in loss of an‘undefined portion of the core dependent 

on the effective cutting width of the blade. Such loss is 

difficult to quantify directly because of the effects of 

evaporation and spattering caused by frictional heating and 

high speed saw action and of water vapour condensation on the 

cold core. This explanation is further supported by the 

observed better match for non-porosity-corrected profiles 

than for the corrected data (if sub-sample width determination 

is accurate) and by the slightly decreased integral deficit 

between corrected profiles.
An additional duplicate pair of Craib core radiocaesium 

data is provided by GLC3 and GLC1 (analysed by MacKenzie (1977)), 

these cores being obtained on the same day from the Gareloch 

site. Although only counting errors associated with 

MacKenzie1s determination are presented, there is, nevertheless, 

very good apparent agreement throughout the profiles (Fig 6.10)
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(noting that section 1 of GLC3 was unobtainable for radiocaesium 

analysis). This match indicates both reproducible sampling 

with surface retention by the Craib corer and good inter

calibration between the measurement system used in this project 

(direct counting on a Ge(Li)) and that of MacKenzie (total 

sediment dissolution, extraction onto KCFC and counting on a 

flat-top Nal(Tl) detector). The deeper penetration of 134Cs 

observed in GLC3 relative to GLC1 is probably an artifact 

resulting from the lower detection limit of the Ge(Li) system 

because of the lower counter background, higher resolution and 

greater quantity of material used in the non-destructive

analytical system (cf Chapter 2). Similarly, the generally
134 . . .lower Cs values observed by MacKenzie indicate a systematic

error in determination of this parameter, but this discrepancy 

may be exaggerated bythe proximity of nuclide levels to the 

detection limit (particularly in the case of the Nal(Tl) 

system).

It is thus concluded that the Craib corer is generally 

reliable but may lose ^  1 --1.5 cm (or, more rigorously,
_ o^0.08 g cm" ) of surface sediment. Such losses decrease the 

137Cs inventory to depth by **10% while sectioning with a band-

saw may introduce a further decrease of ^  3%. Direct wet

extrusion and sectioning thus appears to be a preferable

"technique to cutting of frozen core because of the decreased

extent of material loss in the sectioning process. It must be

noted that the magnitude of these inventory losses will be
dependant on the actual radiocaesium distribution and that they

-2are underestimated by measuring depths in g cm . In comparison
-2°f core profiles, therefore, expression of depth in g cm to



avoid porosity changes may thus introduce alternative errors - 

particularly when comparing cores sectioned by different 
methods.

6.3 L. Goil - Site 1

In previous work on sediments from the Clyde Sea Area, 

MacKenzie (1977) considered that, while radiocaesium proved 

to be a good qualitative indicator of bioturbation of upper 

sections of sediment cores, it could not be used as a reliable
J

geochronological tracer. As the extent of remobilisation of 

radiocaesium in marine sediments is, however, unresolved in 

the literature (cf eg Auffret et al, 1971; Duursma and Eisma, 

1973; Hetherington and Jefferies, 1974; Hess et al, 1978; Patel 

et al, 1978) and is probably dependant, to some extent, on 

sediment type, it was intended to investigate this process 

further.

A preliminary estimate of the mobility of radiocaesium 

in C.S.A. sediment was derived from a simple desorption 

experiment in which 25g aliquots of a homogeneous bulk sediment 

sample from L. Goil, site 1 (previously dried by suction 

through a 0.22 jj m Millipore filter) were shaken with a series 

of solvents. Each sample was vigorously shaken mechanically 

with 100 ml of each solvent, filtered dry and the process 

* repeated a second time. The combined filtrates were evaporated 

. to dryness and counted by direct '5-spectrometry in a standard 

counting vial (Table 6.2). Although this experiment is some

what crude, it illustrates reasonably strong binding of the 

radiocaesium, with <10% being removed by agitation in artificial 

sea water (indeed this value is probably an overestimate of the
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TABLE 6.2

SOLVENT EXTRACTION OF 1^7Cs FROM BULK SEDIMENT.

SAMPLE CODE SOLVENT % REMOVAL

SE 1 CHCl^ -0

SE 2 C2H50H 4.6%

SE 3 ccli+

SE 4 Sea Water ?.9%‘
J (artificial)

SE 5 ' 0.1M H.C1 48.4%

SE 6 1M HC1 100%



true extent of removal because of the probable contribution 

from salts dried during evaporation of pore waters). In 

addition, <50% is removed by 0.1M HC1. The low efficiency of 

elution by organic solvents suggests that radiocaesium in 

these sediments is associated mainly with the inorganic sed

imentary phase. These findings are in good agreement with 
those of Heatherington and Jefferies (1974) for a similar 

estuarine sediment. The extent of caesium remobilisation will 

be considered further in the interpretation of observed vertical 

profiles of radiocaesium in L. Goil sediments.

Much quantitative information on sedimentation processes 

occurring in the Clyde Sea Area may be obtained from interpre

tation of data from cores from the L. Goil deep site (LG1) as 

three Craib cores have been obtained there at approximately 

yearly intervals - LGC2 (analysed by MacKenzie (1977) again by 

core dissolution and KCFC extraction of radiocaesium followed 

by counting on a flat-top Nal (Tl) detector (Fig 6.11)),

LGC9 and LGC12. Comparison of the radiocaesium profile of the

most recently obtained core, LGC12, (Fig 6.9) with the annual
137 134variation in Windscale output of Cs and Cs (corrected

for decay to 1977) (Fig 6.12) suggests a simple relationship

between the two curves. The apparent similarity is emphasised
—2by expressing the depth axis in units of mg cm . Direct

correlation of the 1975 Windscale output peak to the maximum

,at '090 mg cm-3 and the beginning of the output plateau of 1970

to the feature of ^  1250 mg cm" yields an apparent sedimentation

rate of a/230 mg cm"2 y"* (in good agreement with a sedimentation
210rate of 200 mg cm"2 obtained for this site by Pb dating 

(Swan, 1977)). The inapplicability of this simple accumulation
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model is, however, demonstrated by considering the profile 

obtained 10 months earlier - LGC9 (Fig 6.3). Straightforward 

comparison of LGC9 and LGC12 shows distinctly that the latter 

cannot be derived from the former by a direct accumulation 

process. There is, nevertheless, a very good match between 

radiocaesium concentrations in the region 4 - 10 cm in both 

cores - a match which is improved to near identity by a down

wards displacement of the LGC9 profile by 0.5 cm (Fig 6.1.3). 

This extremely close match strongly implies that

1) the Craib corer is obtaining undisturbed cores reproducibly, 

with-little loss of surface material, and

2) the sedimentation rate at this site is /v 5 mm/10 months 

or v0.6 cm year 1 (defined as the upwards velocity of the 

sediment/water interface from a fixed datum-line in a region

of effectively constant porosity 0.3) - in very good agree

ment with, the . value of 6 mm y-1 obtained by Swan (1978) from
210_,Pb analysis and

3) the extent of downwards diffusion of radiocaesium (including 

molecular diffusion, pore water diffusion or physical sediment 

mixing) is small below a depth of /v' 4 cm over the timescale 

considered.

Bearing in mind the possibility of surface loss effects, 

the veracity of the above conclusions may be checked from the 

results obtained by Mackenzie (1977) for analysis of LGC2 

(Pig 6.11). if the LGC2 profile is superimposed, after down

wards displacement by 1.3 cm - corresponding to 26 months 

sedimentation at 6 mm year-1 (Fig 6.33) excellent correlation 

with the previous 2 cores is observed. Thus the conclusions 

above seem justified and, in addition, there appears to be
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excellent intercs.libra.tion agreement between the direct count

ing method used in this project and the solution and extraction 
method of MacKenzie (1977).

By integrating the radiocaesium content from surface to

8.7, 9.5 and 10 cm in cores LGC2, 9 and 12 respectively, the 
137extent of Cs removal to sediment may be calculated for the 

time periods between collecting these cores. No correction is 

attempted for sediment loss during sectioning of cores LGC2 and 

9 (as previously discussed) since the extent of this loss, in 

terms of 1^7Cs content, is probably dependant on the 137Cs 

profile and its relationship to porosity variations. This 

uncertainty (/v 3%) may be considered an inherent error in the 

following treatment. The integrals for LGC2, 9 and 12 are 

1083.8, 1507.9 and 1697.2 dpm respectively. The increase of this

integral in the 10-month period between sampling LGC9 and 12
-2 . -2is thus 189.3 dpm corresponding to 7.41 dpm cm or 3.37 pCi cm

I2(as the core cross-sectional area is 25.52 cm ). Taking a

7-month transit time between Windscale and C.S.A. (cf Chapter 3),
4this increase may be attributed to an output of 9.8 x 10 Ci.

An extraction coefficient may be defined for sediments (^c ) as
-2the activity input to sediments (in pCi cm ) per unit Windscale 

release (Ci). The extraction coefficient over this period is 

thus calculated as 3.44 x 10"5 pCi cm“2/Ci. An alternative, 

unit, which will be termed the environmental appearance (E^), 

by analogy to that defined for water (Chapter 3), has been 

utilised in sediment studies (Jefferies, 1968,* Heatherington 

and Jefferies, 1974) and relates the concentration of a radio

nuclide in sediment (pCi g ^) to the corresponding Windscale 

output rate (Ci month'"1). This unit is often more difficult



to evaluate directly if redistribution processes occur in the 

sediment but may be estimated from E^ if the sedimentation rate 
(in g month 1) ‘is known. Thus

EA = Ec .f ....6.1

where f is the reciprocal of the sedimentation rate. From

2^°Pb studies, f = 60 g  ̂month for this site (Swan, 1978)
-3 -1 1and thus a value of EA = 2.06 x 10 pCi g /Ci month” may

be derived. To extend the temporal baseline, the difference 

between profile integrals for LGC2 and LGC12 (10.92 pCi cm”2 ) 

together with the lag-corrected Windscale output (3.407 x 10 

Ci) over this period may be used to yield Ec = 3.21 x 10”5 

pCi cm 2/Ci and E^ = 1.94 x 10 2 pCi g ^/Ci month ^. The very 

good internal agreement of these values again emphasises the 

reproducibility of the coring mechanism and justifies the basis 

of the calibration.
137An apparent anomaly arises, however, if the Cs integral

-2to the depth of the longest core (LGC9), 31.2 pCi cm , is
-2compared to a theoretical value of 16.4 pCi cm derived from 

(a) the total Windscale output to that time (lag-corrected) 

of 4.776 x 10 Ci and b) E^ value of 3.44 pCi cm /Ci (this 

value being chosen as the Windscale lag-time is better defined 

over the period of its determination). This -^100% difference 

between predicted and observed values may imply a large 

associated error in calculation - due, for example to variations 

in sedimentation rate, water transport from Windscale to the 

C.S.A., changes in the extent of radiocaesium removal, remobili

sation, or a combination of these processes. Such an assoc

iated error seems strange in view of the good agreement of 

&E values derived over a period of 2 years and, indeed, a



simplex explanation in terms of the effects of fallout "̂37Cs 
may be more valid.

137The use of fallout Cs as a geochronological tracer in

lacustrine systems is well documented (cf Chapter 1).

Fallout over Britain was greatest over the period 19.54 - 66
(Pennington et al, 1973), the total deposition up to 1975

-2being ~ 44 dpm cm at L. Windermere. This value is in good
— 2agreement with an integrated activity of /v 42 dpm cm obtained

137during this project by measurement of Cs in a MacKereth

core from L. Lomond (LLRP1 - Fig 6.14) despite the undefined
137extent of removal of fallout Cs from the water column, 

input from catchment area and variation in fallout relative 

to Windermere (through latitudinal and climatic factors).

In L. Goil, the difference between predicted and observed
137Cs integrals could thus be explained m  terms of a fallout

-2contribution to the inventory of ^  14.8 pCi cm . While, from

the low extent of Cs removal from salt water observed previously,
137only very limited removal of dissolved fallout Cs would be

expected, input from particulate-bound fallout (as considered
137m  Chapter 1) or Cs sorbed onto particulates from fresh-

210water in the catchment area may be significant. Pb studies

at this site have shown that the input flux of this species
—2 —1 • •<N/2.5 dpm cm” y compared to an atmospheric deposition of

only 0.38 dpm cm”2 y”1 (Swan, 1978), a discrepancy explained in 

terms of a dominant contribution to this flux from particulate-
^•1 r\

bound pb. Thus, it is reasonable to expect a significant 

contribution to the 137Cs flux from' fallout sorbed onto 

particulates during the period 1954 - 1966. Such an input 

mechanism would necessarily tend to result in ’smearing* of 

"the bomb-fallout profile because of lags between adsorption
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2̂ -61,

onto particulates in the catchmenc area and subsequent erosion, 

transport and. incorporation into the sediment column. Maximum 

input, however, would be expected to occur before 1966 

(Pennington et. al, 1973), that is, at a time when Windscale

output was still fairly small at ~200 Ci month”1. Assuming
—3 -1 1a steady state and an EA v  2 x: 10 pCi g /Ci month , a

relatively constant region of concentration of ^0.4 pCi g 1 
-1( ̂ 0.9 dpm g ) would be expected from Windscale release 

at that time. In LGC9, however, from 12 - 17 cm (corresponding

to sediment deposited before 1966) a fairly constant concen-
— 1 ' —1tration of ^2.5 dpm g is observed, i.e. ^1.6 dpm g greater

than expected from Windscale. This excess may be attributed to

fallout. In the region above 12 cm it is difficult to dis-
137tmguish sources of Cs because of increases in Windscale

output and the effects of surface mixing (as discussed later)

but it is probably reasonable to consider fallout input

negligible, relative to that from Windscale, after 1975 (as

assumed in the EA and E calculations above). A further check A O
134on the results above is the calculation of a Cs inventory

for the sediment column (LGC9) by decay-correcting Windscale 
134Cs output rates to 1976. Assuming a decay and transport
i i o.a 4lag-corrected Cs output integral of 4.8 X 10 Ci and an

Ec of 3.44 x 10“5 pCi cm“2/Ci, a C.S.A. sediment inventory of
—2 —21*7 pCi cm is derived, corresponding to 3.6 dpm cm . This

figure is in reasonable agreement with\the observed value of

5*2 dpm cm 2 ? particularly in view of the uncertainties in

the calculation, namely 1) the relatively large errors associated 
137with cs evaluation ( 25%) 2) errors associated with the decay cor

rection process based on annual values (which may amount to 10%) 
and 3) the major dependence of the theoretical values on the • 
va-lue chosen for the Windscale-



— C.S.A. lag time, as a result of the large effects of decay

- a decrease in lag time of 2 months prior to collection of the 

core increasing the calculated input by /v 25%.

Thus far, little consideration has been paid to the

radiocaesium profile in the upper 4 cm of the sediment core.

On the basis of radiocaesium analysis of core LGC2, Mackenzie

(1977) proposed fairly rapid mixing of the upper 4 cms of the

sediment profile at this site, an observation later confirmed 
210by Pb analysis (Swan, 1978). The origin of this mixing

process could lie in bottom turbidity, biological activity,

gas evolution etc or could be induced by the coring process

itself. Although observed reproducibility of sediment cores

argues against mixing by the corer, X-radiographs of frozen

cores show quite distinct burrow structures to 4 cm (Swan,.

1978) and marked deep-water flushing,events are known to occur

in this loch (Chapter 4) indicating probable contributions

from these latter two processes. That surface radiocaesium

redistribution of some type does occur is shown distinctly

by comparing the profiles LGC9 and 12. These can be explained

only by a mixing mechanism if the previous argument against 
137Cs diffusion is assumed to hold generally throughout the

137sediment column. The presence of distinct variations m  Cs 

concentrations in the 0 - 4 cm region (particularly the surface 

• value of LGC9) and the marked 134Cs profiles in both cores 

indicate that mixing is slow on the timescale of water varia-
I Q7

tions (months). While the increase in Cs content of C.S.A. 

waters during 1976 is reflected by an increase in activity at 

the surface of LGC9, the continued input from high water 

activity has mixed fairly well throughout the top 4 cms by 
mid-1977 (LGC12). Assuming homogeneity resulting from mixing



in a zone of depth x cm and sedimentation rate cm y”1 , a 

minimum value cf the mixing coefficient (K) may be calculated 

as: -
K ^  10 x (x)x V ... .6.2

(Berger and Heath, 1968; Guinasso and Schink, 1975; Schink and
Guinasso, 1977).

Using the data above, assuming x ^ 4 cm and V 'v 0.6 cm -y”1 
2 -1yields K >  24 cm y . As mentioned, however, it is obvious 

that complete homogenity has not been achieved. As an alterna

tive approach, the large increase in water concentrations of

radiocaesium might be regarded as causing an * ‘impulse1 of 
137high Cs activity sediment (after the notation of Guinasso 

and Schink (1975)) occurring ^  8/ 7 6 , this impulse being then 

subject to mixing and sedimentation until 6/77. By comparing 

the observed LGC12 profile to those generated by the time- 

dependant mixing model of Guinasso and Schink (1975) (for t* 

~0.14), a value for the mixing parameter (G) of ^0.7 is 

estimated.

As G = K .... 6.3
X *V  2 -1m  the previous notation, a value of K^1.7 cm y is suggested

As the impulse and complete homogeneity models would tend to

generate, in the present case, low and high values of K

respectively, limits on the value of the mixing coefficients

may be taken as 2 <: K ^24 cm2 y”1. While these values for K
2 -1are larger than deep sea data (.0005 - 0.4 cm y , Guinasso 

and Schink (1975)), they lie at the low end of the range
3generally observed in the coastal marine environment (1 - 10 

2 - 1Cm y , Guinasso and Schink (1975)). While this low value 

may be an artifact caused by the assumptions inherent in the



calculations, it is probably realisitic as fast coastal mixing 

processes are generally attributed to bioturbation effects 

(Guinasso and Schink, 1975; Aller and Cochran, 1976; Schink 

and Guinasso, 1977; Swan, 1978) and the periodically low D.O. 

values experienced in the bottom waters of this site (Chapter

4) may well severely limit the benthic population.

6.4 L. Goil - Site 2 and Gareloch

Much less information may be obtained from the shallower 

site 2 (Fig 6.1) in L. Goil as only one Craib core, LGC4

(Fig 6.5), has been analysed. It is noticeable, however, that
137 . . .the integrated Cs activity m  this core to a depth of 17 cm

_2(107.6 dpm cm ) is consider ably greater than that for LGC9
-2from site 1 (72.8 dpm cm ) despite the fact that the latter

was obtained 5 months after the former. This discrepancy

indicates that there exists at the shallower site either more

efficient removal of radiocaesium for a given particulate flux,

a greater particulate flux or both. Assuming.that the sediment

type is similar at the two locations (which is not necessarily

true, as considered later), the integrated activity at the

shallow site may be compared with a derived value for the deep

site at the same date (68.3 dpm cm”2). This latter figure is

obtained by subtracting 4.5 dpm cm 2 from the LGC9 integral,

•an amount calculated from the Windscale output over the

appropriate five-month period (6.0 x 10 Ci) multiplied by the

Extraction coefficient (3.44 x 10 3 pCi cm /Ci). If the sedi-

ment types are similar, the Environmental Appearance at both
3 1sites may be taken as 2.06 x 10 pCi g /Ci month. By 

assuming that the 137Cs profiles to a depth of 17 cm are directly 
proportional to the total depth integral, Ec. at site 2 is given



as

12Ii| X 3.44 x 10'5 = 5.42 x 10-5 pCi cm“2/Ci68 . 8
and thus, from equation 6.1 f = 38.0, giving a sedimentation

-2 -1rate V = 316 mg cm year . As this calculation compares

similar depths of* profiles, the V value obtained is necess-'

arily an underestimate as an increased V will result in a

lower proportion of the total profile being contained in the

17 cm zone. If it is assumed, on the basis of the constancy 
134of the Cs profile, that relatively fast mixing occurs in the

upper o" 6 cm of LGC4, by comparison with the output profile

(Fig 6.12), the marked increase from 16 - 14 cm depth could be

correlated with the Windscale output rise of 1968 - 70 thus
-2 -1suggesting a sedimentation rate of /v 550 mg cm y . This

134sedimentation rate may be checked by considering the Cs 
134profile - Cs being observed at ^  17 cm m  LGC4 as opposed

134to a cut-off at ^  9 cm in LGC9. Matching these Cs cut-off

points (taking into account the relative depths of mixed zones)
-1 -1implies a sedimentation rate of ^513 mg cm y . These values

. . 134are in good agreement in view of 1) the possibility that Cs 

may extend below 17 cm in LGC4 and 2) the 1 cm sampling 

frequency in these cases which inherently limits the sensitivity 

of this type of treatment.

An alternative explanation of the observed profile in 

terms of either diffusion or mixing (possibly biological) 

causing homogenisation of the upper 6 cm of sediment and 

slower transport of radiocaesium to depths of <v 14 cm seems 

unlikely in view of the "̂3^Cs distribution — transport signifi

cant on the scale of the of 134Cs being expected to cause
2

equally efficient transport of ^3^Cs to depth.



The above discussion, based on an assumption of similar 

values at the two sites in L. Goil may, however, be unjusti

fied. Indeed, taking the sedimentation rate of ~ 530 mg cm"2
*1 r -

y~ obtained above and the calculated Ec (5.42 x 10 pCi cm"2/ 

Ci) yields an of 1.23 x 10*"3 pCi g'Vci month*"1, which is 

approximately half that found at site 1. A study of super

ficial sediment deposits in the C.S.A. by Deegan (1974) 

indicates that sediment texture at the two sites is quite 

different - station 1 sedimentation being a mud while at station 

2 the deposits are classified as a mixture of mud, sand and 

clay. This dissimilarity is emphasised by the preliminary 

particle size analysis of sediments from this area by Lennie

(1977) and, further, by stud5.es of porosity profiles by Swan

(1978). Using the previously derived E^ value for this site
_5 _2(5.42 x 10 pCi cm /Ci).and the sedimentation rate (123 mg

-2 -1 210 cm y )■ obtained via Pb analysis (Swan, 1978), an E^
-3 -1 -1value for this site of 5.29 x 10 pCi g /Ci month may be

calculated. This figure is 100% greater than that for site 1. 

The implied higher efficiency of Cs removal may well reflect 

a higher clay content in the sediment of site 2, the affinity 

of Cs for clays, especially illite, being well documented 

(eg Pickering et al, 1966; Duursma and Bosch, 1966; Auffret 

al, 1977). Nevertheless there does appear to be a discrep

ancy between the sedimentation rates obtained by considering 

the 137Cs/134Cs profiles (^530 mg cm"*2 ) and by 21°Pb analysis 

(123 mg cm"2 ). This anomaly cannot be resolved by analysis of 

a single core.
Again, from just one core, only a crude estimate of the 

rate of mixing in the *6 cm mixed zone* may be obtained using



the total homogeneity assumption (Equation 6.2). The sedimen
tation rate derived from the radiocaesium profiles corresponds
to Ay 1.54 cm y at the porosity of the mixed zone thus giving 

2 -1K >7 92 cm y which is considerably larger than that calcula ted
for site 1. The larger value of the mixing coefficient at

site 2 might be expected to result from grea ter biological

activity, due to the lesser water depth and greater average

bottom D.O. concentration at this position. It is interesting
210to note, however, that on the basis of the- Pb sedimentation

2 -1rates a value of K ^  31 cm y is calculated for both sites 

(Swan, 1978).

Although 2 Craib cores have been analysed from Gareloch,

GLC1 and GLC3 (Fig 6.10), these cores are duplicates and thus

the extent of radiocaesium interpretation possible is again

limited. Simple comparison with L. Goil profiles shows much

higher surface sediment concentrations ( ~ 75 dpm g 1) in

Gareloch than in L. Goil 4 months later (^40 dpm g*"1). Taking

a mixed layer of 3 cm (from GLC1 - Mackenzie, 1977) and matching
1 ̂ 4the first measurable Cs to 1970 gives a sedimentation rate

2 1 —1 of ^ 640 mg cm y (^1.8 cm y ) which, bearing in mind the

simplicity of the calculation, is in good agreement with a

value of 543 i 130 mg cm”2 y”1 calculated by Swan (1978) on

the basis of 210Pb measurements. The observed inventory of
134 2Cs for the column (22.03 dpm cm” ) relative to the decay-

_ _ -4corrected output from Windscale yields a value for — 3.5 x io
* — 2-PCi cm" /Ci which, with the above sedimentation rate, gives 

ea - 6.5 x 10”3 pCi g”Vci month”1. Although the errors 

associated with calculations involving 13^Cs are relatively 

large, the high Ec value is in agreement with the increased 

inventory of 137Cs relative to the well-defined L. Goil site 1.



It is interesting to note that the x 10 increase in EC
relative to site 1 is due equally to a 'v x 3 increase in 

sedimentation rate and /v x 3 increase in EA .

Again an estimate of the mixing rate in the upper 3 cm ' 

may be calculated from equation 6.2, giving K ̂ -45 cm2y~^.

This value is greater than that for the L. Goil deep site for 

similar reasons to those outlined above for L. Goil site 2.

6.5 Holyloch

One Craib core was obtained from Holyloch, HLC1 (Fig 6.15 .)

and the data for this may be compared with the results for L.

Goil site 1 core LGC12 (Fig 6.9) taken on the same day. The 
137Cs profiles of these cores are similar in general shape

137but the rate of decrease of Cs with depth is markedly less

in Holyloch, implying a greater sedimentation rate at this site.

An estimate of the sedimentation rate may be obtained by

assuming a surface mixing zone of ^ 4  cm and, by comparison
137 . -with the Windscale output curve, correlating the Cs activity

at 9 - 10 cm with 1973 output. This procedure yields V as 1.5 cm
~1 -1y (which is considerably larger than the 0.5 cm y value

quoted by Best (1970), without derivation, from a personal 

communication).
134Further analysis of HLC1, however, shows high Cs

- t o / I  " 1  Q  * 7

concentrations at depth and, indeed, the Cs/ Cs ratio 

passes through a definite maximum at~ 8 cm (Fig 6.15 ).

Although the errors associated with this determination are 
large, the general trend in ^^^Cs/^^^Cs ratio follows that of
60 6oCo which is also measureable in this core. Co (easily 

identified by the 1.17 and 1.3 MeV *s) is the only artificial
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radionuclide, apart from, radiocaesiun} positively identified 

by high resolution ^-spectrometry in C.S.A. sediment and its 
presence is indicated only at this site.

The presence of 60Co and the anomalous 134Cs profile

may be explained in terms of an additional radionuclide

source in this loch from the American nuclear submarine depot-

ship. During the shut-down and re-activation cycle of nuclear

submarine reactors several hundred litres of primary coolant

water are discharged into the loch (Best, 1970). While the

total activity released is negligible relative to the C.S.A.

inventory, (annual discharge limits for 1975 being less than
601 i Ci of long-lived o emitters - primarily Co, 1 m Ci

of short-lived radionuclides, 1.m Ci of fission products and 
310 m Ci of H (Mitchell, 1977)), it has been shown to be 

significant in terms of the radionuclide concentration in the 

sediment (Dutton and Steele, 1966) and marine organisms 

(Goodair, 1967) in Holyloch. The effluent released has radio

active components associated with both the dissolved and 

particulate phases. The particulate phase (which he termed 

’crud*) has been studied by Best (1970) and contributions from 

the radionuclides 141Hf, 51Q: , 58Co, 54Mn and 6°Co to t he total 

radioactivity were determined using direct ^-spectrometry 

(on a Nal(Tl) detector). With the exception of the very 

distinctive Co doublet, however, these identifications must 

be regarded as suspect, this only partly due to insensitivity
C O  «

of the methodology. For example, Co was identified by 

a peak at 0.45 MeV (possibly due to confusion with the positron 

omission at 0.48 MeV) while the most intense *6 from this 

nuclide (A^ ^98.5%) occurs at 0.81 MeV; on the other hand,



181Hf, identified from a 0.11 MeV % (lit - 0.13 MeV, 50%) , 

has a more intense (A.̂. ~  83%) at 0.48 MeV.

More detailed examination of the sediment itself re

vealed the presence of red and black crystalline particulates 

in the upper 3 cms of sediment, the amount of which distinctly 

decreased with depth over this range (Balia ntyne, 1978).

Direct 'IS-spectrometry of these particulates (After separation 

by hand) showed the associated activity to be effectively 

within 2CT error of background for 134Cs, ^37Cs and ^°Co.

This agrees with the main particulate forms identified by Best 

(1970) namely; a) black crystalline corrosion products formed 

during hot pressurised reactor operation and b) flocculent 

grey material containing reddish-brown particles typical of 

corrosion during cold or warm-up conditions. In effluent, 

however, 60 - 100% of the total activity was found to be 

associated with the particulate phase and, in addition, Best 

was able to separate effluent particulates on the basis of 

magnetic properties whereas neither sediment constituent was

found to be magnetic.
f\ nThe observed Co profile may thus be explained in terms

of input from submarine reactor effluent - mainly in the form

ofparticulates which appear to break down quite readily in the

sediment column (within the mixed zone) with associated rapid
60loss of contained radionuclides. The Co maximum at ̂  8 cm 

may thus be produced either by a maximum input 1970 (from the 

sedimentation rate derived from the Cs profile) or by 
migration downwards following !crud? particle degradation, 

fho Cs/'*'3 ' Cs profile may be similarly explained as due to 

input of ■*'34cs in the !crud1 particles, this nuclide being



present presumably due to activation of stable Cs (133Cs -

100%). Only a small contribution from this source (^2 dpm

g"* ) would be sufficient to yield the observed profile. These

input pulse and remobilisation/migration models could be

readily distinguished by correlating the observed 6°Co profile

with annual release variations (if measured and unclassified) or

by analysing a core obtained from this site at a later date.

As radiocaesium from this area eannot be unambiguously

identified with Windscale output (although such an association
137is strongly suggested for Cs), EA and E values cannot be■A. C

2 -1calculated and the estimated mixing coefficient, K >  60cm y , 

from the total mixing model, has an unquantified associated 

error. This area, however, is very unusual in receiving 3

independent radiocaesium inputs from bomb fallout (almost
137 137 134entirely Cs) , Windscale ( Cs and Cs) and submarine

134 134 137reactors (presumably mainly Cs or with high Cs/ Cs

ratio). Differences in the extent of association of radio

caesium from these sources with the various sediment components 

(if any) would be of considerable interest and might be worth 

further study.

.6.6 Practical Applications and General Results

The use of radiocaesium as a tracer of sedimentation pro

cesses has been well defined in the study of the Loch Goil deep 

site. Comparison of a series of cores yields well defined 

sedimentation surface mixing depths and mixing rates which 
a9^ee well with those obtained by natural series methods and 

have the additional advantage of defining these parameters over 

a specific period of time (between sampling dates). Less



rigorous estimates of these parameters may, however, be 
obtained from a single core, if certain assumptions are made:-

1) A mixing depth may be defined (e.g. by uniformity of 134Cs 

concentration) in which mixing is fast and below which radio

caesium is immobile, this depth :being invariant with time.

2) Sedimentation rate, sediment type and water transport con

ditions are constant over the time considered.

3) Coring method reproducibly retains the entire sediment 

column undisturbed.

If these assumptions hold, the sedimentation rate may be

estimated by the depth between the bottom of the mixed layer and
137specific, datable features m  the Cs profile, e.g. the first

significant input (both Windscale and fallout) /v 1952/3 and

the marked rises in Windscale output in 1969/70 and 1973/4

(“reflected in the C.S.A. water 'v 1 year later). In cases when
137the core is insufficiently long to reach zero Cs, large 

errors maybe associated with this method when the mixing depth 

is large relative to the annual sediment deposition (e.g. L.

Goil site 2) as rises in Windscale output may be considerably 

’smeared* by mixing and further complicated by variations in the 

fallout component. In the future, however, with the continued 

decrease in Windscale releases, an unambiguous marker will be 

provided by the 1975 output maximum thus expanding applicability 

°f the method.
The well defined results from a rigorous study of a 

specific area may, however, be used to derive more generally 

useful, data. By taking the best defined site (Loch Goil deep 

site) as typical of the entire C.S.A. (which is obviously a
r w* 2  •gross oversimplification), an Rc of 3.44.x 10 pCi cm /Ci



137 . pwould imply a Cs inventory of 27.5 pCi cm by the end of

1977 (Windscale - derived). Taking the sediment area of the 

C.S.A. as 2.5 x 10 cm , a total sediment Cs content of 

688 Ci is derived, i.e. ^0.01% of the total Windscale output. 

Assuming 40% of Windscale output passes through the Clyde Sea 

(cf Chapter 3), 0.025% of this water-borne radiocaesium inven

tory is removed into sediment during residence in the area. 

Because of the proximity of land to the L. Goil site, the 

particulate flux and hence caesium removal rate in this region 

is probably larger than generally found in the C.S.A. Thus

the values above .may be regarded as upper-estimates - justi-
137fying the description of Cs as a conservative tracer. At 

a more quantitative leve}., the observed 0.025% removal in the 

C.S.A. may be combined with the mean water residence time of

the area ( ^  90 days) to yield a water residence half-time for
137 5Cs of 2.4 x 10 days (660 years) - corresponding to an

average residence time of about 950 years. This value is

markedly less than previously discussed deep ocean measurements

of this parameter (6.5 x 104 - 6.5 x 105 years, cf Chapter 1)

and reflects the importance of nea'r-shore effects - primarily

the high particulate flux - in increasing sequestration into

sediment as predicted by, for example, Noshkin and Bowen (1973)

and Turelcian (1977).
As the £. for 137Cs in water in the C.S.A. is ^ 0.25 pCi

1 3 jL1 /Ci day ^ , the observed sediment of 2.02 x 10 pCi g /

Ci month"1 represents a 137Cs concentration factor (water -

dry sediment) of x 240. The major advantage of this mode of

calculation is that the value obtained is an environmental

measurement based on averages over periods of ^  2 years and,



as such}represents an average annual value of this parameter.

Duursma and Eisma (1973) define a distribution coefficient
(K) as the dimensionless , ratio of the amount of radionuclide

per ml sediment (dry basis) to that per ml of sea water.

Taking an in-situ bulk density of 2.3 g cm-3 for C.S.A. sedi-
137ment (Swan, 1978), yields K for Cs of ^  560. Laboratory

determinations of this parameter for various sediments range 
2 5from 10 - 10 - but the value for a particular sediment may

vary by almost 2 orders of magnitude depending on the method 

used (Duursma and Eisma, 1973). It is felt that these radio

caesium distribution data based on direct analyses of C.S.A. 

samples have many advantages over the results produced by 

artificial laboratory experiments (which have major problems 

of simulating marine conditions, of adsorption by surfaces etc) 

and by field studies in the Windscale area (which necessarily 

are complicated by large spatial and temporal concentration 

gradients and by direct sediment transport).

6.6 Summary

In this chapter the wide applicability of radiocaesium 

as a sediment tracer has been demonstrated. Comparison of 

profiles obtained from Craib and gravity cores from 3 different 

sites show that the latter lose a considerable depth of surface 

sediment ( /vlO cm) and that the surface profile observed in 

these cores results from mixed remnants of this loss process. 

Shis proves the inapplicability of the gravity corer to studies 

°f surface ( ^20 cm) profiles of high porosity sediments. In 

addition, comparison of radiocaesium profiles from duplicate 
Craib cores indicates good reproducibility in this coring method
• OW1th surface loss <1.5 cm (^0.08 g cm”"') and implies that



further loss may result from the core-sectioning process - this 

latter effect being minimised by direct wet extrusion and sub

sampling.

From analysis of 3 radiocaesium profiles from Craib 

cores obtained at ~  yearly intervals from L. Goil site 1, it 

is shown that the extent of radiocaesium redistribution (by

either diffusion or physical mixing) is low below~ 4 cm and
— 1 —2 1that the sedimentation rate is ^0.6 cm y (^ 200 mg cm y ) .

Defining an extraction coefficient (E ) as the activity removed
into sediment per unit Windscale release, comparison of these

-5 -2profiles yields = 3.44 x 10 pCi cm /Ci corresponding to
-3 -1 -1an environmental appearance (E^) = 2.06 x 10 pCi g /Ci month

137From these parameters , the total • Cs inventory in the longest
-2core from this site (31.2 pCi cm ) may be attributed to

-2 -2^16.4 pCi cm from Windscale releases and 14.8 pCi cm from

bomb fallout. Radiocaesium redistribution appears to occur

rapidly in the upper 4 cm of the sediment column as a result of

a physical mixing process (correlating with the observation

of burrow structures to this depth) and a mixing coefficient
2 -1may th.us be calculated to lie in the range 2 < K ^ 2 4  cm g

This low value is possibly generated by the limiting effects on
behthic fauna of the occasional low D.0. concentrations observed

,;Ln the bottom waters of this site.
Less data are available for L. Goil site 2 but a sedimen-

Nation rate of /v 1.5 cm y (/v 530 mg cm y ) may be derived

from the radiocaesium profiles. The Cs inventory yields an
3 * X.Ec = 5.42 x 10“5 pCi cnT2/Ci and EA = 1.23 x 10~ pCi g~ /Ci 

month . An estimate of the mixing coefficient in the upper 
6 cm, K ̂ 93 cm2 y"1 , is greater than that calculated for site 1,
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probably reflecting greater biological activity in the

shallower site.

Similarly, a sedimentation rate of 'v 1.8 cm y"1 (*s 640

mg cm"2 y""1 ) is obtained for Gareloch while, from the 134Cs
-4 ~2inventory, estimates of E = 3.5 x 10 pCi cm /Ci, EA =c A

-3 -1 26.5 x 10 pCi g /Ci month and, in the upper 3 cm, K ^ 4 5  cm

are obtained.

One Craib core from Holyloch showed a more complex
. . 60 134radionuclide profile - containing Co in addition to Cs

13 7 137and Cs. From the Cs profile a sedimentation rate of
d 1 2 1 60✓vl.5 cm y~ ( -v 600 mg cm" y" ) may be estimated. The Co

134and excess Cs observed may be attributed to releases from

the nuclear submarines based in this loch. Although a major

component of the activity released from this latter source is

attributed to corrosion particulates, these appear to be

quickly degraded within the top 3 cm of the sediment column

with associated radionuclide release.

Generally it may be calculated (based on L. Goil site 1

data) that the C.S.A. sediments contain ^ 690 Ci corresponding

to /vO.01% of total Windscale output. As this corresponds to
137removal of ^ 0.025% of the C.S.A. water content of Cs, a 

water residence half-time of 660 years may be calculated. From 

the sediment concentration factor of x 240 observed in the 

area a distribution coefficient for ^3^Cs in C.S.A. sediment of 

^ 560 is obtained.



Chapter 7

Synthetic Overview

7.1 Introduction

This chapter presents a summary of the major results 

contained in previous sections and, from this base, investigates 

s o m e  interrelationships between coastal oceanographic processes 

on various spatial and. temporal scales. In addition, a budget 

accounting for the 137Cs released from Windscale will be de

rived. 'On the basis of these data, some practical applications 

to more specialised fields of interest will be discussed.

Finally, some possible developments in radiocaesium tracer 

applications to the future study of the ccastal marine environ

ment will be proposed.

7.2 Summary of Results

In this project radiocaesium has hopefully been shown to 

be a versatile marine tracer and its associated methodology has 

been defined. From release at Windscale, transport of radio- 

caesium from the outfall area to the North Channel, for the . 

•period 1972 - 1976, is characterised by a residence time of

*12 months compounded with a lag-time of ^  6 months. Variabil

ity within this coastal system is illustrated in 1977 by a 
greatly increased outflow of Irish Sea water through the North 

Channel as a result of Atlantic influx from the south through 

the St. George’s Channel. Water transport northwards through' 

the North Channel is accompanied by exchange with the



the Clyde Sea Area which are, themselves, characterised by a 

residence time of ̂ 3 months. A transit time of 1 month between 

the North Channel sampling site (mid Stanraer-Larne) and the 

Clyde Sea Area is observed. In addition, it may be calculated 

that ^40% of the Irish Sea - derived water flux from the North 

Channel passes through the Clyde Sea Area. Generally, trans

port from t he North Channel to the Minch is fast (advection rate 
-1v 5 km day ) because of the driving effects of Atlantic 

currents which, together with fresh runoff, cause a radio

caesium dilution of v x 3.5 over this region. In 1977, however, 

this ’coastal ’ water presence in the Hebridean Sea Area was

much more extensive although a decreased northwards advection
-1rate (rvl.5 km day ) was observed.

The horizontal and vertical homogeneity of radiocaesium 

•in the Clyde Sea Area allow its treatment as a ’single mixing- 

box’. Exceptions to this generality demonstrate the entrain- 

nient of deep water in Lochs Fyne and Goil. Detailed studies of 

vertical radiocaesium profiles in Lochs Long and Goil enable the • 

monthly variation in mixing between these lochs to be evaluated. 

Thus renewal of L. Goil deep waters is shown to be controlled by 

the density of L. Long waters at sill depth. Fast deep water 

flushing in L. Goil (residence time < 1 month) is observed 

during late winter and spring. Renewal at other times is 

limited to diffusion through a pycnocline which , at maximum 

development, is characterised by a vertical eddy diffusion co

efficient Kz, such that 7 <Kz %25 cm2 sec-1. More extensive 

deep water entrainment (residence time 'v 1 year) is apparent 

in the N. Basin of L. Fyne. Shorter deep water residence 

(^months) is observed in Gareloch and, possibly, L. Long.



From radiocaesium analysis of sediment cores .from the deep

site in L. Goil, a sedimentation rate of ^  200 mg cm"2 y"1 may

be calculated. Redistribution of radiocaesium input in the upper

4 cm of these profiles allows evaluation of a sediment mixing

rate constant (defined by analogy of the mixing process to
2 -1diffusion) of 2 ^24 cm y . This mixing of surface sedi

ment may be attributed to bioturbation with a possible contri

bution from bottom water turbulence. The shallow site in L.
-2Goil appears to have a higher sedimentation rate ( ^530 mg cm

-1 2 - 1y ) with faster mixing in the upper 6 cm (K^ 92 cm y ) caused

by enhanced biological activity. A similar sedimentation rate 
-2 -1( v640 mg cm y ) is calculated for Gareloch, with mixing of

2 -1the upper 3 cm characterised by K ^ 4 5  cm y
137While the Cs profile in Holyloch sediment indicates an

- 2 - 1accumulation rate of 'v 600 mg cm y below an /v/ 4 cm mixed
60 134zone, this, material is anomalous in containing Co and Cs 

from effluent released by the nearby U.S .N. nuclear submarine 

base. Although this latter input is expected to be primarily 

in the form of active corrosion particulates, these appear to 

degrade quickly within the upper 3 cm of sediment.

Windscale derived radiocaesium is thus an ideal tracer 

°f the coastal marine environment as its coastal residence time 

of a.950 years justifies its treatment as a conservative water 

tracer while a concentration factor of 240 onto sediment also 

allows applications in this phase. Temporal marking is provided 

both by output variation and decay of ^2^Cs.



7.3 Geochemical Budget for Windscale - released 137Cs

From the data presented thus far, it is possible to derive
137a budget accounting for all Os released from Windscale up to

December 1977. By combining relative output rates measured at
Windscale (Howells, 1978) with absolute values for particular
years (Howells, 1966; Woodhead, 1973), the total activity of 
137Cs dxscharged into the Irish Sea from 1952 until the end of

51977 may be calculated as 6.89 x 10 Ci. Of this activity,
44.44.x 10 Ci (or 6.4%) would be lost through decay between 

release and 1977.
• . 137The presence of high Cs concentrations in the vicinity

of the Windscale outfall is well documented (eg Mauchline and

Templeton, 1963; Templeton and Preston, 1966; Jefferies, 1968;

Jefferies et al, 1973; .Hether ington and Jefferies, 1974). The

most recent data (Jefferies, 1976, Mitchell, 1977) for January,
21.976, indicates that a highly contaminated area of a/500 km

137may be fairly arbitrarily defined as having a mean Cs

activity of 1000 p Ci I*"1. Taking the mean depth of this coastal
137 . 4area as 25 m (Bowden, 1955), its Cs inventory is 1.25 x 10

Ci (or 1.8% of total output).
The total ^37Cs content of the Irish Sea is further 

determined by first dividing the area into North, Central and 

‘South regions (after Bowden, 1955), with the Northern region sub

sectioned into 3 areas (Fig 7.1). . On the basis of previously 

measured "̂37Cs activities in this area (Jefferies et al, 1973, 

1976; Mitchell, 1977), an average concentration for each region 

can be estimated relative to that in the North Channel (Table
1 Q  *77 • 1?•!) • Taking a North Channel " Cs concentration of 40 pCi 1 

for December 1977, the total ^37Cs content of the Irish Sea may
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TABLE 7.1

137'
CALCULATION OF Cs INVENTORY IN IRISH SEA.

x37 (ci)
AREA RELATIVE MEAN Cs * RELATIVE 137

VOLUME CONCENTRATION CONTENT Cs CONTENT

1

2

3

4

5

0.025

0.047

0.140

0.165

O .623

7.5

0.3

0.05

O .1875

0.1880

0.1400

0.0495

0.03*12

3.75x10

3.76x10

2.80x10

. 9.90x10

6.23x10'

-1 5
N.C.' concentration =40pCi 1 Total content= 1.19x10

3 3Irish Sea volume = 5x10 km

concentration relative to that in the North Channel



5be calculated as 1.19 x 10 Ci (or 17.3% of total output).

Estimating the volume of the North Channel at 180 km3
137(from Admiralty Charts), the Cs content of this area may be

3calculated as 7.2 x 10 Ci and that of the Clyde Sea Area
3 3

(volume 165 km ) as 6.6 x 10 Ci. Thus the total standing

crop in the combined North Channel/Clyde Sea Area at this time 

represents 2.0% of the total Windscale output.

Because of the distinctive annual variations in radio

caesium distribution observed in the Hebridean Sea Area, it is
137difficult to evaluate the Cs content of this region.

Nevertheless, by assuming that the situation in December 1977

was similar to that observed in the summer of that year, an

approximate assessment may be made. Taking an average plume

width of 105 km along the entire N.W. Scottish coast from the

North Channel to Cape Wrath (390 km) and assuming an exponential

decrease in concentration by a factor of 4 from south to north, 
137the total Cs inventory for this region is calculated as

8.86 x 10^ Ci (or 12.8% of total output).

Mauchline (1978) has shown that a marked correlation
137exists between variations in measured Cs concentration off 

the Aberdeen coast and annual release trends from Windscale if 

a 2 year lag-time is introduced. If, as implied by Mauchline, 

this relationship may be applied to the entire North Sea, 

radiocaesium contents of particular areas measured by Kautsky 

(1976) can be extrapolated to 1977 and a North Sea content of 

1*36 x 105 Ci derived (19.7% of total output). In this treat-
■I 07

nent no account is taken of a Cs component from Cap de la 

Hague - the correlation technique estimating only the Windscale- 

derived inventory. The total "̂3^Cs content of the North Sea
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would, thus bo obtained by adding another term to account for 
this additional source.

In all calculations above the contribution to the measured 

activity from bomb fallout has been considered negligible.

Kautsky (1976) has estimated the fallout - derived concentration 

in the North Sea as 0.15 — 0.2 pCi 1  ̂ (1975) which is at 

least one order of magnitude lower than the Windscale component 
in all areas/

The extent of removal of radiocaesium into sediment has 

been calculated, for the Clyde Sea Area, as 0.01% of total
1 0*7output ( -v690 Ci)-. The environmental appearance of C.s in 

sediment is considerably higher, however, in the vicinity of 

Windscale (E^ = 3.3 x 10 ^ pCi g ^/Ci month  ̂ ^ x 16 that in

the C.S.A. (Hetheringtgn and Jefferies, 1974)), an area with a
. . . 137similarly higher E^ for Cs in water (~ x 20 that in the

C.S.A. in the vicinity of the outfall (Dutton, 1978)). Despite

contributions from factors such as sediment type and particle

size, as the basis of an estimation procedure, it is assumed that 
137Cs removal is directly proportional to the sediment area,

137water Cs contribution and sedimentation rate of a particular
137region. In this manner estimates of Cs content m  the 

sediments of specific regions may be related to that calcuia ted 

for the Clyde Sea Area if a relative sedimentation rate may be

estimated .

Thus, relating the outfall vicinity to the Clyde Sea Area,
137assuming a similar sedimentation rate, an average water Cs 

concentration (E^) of x 20 and an area of x —■ sediment content

°f 2760 Ci is estimated. Similarly, assuming that the average 

sedimentation rate throughout the Irish Sea, North Channel and



Hebridean Sea Area generally is /v0.5 that in the Clyde Sea 

Area, sediment contents of 8463, 360 and 1413 Ci respectively 

are calculated for these regions. If the sedimentation rate 

in the North Sea is assumed to be A/ 0.25 that in the Clyde Sea 

Area, a sediment radiocaesium inventory of 4209 Ci is derived 
for that area.

In the above treatment assumed sedimentation rates may be
1 3 Vconsiderably overestimated and thus the sediment Cs inven

tories obtained are maximum values. The sediment inventory of 
137Cs from the Minch calculated by Livingston and Bowen (1977)

yields an E^ = 6.9 x 10  ̂pCi cm ^/Ci if 50% of this inventory

is assumed to be fallout (as found in the C.S.A). This value is
6 2in fair agreement with an Ec of 8.6 x 10™ pCi cm™ /Ci derived

from the previous calculations. Thus the assumed values for the

various parameters may be reasonable. Even though probably an
4overestimate, the total coastal sediment inventory of 1.79 x 10

Ci corresponds to only 2.6% of the total Windscale output.
137The Cs content of coastal biota may be calculated from

137contribution at various trophic levels. Cs concentrations m

marine organisms have been measured in the Clyde Sea Area and 

related to ambient water activities. Apparent concentration 

factors (Cf ) for this nuclide (Table 7.2) can therefore be 

calculated, where the C^ is defined as:-

137 . -1
q _ Cs concentration in organism (pCi g )
f 137T" . . , -,-lvCs concentration m  water (pCi ml )

(after Broom et al (1975))
This parameter is evaluated both in terms of observed wet and 

dry weights. Marked increase in concentration factor with 

increasing trophic level is observed (as also found by eg Bryan 
ct als 1966; Broom et al, 1975) although exact correlation is



Concentration Factor 
(v/et wt.) Concentration Factor 

(dry wt.)
HERMIT CRAB 

(Eupagurus sp.) 1

SCALLOP
(Chlamys Opercularis) 3̂0
SCAMPI 

(Nethrops Norwegiens)
PLAICE 

(Pleuronectes Platessa)

;+5 230

' 220
COD

(Gadus Morhua) . 160 780



difficult due to fish mobility (which may be particularly

important in the case of the cod samples measured) . Thus

migration could bias the apparent concentration factor as a

result of recent movements through regions with markedly
137different ambient Cs levels.

Assuming that the average phytoplankton standing crop for
-2the North Sea (4 g dry m - Drake et al (1978)) is typical of

the entire coastal area and taking a typical dry concentration

factor of 15 for these organisms (derived from Mauchline and
137Templeton, 1964; Drake et al, 1978), the Cs content in this 

reservoir may be calculated for each region (Table 7.3). A 

total content of 0.53 Ci in phytoplankton is estimated. Similar

ly, taking the pelagic production rate of tertiary carnivores
-2 -1in the North Sea (2.5 g dry m y ) as an estimate of the 

standing crop throughout the area and a typical dry concentration 

factor of 200; this contribution to the organic reservoir can 

be calculated as 4.42 Ci (Table 7.3). The effect of increased 

productivity in intertidal or shallow areas may also be impor

tant to this budget, but is difficult to assess quantitatively.

An estimate of the size of this component may, however, be

derived by assuming that seaweed collected by the alginate
10 -1industry in the West Scottish Coast ( 3 x 10 g year -

Currie (1972)) corresponds to 1% of the standing crop and that 
1 ̂ 7a wet Cs concentration factor for this material of 30

1 37applies (Polikarpov, 1966). The Cs component of this reser

voir is then estimated as *^1.8 Ci which represents a signifi

cant component of the total organic inventory. Finally, taking 

the total fisheries yield of the standing crop of fish as 8/c 

(Drake et al, 1978) and assuming that all of this componxcnt is



REGION PLANKTON CONTENT(Ci)

VICINITY 0.03
IRISH SEA . 0.29
NORTH. CHANNEL/C.S.A. 0 .01
HEBRIDEAN SEA 0.03
NORTH SEA 0.13

CARNIVORE CONTENT(Ci)

0.35 
2.42 

0.08 
.0.42 

1.23

TOTAL 0.35



used for human consumption, an annual input; (maximum) “to a
”1human reservoir of 0.35 Ci y may be calculated. As the

137biological half-time of Cs is ~ 140 days (Eisenbud, 1963),

this would correspond to a human inventory of 0.19 Ci.

Even assuming an underestimation of up to x 10 in the
137above calculation of the total organic Cs inventory, a

content of £50 Ci (0.007% of total output) is implied. It is

obvious that, in relation to the aqueous and sedimentary phases, 
137the organic Cs reservoir is negligibly small.

137A total budget for Windscale Cs output may thus be

summarised (Table 7.4) in terms of contributions from decay

(6.4%), coastal water inventory (53.7%) and sediment content

(2.6%). The balance (2.57 x 10^ Ci, 37.3%) corresponds to 
137Cs lost from the coastal water system into the north east

Atlantic. From this budget the total environmental input of

Windscale radiocaesium releases may be assessed while the

general treatment may be applied to other, less well specified,

soluble pollutants (as considered in the next section).

It must be emphasised that this budget is derived for

December 1977 and will change with time. As >  50% of Windscale

output between 1952 - 1977 occurred in the 3 years prior to

the budget date, the coastal water content .is expectedly high

and will decrease in the future - which may be emphasised by
137the current decreasing trend in Cs output rate.

1 • 4 Practical Applications

The basic info: mation on coastal marine processes 

summarised in previous sections has general applications as 

background data in a range of physical, biological, geochemical



TABLE 7.4

137
WINDSCALE Cs BUDGET (TO END OF 1977)

Windscale output 6.QQxlO Ci
4

decay 4.44x10 Ci

AREA

Vicinity 1.25x10

WATER* SEDIMENT* ORGANICs' 
4

2760

Irish Sea 1.19x10 8463

North
Channel 7.2x10 360

Clyde Sea 
Area

. 36.3x10 690

Hebridean
Sea 8.86x10 1413

North Sea 1.36x10 4209

Total Coastal 3*70x10 1.79x10 5x10.

Balance ( North East Atlantic) 2.57x10 Ci

* total activity in Ci.
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and environmental oceanographic studies. In this section some

specific environmental applications will be discussed.

One of the most obvious applications of the data lies

in its use for assessing the radiological hazard associated

with Windscale radiocaesium releases. The estimated 0.19 Ci 
137Cs inventory m  the general population is probably an 

overestimate due to the effects of non-human or indirect fish 

consumption (eg of fish-meal) or of rejected components (eg 

head, bones, skin). It must be. noted, however, that additional 

marine-derived contributions to diet have not been considered 

but would be expected to be small (for the previously mentioned 

alginates corresponding to 0.01 Ci in the unlikely case of 

total direct human consumption). Assuming that contaminated 

fish consumption is evenly distributed throughout the popula-
7tion of the United Kingdom (a/5.6 x 10 people) (although

a considerable proportion, especially of the North Sea catch,
137will be distributed throughout Europe), the average Cs

body burden per head of population is <̂ >3390 pCi.. For an
137average man (weight 70 kg), this corresponds to a Cs

concentration of 48.4 pCi/kg. These values may be compared

to the natural 40K content of the average man of^O.l^Ci
137^*^1430 pCi/kg) or to a typical fallout-derived Cs body 

burden (U.S.A., 1964) of ~ 14000 pCi (200 pCi/kg) (National 

Research Council, 1973). Comparison of the derived quarterly 

intake of 137Cs from fish (1560 pCi) with the NRPB oral intake 

limit (Morgan, 1974) of 30jj Ci (total body) indicates that this 

input is only ̂ 0.005% of the permissible maximum. The average 

dose to the entire populationis, however, of limited practical 

value in calculating associated radiological (especially

somatic) hazards as the concentration of radiocaesium in the



coastal environment is markedly heterogeneous, with highest 

levels in the vicinity of Windscale. Radioecological studies 

of the Windscalearea, and the Irish Sea in general, have been 

extensive (eg Bryan et al, 1966; Mitchell, 1975; 1977a; 1977b; 

Preston, 1975; Hetherington, 1976) and indicate that radiocae

sium in fish is a major human exposure pathway (maximum 

exposure /v 44% of ICRP limit in 1976) while external dose from 

sediments is significant only in the immediate pipeline vicinity 

(Mitchell, 1977b). Little work has, however, been reported on 

calculated dose rates in other areas, the most significant of 

which is probably the North Channel/Clyde Sea Area region.
137From previously presented data, average concentrations of Cs

in fish and shellfish in the Clyde Sea Area can be calculated
-1as 6.4 and 1.8 pCi g .respectively (for December 1977) and 

“thus a maximum consumption rate of 265 g/day (224 g/day fish,

41 g/day shellfish) would represent ^9% of the ICRP limit 

(as estimated by Mitchell (1977b)). At this time, exposure 

to a critical group similar to that defined for the Windscale

region would be ^ 2 %  of the ICRP limit. During the period of 

maximum Cs concentration in the Clyde Sea Area (April 1977) 

these exposures were ^25% greater. It must be noted however 

that levels of this magnitude existed for a period of only 

^4 months and that the effective increase might be reduced 

by the influence of biological accumulation lag-time (cf eg 

Jefferies and Hewett, 1971). It is notable that, while the 

exposure to a critical group in the Clyde Sea Area is less than 

that to the general public consuming fish from the Irish Sea, a 

maximum consumer in the C.S.A. may receive a higher exposure,



more typical of that of a member of the Windscale area fish-
eating community (Mitchell, 1977b).

While not, as yet, generally regarded as a pollution

hazard, there is considerable interest in monitoring- the low

concentration of transuranic elements in the marine environment

due to their generally high radiotoxicity, long half-life and

complex chemistry (Noshkin, 1972). While the transuranics are

generally fairly reactive and thus quickly removed into sediment

from the marine water column, the presence of a ^soluble* Pu

component has been reported and is of particular interest (eg

Noshkin, 1972; Livingston and Bowen, 1977). anc  ̂24°Pu
239 240(the sum of Pu and Pu components which cannot easily be 

determined individually due to the similarity of their

tf-energies) is released from Windscale and the activity ratio
- , . , 239 and 240J , 137^ A ,of soluble Pu to Cs has been reported as rela

tively constant over distances of 10 - 100 km from- the 

Windscale outfall (Hetherington,. 1976; Lovett and Nelson, 1978) 

implying that this soluble component may be regarded as con

servative on timescale of coastal water transport processes.
A, ,, . _ , _ _ 239 and 240_Although absolute release data are not available for Pu,

an estimate of the relative concentrations of soluble
23Q and 240 1 37Pu and Cs in the Windscale vicinity may be de

rived from concentrations reported in fish from the area (high 
239 and 240 pu^137Cs ratios muSsels in the vicinity of the

outfall are not used, as a large proportion of the observed 

^-activity may be due to absorption of active particulates by 

these filter-feeding organisms). As quoted concentration

factors for Pu in marine vertebrates (Noshkin, 1972) are
. . 137similar to those previously calculated for Cs it may be
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assumed there is no significant fractionation of these nuclides

during biological uptake. From measured concentrations of
239 and 240 , 137^ . ~Pu and Cs m  plaice from the Windscale area

(0.0042 and 41 pCi g (wet) respectively - Mitchell (1977b)).
_4a relative water concentration of 1 x 10 may be calculated

which will be assumed to be fairly constant over 1975 - 1977

in the following treatment. If ’soluble1 Pu is assumed to be

effectively conservative, the E^ of 239 and 240Pu in water will
137be similar to that of Cs at particular locations and hence 

,, TT., - , . , 239 and 240_the Wmdscale-derived soluble Pu concentration may

be estimated (column A - Table 7.5) as ranging from ~ 0.1 pCi
-1 . . . .  -1 .1 m  the outfall vicinity to ^0.0005 pCi 1 m  the North

Sea. If, however, as indicated by the measurements of Livingston
, „ . T-. _/* 239 and 240_ . ,, _.. , .and Bowen (1977), the of Pu m  the Minch is

137 . . ./v50% that of Cs, it may be assumed that m  addition to

dilution during transport, removal of Pu into sediment is 

significant. If 239 and 24°Pu removal is assumed to be first 

order with respect to time, the E^ of this pair at any site 

will be given by:~
P Pu _ Cs -0.693 x t 7 1
ea = ea  e — 7 1 ---------------  ....7.1

> 2

where t is the transit time between outfall and a particular
, _  . _ 239 and 240_site and X ± is the water residence half-time of ru

2
(which is known to be equal to the transit time from Windscale

to the Minch from Livinston and Bowen (1977)). From the
transit times previously derived for a ’typical year1 (1976),

the Windscale-derived' soluble 239 a"d 24°Pu concentration may
— 1be calculated to range from ̂ 0.1 pCi 1 in the outfall



239+2̂ 10Pu CONCENTRATION 

REGION Ê S 239+2'iOp̂  CONCENTRATION(pCi/l)
A B

VICINITY 5 0.1 0.1

IRISH SEA 0.3 0.01 0.0039
N.C./C.S.A.- . 0.23 0.003 0.0027
H.S.A. .0.1 0.002 0.001

NORTH SEA 0.023 0.0003 0.00013

A - ’soluble* Pu assumed conservative on a coastal timescale 
B - ’soluble* Pu residence half-time in coastal water = 10 months



vicinity to a/ 0.00013 pCi l""1 in the North Sea (Table 7.5,

column B). These calculated values are within the range of

values measured in British coastal waters (eg Murray and

Kautsky, 1977; Murray et al, 1978) although these measurements

include additional components from fallout and waste releases
from Dounreay and Cap de la Hague.

137The use of Cs as a tracer of pollutant distribution,

as considered above for Pu, can be applied to any other con

servative or semi-conservative, stable or radioactive pollutant 

in the coastal marine environment. In addition, the physical 

ocfeanographic data provided from the radiocaesium study may be 

utilised in environmental studies.

Generally, for any conservative pollutant with a point 

source with characteristic output rate (F(t)) a function of 

time (t), from the measured water concentration at a distance 

with specific' transit time (0), a water environmental appearance 

(E^w ) .may be calculated as

E.w = — ) .... 712A F(t-e)
(assuming transit by a simple advective process).

This Ea w value is, in effect, a measure of the dilution
occurring during transport. If a specific, homogeneous region

of known volume (v) and water residence half-time is
v '  2

characterised by this E. value, the fractional passage (P) of 

output through this area is

P = V.E w -° ■ 693  7.3
A ' T  i 0 2

If the concentration of this species in sediment (c(s)) 

is a measurable function of depth (s), a similar sediment 

environmental appearance ( ^ S) iuâ  caicuiaiG(i ae*



where the sediment concentration is integrated from surface 

to depth while the output rate is integrated from first out

put to a time oefore collection of the sediment sample.

The concentration factor (C ) of sediments of the area is 
thus

F S= JL_  7.5
• E w

ea

giving a fractional removal (R) of:-

R = EA3b- ^  ....7.6
' EAW .V.0.693

where B is the total sediment flux of the region. The residence

half-time (T^) for the* pollutant in waters of this area is 2
then given by

Ti = -JJk ....?.?
2 InR

As an example, the residence half-time of water in the

Clyde Sea Area { X L  — ^ months) may be used, with the known
2

• ^  Q *|
input rate ( v 10 m day~ ) to calculate the standing crop of

7 3sewage m  the region (<v 8.7 x 10 m ). Thus the sewage dilu

tion factor is 1:1900. In a more complex case, however, the
-1average Ni concentration in the C.S.A. (0.53 y g 1 ) has been

•*1shown to be significantly higher than that (0.38 y  g 1 ) in

the southern reaches of the North Channel (Preston, 1973). 

Assuming conservative behaviour of Ni, to maintain these levels 

it may.be calculated from the above data that an input rate of 

280 kg day  ̂ of dissolved Ni would be required within the C.S.A. 

As the dissolved Ni input from rain is * 19 kg day over the



area of the Clyde Sea (Cambray et al, 1975), it is evident 

that Ni input from the catchment (both natural and industrial) 

corresponds to 260 kg day . The dissolved Ni input to the 

C.S.A. waters are thus the North Channel ( ^ 6270 kg day”1), 

the catchment area ( ~260 kg day"1) and rain (~>20 kg day"1).

7.5 Further Developments

The variety of topics studied in this project hopefully 

demonstrate, the versatility of tracer applications of radio

caesium in the coastal marine environment. It Is anticipated 

that future research will see continued and expanding use of 

this radionuclide. From the experience gained here, suggest

ions for further development may be listed under various 
categories:-

1) Experimental a) more extensive intercalibration would be 

desirable - particularly with other research laboratories.

b) a corer capable of retrieving cores up to 

50 cm long without disturbance or loss of surface is required 

for rigorous radiocaesium analysis of single cores from coastal 

areas.

2) The Clyde Sea Area a) repeated spatial sampling would 

determine the validity of assuming homogeneity.
b) continuation of regular monthly 

sampling would permit the box model treatment to be tested over 
a longer time period. The after- effects of the *abnormal? 
conditions of 1977 on flow through the North Channel could also 
be assessed.
2) L. Goil - more intensive sampling over periods of rapid 

flushing or stratification may allow resolution of processes



on "timescales .̂1 month while calculated, diffusion rates through 
the pycnocline would be better defined.

4) The Hebridean Sea Area - a further sampling trip would 

enable assessment of the variability of coastal water flow in 

this region. Northwards extension of the sampling grid would 

also allow study of water flow through the Minch.

5) Sediment a) the decline of the Windscale radiocaesium 

output provides an ideal peak for future sediment work which 

could readily be utilised to study rates of sedimentation and 
surface mixing.

b) further investigation of the distribution of
137Cs m  the sedimentary column with respect to particle size,

mineralogy etc. wd uld be of particular interest - especially

in view of the possibility of fallout and Windscale-derived 
137Cs being present on different sorption sites.

6) General - one of the main problems associated with this 

project was generated by the very success of the tracer tech

nique and by its productionof an almost overwhelming amount of 

data ('vlOOO sets of data containing up to 15 parameters each). 

This great rate of data production mirrors that occurring 

generally as the- capabilities of modern analytical equipment

expand. Thus, by necessity, the computer has become an 

essential data-handling tool. Development of this facility,- 

however, may not only assist in calculation and management of 

results, but may finally allow systems of the complexity of 

the marine environment to be modelled in a realistic manner and, 

ultimately, managed on a scientific basis.
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STERLINSKI,S., 1970 Anal.; Chem. , _42_ , 151-5-

STOMMEL,H., 1953. Coll. Repr. Woods Hole Oceanogr. Instn.No.655



SUESS,H. E., 1959» Ann. Rev. Nucl. Sci. , 8 , 24-3-256.

SVERDRUP,H.U. , JOHNSON,M.W. & FLEMING,ft.H., 19^2.
"The Oceans." Prentice-Hall, New York.

SWAN,D.S., 1978. Ph.D. Thesis, Glasgow University.

TAMURA,T. & JACOBS,B.G., i9 60.
Health Physics , 2^, 391-398.

TEMPLETON, W.L. & PRESTON,A., 1966. "Disposal of Radioactive 
Wastes into seas ,oceans and surface waters", pp267- 
289* I.A.E.A. proceedings, STI/PUB/126, Vienna.

THOMSON,J. & WALTON,A., 1972.
Proc. Roy. Soc. Edin. , 72/73 , B167-182.

THURBER,D.L., 1965. "Marine Geochemistry." (Schink & Corless, 
eds.), University of Rhode Island.

TILLjR., 1974-. "Statistical Methods for the Earth Scientist." 
Macmillan, London.

TOPPING,G., 1974. I.C.E.S. report CM 1974-/E32.

TUREKIAN, K. K., 1976. "The Oceans." Prentice-Hall, New Jersey.

TUREKIAN,K.K., 1977. Earth Planet. Sci. Lett. , , 1139-114:4-.

TUREKIAN,K.K. & SCHUTZ,D.F., 1965. "Marine Geochemistry", 
(Schink & Corless, eds. ), pp 4-1-89* University of 
Rhode Island.

VOLCHOK,H.L., BOWEN, V.T., FOLSOM,‘T.R., BROECKER, W.S., SCHUERT, 
E.A. & BIEN,G.S., 1971. "Radioactivity in the Marine 
Environment", pp 42-89* N.A.S., Washington D.C.

WALLACE,W.J., 1974 "The Development of the Chlorinity/Salinity 
Concept in OceanographyElsevier, Amsterdam.



Y/ASSON, J• I •, 19b8. Personal Communication dicussed, by 
Baedecker(1971).

WEAS1,R•C•(Ed.), 1974-* "Handbook of Chemistry and Physics", 
55th. ed. C.R.C. Press, Ohio.

-WILLIAMS,J. A. & DAVIDGE,P.C., 1962.
J. Brit. Nucl. Energy Soc. , , 14-29.

WILLIAMS, P. J. le B., 1975* "Chemical Oceanography", (Riley & 
Skirrow,eds.), 2nd. ed. , Vol.2, pp 3OI-383.

WILSON,TJR.S., 1974* Nature , 248 , 125-127.

WILSON,T.R.S., 1975. "Chemical Oceanography", (Riley & 
Skirrow, eds.), 2nd. ed. , Vol. 1, pp 365-413 •

Y/OODHEAD, D.S., 1973* "Radioactive Contamination of the Marine 
Environment", pp 499-525. I.A.E.A. proceedings, 
STI/PUB/313, Vienna.

YOUNG,D.R. & FOLSOM,T.R., 1973. "Radioactive Contamination 
of the Marine Environment", pp 633-650. I.A.E.A. 
proceedings, STI/PUB/313) Vienna.

YOUNGi D.R., McDERMOTT,D.J., HEES0N,T.C. & JAN, J.K., 1975. 
"Marine Chemistry in the Coastal Environment",
(Chur ch, ed. ), pp 424-439. Chem. Soc., Y/ashington D.C.

YULE,H.P., 1968. Anal. Chem. , J+0_ , I48O-I486.

YULE,H.P., 1971. Proc. Conf. Activation Analysis in
Geochemistry and Cosmochemistry. Scandinavian 
University Books, Denmark.



APPENDICES

Much, ot the following data tabulation comprises photocopied 

computer printout and thus is somewhat faint with uneven 

lettering. In.view of the large volume of data accumulated, 

however, this was found to be the only commercially feasible 

manner of presentation. The actual programs which output these 

tables ( and plot some of the figures contained in the text) 

are listed in Appendix II.2 .
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appendix I 
**********

I N  T H I S  S E C T I O N  R E S U L T S  O B T A I N E D  I N  T H I S  P R O J E C T  W I L L  B E  
l i s t e d  D I R E C T L Y  A S  o u t p u t  from t h e  c o m p u t e r  p r o g r a m s  d e s c r i b e d  I N  

A P P E N D I X  I I , R E S U L T S  A R E  S U B D I V I D E D  b y  R E G I O N  O F  I N T E R E S T  T H U S : -
1.1 C L Y D E  S E A  A R E A

1 .2 L . G O I l / L . L O N G  D E E P  S I T E S  .
1.3 A D D I T I O N A L  S E A  L O C H  S I T E S

1.4 H E B R I D E A N  S E A  A R E A

1 .5 S E D I M E N T S
1 . 6 M I S C E L L A N E O U S

A B B R E V I A T I O N S  U S E D  A R E : -

1 3 7 ( D P M / L ) C S - I 3 7  C O N C E N T R A T I O N  I N  D , P , M f P E R L I T R E

1 3 4 ( D P M / L ) m C o - 1 3 4  C O N C E N T R A T I O N  I N  D , P , M t P E R L I T R E
R A T I O m C S - 1 3 4 / C S ^ 1 3 7  A C T I V I T Y  R A T I O

SC 7 ( D P N / L ) m S A L I N I T Y  C O R R E C T E D  C S - 1 3 7  C O N C E N T R A T I O N
S A L ( P M ) 90 S A L I N I T Y  I N  0 / 0 ^  ( P E R  m t L )

0 , 0 , ( P M ) D I S S O L V E D  O X Y G E N  I N  0 / 0 3
T E M P ( C ) m T E M P E R A T U R E  I N  D E G R E E S  C E L S I U S .

d r y / w e t m D R Y / W E T  W E I G H T  R A T I O  ( S E D I M E N T S )
* * * * * * m U N M E A S U R E D  P A R A M E T E R
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A P P E N D I X  1 , 1  C L Y D E  S E A  A R E A  S A M P L E S  
* * * * * * * * * * * * * * * * * ★ * * * * * * * * *  + * ★ * * * , * * *

S A M P L E S  O B T A I N E D  I N  T H E  A R E a L  S T U D Y  O F  T H E  C S A  D U R I N G  

C R U I S E  J M  / 1 6 /77 O F  T H E  R E S E A R C H  S H I P  * J O H N  H U R R A Y 1 A R E  L I S T E D  O N  

P A G E S  A 3  A N D  A 4 ,  S A M P L E  D A T E S  A R £ | -  

J M  7 • 8 / 1 2 / 7 7
J H  8 - 1 4  - 9 / 1 2 / 7 7

J M 1 5 - 2 6  - 1 4 / 1 2 / 7 7  

J M 2 7 - 3 2  - 1 5 / 1 2 / 7 7
S A M P L E S  F R O M  L * F Y N E  C O L L E C T E D  O N  R V  * £ N D P I C K  I I *  O N  7 / 1 2 / 7 7  

A R E  L I S T E D  O N  P A G E  A 5  W H I L E  S A M P L E S  F R O M  L , L Q N G / L , G Q I L  C O L L E C T E D  

ON 2 8 / 1 2 / 7 7  A R E  S H Q w .n  O N  P A G E  A 6 ,
S T A T I O N  C O O R D I N A T E S  C O R R E S P O N D I N G  T O  T H E  S A M P L E  C O D E S  U S E D  

A R E  G I V E N  O N  T A 8 L E  3 , 1  A N D  P L O T T E D  O N  F I G ,  3,1 O F  C H A P T E R  3
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APPENDIX 1.2 L.GOIL/L.LONG DEEP SITES
*****************************************

RESULTS OF THE ANALYSIS OF SAMPLES FROM THE LOCH GOIL 

DEEP SITE (LG1) OVER THE PERIOD DECEMBER 1975 - FEBRUARY 1978 ARE 

LISTED ON PAGES A8 - A29 . RESULTS FROM THE LOCH LONG DEEP SITE (LL1) 

ARE LISTED ON PAGES A30 - A^3 . THE LOCATIONS OF THESE SITES ARE 

PLOTTED ON FIG. A.1 .
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APPENDIX 1.3 ADDITIONAL SEA LOCH SITES 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

RESULTS OF THE ANALYSIS OF SAMPLES FROM SEA LOCH SITES 
OTHER THAN THE L.GOILA.LONG DEEP SITES ARE LISTED IN THIS SECTION. 

LOCH GOIL SHALLOW SITES LG2 & LG3 ARE LISTED ON PAGES A45 - 49 AND 

PAGE A50 RESPECTIVELY ( LOCATIONS SHOWN ON FIG. 4.1 ) . SAMPLES FROM 

L.LONG SITES ( PLOTTED ON FIG. 4.12 ) ARE LISTED ON PAGES A51 - 53 , 

FROM GARELOCH ON PAGES A54 & 55 AND FROM L.FYNE ON PAGES A56 - 58 . 

ADDITIONAL SAMPLES FROM L.FYNE OBTAINED DURING THE CLYDE SEA AREA 

SURVEY HAVE BEEN PREVIOUSLY LISTED IN APPENDIX 1.1 (PAGES A4 & 5 )
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APPENDIX 1.4 THE HEBRIDEAN SEA AREA

IN THIS SECTION RESULTS FROM SAMPLES OBTAINED DURING 
CRUISES 8/1976 ( PAGES A60 - 65 ) AND 10/1977 ( PAGES A66 - 77 ) OF 
BE M .  CHALLENGER ARE LISTED . DISSOLVED OXXGEN WAS NOT MEASURED 
IN ANY OF THESE SAMPLES . LOCATIONS CORRESPONDING TO SAMPLE CODES 
m  EACH YEAR ARE PLOTTED ON FIG. 5.1
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A 78
APPENDIX 1.5 SEDIMENT PROFILES 
*********************************

IN THIS SECTION THE RESULTS OF ANALYSIS OF SEDIMENT 

CORES FROM THE CLYDE SEA AREA ARE LISTED IN CHRONOLOGICAL ORDER OF 

DATE OF CORING C PAGES A79 - 86 ) . FURTHER DETAILS OF THE CORES ARE 

LISTED IN THE MAIN TEXT ( TABLE 6.1 ). CORING LOCATIONS ARE PLOTTED 

ON FIG. 6.1 . ADDITIONALLY , L.LOMOND MACKARETH CORE RESULTS ARE 

LISTED ON PAGE A87 . IN THIS SECTION ALL ACTIVITIES ARE REPORTED 

IN DISINTEGRATIONS PER MINUTE ( DPM ) PER GRAMME DRY WEIGHT .
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APPENDIX 1.6 MISCELLANEOUS SAMPLES 
*************************************

IN THIS SECTION THE RESULTS OF ANALYSES PERFORMED ON 

WATER AND SEDIMENT SAMPLES NOT DISCUSSED IN THE MAIN TEXT ARE LISTED . 

INSUFFICIENT BACKGROUND OR SUPPORT DATA IS AVAILABLE FOR MEANINGFUL 

INTERPRETATION OF THESE RESULTS AND THUS THEY ARE REPORTED WITHOUT 

COMMENT . THE LOCATIONS OF THE EAST COAST SAMPLES ( PAGE A89 ) ARE:

51 56 3.8* N 3 8.8* w 10/1/78

52 56 9.6* N 2 37.8* W 27/1/78

DECCA COORDINATES (DECCA CHARTS CHAIN 3B ) FOR THE ISLE OF MAN ( P.A90 ) 

RUN ARE:-

IOM1 KEPPEL PIER , I.O.M.

IOM*f RED - D23.5 PURPLE - G77.7

IOM7 RED - DO.0 PURPLE - C5̂ f

I0M10 RED - B11 GREEN - C32

N.B. DISSOLVED OXYGEN WAS NOT MEASURED IN ANY OF THESE SAMPLES .

RESULTS FROM A CORE FROM THE CILICIA BASIN (SHAKLETON 

118 ) ARE LISTED ON PAGE A91 . THIS CORE IS DISCUSSED IN SOME DETAIL

BY SWAN ( 1978 ).
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Appendix II • 1
Box-Model Program.

The two alternative methods of quantitatively modelling a system 

are via either digital or analogue simulation. In digital methods 

examination of the model allows the formulation of a set of equations 

involving both measured and unknown parameters. The unknown para

meters may then be calculated,if at least an equal number of inde

pendant equations are formulated,by the iterative solution of simul

taneous equations. This iterative method of solution may readily be 

expressed as an algorithm and the solution of a very large set of 

simultaneous equations performed by a digital computer.

Alternatively, in an analogue method, the model or a represen

tation of it is physically constructed and its response evaluated. 

Normally this is most conveniently done by constructing an electronic 

circuit which alters an input waveform in a manner similar to the 

alteration of an input parameter by the actual model. Optimum con

figuration of circuit elements to duplicate measured responses may, 

on calibration, be related to unknown parameters. This process is 

normally carried out on an analogue computer which simply consists of 

a function generator, a circuit representation of the desired model 

with variable components corresponding to unknown parameters and an 

output device, usually a plotter or oscilloscope. In some cases, 

however, an analogue-type model may be evaluated by a digital program 

by formulating an algorithm for the model response and inputing a 

waveform as a discrete set of points. Variable parameters may thus 

be stepped through a series of values by use of *do-loops' and the 

resulting number stream output may be plotted automatically to give 

families of curves.
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In this project a digital program has been devised to examine
137the perturbation of input curves corresponding to Cs concentration

. 13hn ,137-ana '-'S/ os ratios on passage through simple mixing boxes.

In the listed sample program (List Al.l), the mixing algorithm is 

evaluated as a subroutine (BXMX) and the main program consists of a 

series of setup and input steps (Cards 1-17) followed by the first 

call to the subroutine (Card 18). The second mixing box is obtained 

by feeding the first J of the curves produced by the first box back 

through the subroutine (Cards 19-25), where the upper limit of J is 

determined by the number of curves.generated by the subroutine. The 

remaining cards (26-29) simply terminate the program. In the sub- 

routive BXMX after setup (Cards 1-7), the input curves are transformed 

* into a series of K curves corresponding to values of the box residence

half time of 1 - K months. Integral values of ti_ in months were
2

chosen as the step size as this v/as the minimum value which could be 

reasonably chosen bearing in mind the monthly sampling frequency 

determining the input curves. After setting initial parameters

(Cards 8-1*0, the first loop (Cards 15-27) calculate and store the
137 13*F 137derived Cs content and Cs/ Cs ratio in the box over a series

of monthly increments taking into account the fraction of original con

tent lost each month, the corresponding amount input during that month,
13ifand in the case of Cs, the extent of decay during the one month 

137period (decay of Cs being regarded as insignificant over the

periods studied). The second loop (Cards jk-kQ) outputs the data

streams as a series of curves drawn by an interfaced plotter with an

additional option of alternating curve colour between black and red

(Cards 30-32) for ease of analysis. In this program, although both 
137values of derived Cs concentration and ratio are output on the
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lineprinter, only one or other of these parameters may be output 

on the plotter during any one run, the parameter output being 

determined by the content of the A matrix. Inputing TOT
1*57values into this matrix results in plotting of Cs curves while 

input of RTT results in plots of ratio curves.

By the use of the BXMX subroutive, the program is rendered 

very versatile, e.g. the program could be expanded to include a 

third box by a further level of do-loop in the main program 

(external to the Do 200 loop) and expansion of the X and Y matrices 

to 3 dimensions, the main limit to this procedure being the vast 

amount of data generated - in particular with respect to plotter

time as even a 2-box model requires plot time of ~1 hour.
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ZT v-»• tx- cl z »_r _ I V VJ> in ro —r DC *-* O' 3 i— ro *t~ aO  t— NT x ifl O  • v-» *-» Z
M  < *-3 sc tr Dl -< 4P-* t-  3 NOV Cl L_ 11 pv • x V K— 1— tU I—CC UJ Ui V »-* « • * If vv *—«
I— _j H* <£ LJ II < • <£> v_̂ t M  <71 1—vC >_A I— 0  CS R It Z> ZD <J 3 3 ♦—4 t—  O 3
3  z z CD U X CC2d O 3 • m CL m V*' 1—v->*—or I— * <-> z z w »—UJ Ui UJ — > <1 Cl •
0 O  O -JCV 3 X • s> 3 '—* IV UJ c it If Ni M 1—i f—* t—«UJ < » • a t 3  CD *■■1w
cc z X _j __: t —* 3? Lv U: i! t U-: •»-!! I* It (I * -  X *—»*■"1O V a. f—f—f- X SC 2C Sc z CV _5 _1 -f- -L

X _I _ i _J nO ir »— I— II 11 u P—f— IV—*—«DC 1—<*—( w ■w' SaC“Z 2 t—«cc 'w*- v^ s-» II • '♦ u_ _Jr *-+ Ll
z> 0 0 <t <r <t -c C z c P—Z DCor O *- C f— CL O V»r ■«—f Ll •—/ w c 0 CL 0 U_ U. 0 <1 <f «s £1
to C_J 0  0 0 LJ 0  cs DC 1— DCU. L_ u_ O DC t— DC 2L ii_ c CD *—* X X  0 0 X Ll. »-* M *-* z cs tL. CJ 3

32 3  0  Qro cs ©

cv eo in tv cc 0  3 «r4 CM r> ̂ UD vO rv OC O E ■*—» 00 ro m VC rv CC Cfi S cv »o vr V* xC IV cc
3 O 3 3 3 3 3 3  ̂ V* -*-• w  — • —< CV CV CV CV cv cv cv cv CV cv 'O ro <0 fO ro ro ro O ro
3 s s tS 3 3 3 3 3  3 3 3  3 3  3 G> 3 3 3 ®  S <s 3 3 3 IS- 3 G 3 3 3 3 3 3  3 3
3 3 3 3 3 3  3 S  (St Si 3 O  3 3  3 •S3 3 3 3 3  3 Q 3 3 3 O 3 G2 3 O 3 S CD 3  3  0



A97

:■
' I '

<
o StS
*-i UJ Ui <0  3  3-40:Z 2. + U- 21»-»♦-« rsj; ccJ h h * 7  J 3  _t Z  2  M J  f-O ■< O  O  N  < tU 2  U U U ’lUCUJ
St s cv <o

Oif
irxa

M i . -

k-fc -tii-5
-J--V̂ iV-'v1: iV.=rU.<
‘VV-’h? . p -::-.-v ;f "■

c a  r t i - ' ” ^ -i;-' ;. a ,: •-■

cr. st —• cv '"S’ tn
iSGGIS CCBE | Q  St SJ Sr ©  CS* SJ



Appendix II.2 Calculation and Presentation Programs

A suite of computer programs were written in FORTRAN IV to perform 
the basic calculations described in Chapter 2. In addition, these 
programs input all relevant data on each sample allowing comprehensive 
results tabulation in the form presented in Appendix I. A further set 
of subroutines have been devised to allow selected data to be output 
graphically on a plotter. While details of the program vary according 
to the detector (flat-top Nal (Tl), well Nal (Tl), Ge (Li)) and sample 
(water, sediment, organics), there is a common basis. This is illustrated 
by describing, in turn, programs for the calculation of results from water 
samples counted on the flat-top Nal (Tl) and sediment samples on the 
Ge (Li), both of which are listed at the end of this section.

After an identifying comment card, the first two lines of the flat- 
top program assign variable names to a common block and dimension 
matrices. Line 3 switches on the plotter if graphical output is desired. 
Lines *+-6 read in the number of water profiles (MCT) and define a default. 
Lines 7 and 8 read in a title (TITLE) for graphical output. The main loop 
(lines 9-*+8) is passed once for each profile and consists of title and 
table headings output (lines 11-16) followed by a calculations loop 
(lines l8-*+5) passed once for each sample in the profile, the number of 
which (NX) is read in line 10. Within the calculation loop, input data 
includes the number of counts in the Cs-137 window (C7), the number in 
the Cs-13*+ window (C*+), the number of days between sampling and counting 
(DY), printout code number (IW), sample volume (VL), count time (TM), 
sample position and date (T1-6), depth (D), salinity (S), temperature (T) 
and dissolved oxygen concentration (0). Output data calculated by the 
program are Cs-137 activity (A), Cs-13*+ activity (B), 13^/137 ratio (R), 
the errors (1 ̂ TOTAL^ on ^̂-ese measurements (E, F and G respectively) and 
the salinity corrected Cs-137 activity (X).

The drawing subroutine (DRAW) graphs each data point in depth/ 
activity space, draws error bars and connects points on each profile.
Lines 1-9 set up the subroutine, define plot space, draw and label axes 
and output graph title. The loop defined by lines 10-2*+ is passed once 
for each sample in the profile while loop D015 connects the data points. 
This program is very flexible and may be readily altered to output 
graphically profiles (with or without error bars) of any input or 
calculated parameter while multiple graphs may be handled via the CALL 
FRAME command - controlled either internally or externally.

The Ge (Li) program is essentially similar to that for the Nal (Tl) 
although, as discussed in Chapter 2, the calculation steps are somewhat 
simpler. The drawing subroutine in this program, however, plots a 
separate graph of the variation of Cs-137 (full line) and Cs-13^ (broken 
line) activity with depth for each profile - in this particular case 
plotting salinity corrected activities against depth in rag cm-2 (cf 
Chapter 6) without error bars. Again this program may be readily con
verted to plot profiles of any included parameter while, if not required, 
the salt correction steps (38-*+8) may be omitted.
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Finally, it must be noted that, prior to transfer of these programs 
to a compiler outside the NUMA.C system, a list of variable names (List 
A2.3) together with any dummy variable used must be checked against those 
prohibited (system used) by that particular assembly to prevent I.D. 
conflict failures.
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LIST A2.3 VARIABLE NAMES

1) Flat-top Nal (Tl), water samples.

MCT number of water profiles v
TITLE graph title '
NX number of samples in particular profile
TT table heading
C7 number of counts in Cs-137 window
CA » " » «» Cs-13A ”
DY decay time (days)
3W printout number
VL sample volume (litres)
TM count time (minutes)
T1 - T6 location and date
D sample depth (metres)
S " salinity (°/oo)
T 11 temperature (C)
0 ** D.O. concentration (°/oo)
B7 background in Cs-137 window (c.p.m.)
BA »» 11 Cs-13A " 11
A Cs-137 concentration (d.p.m.l )
E error on Cs-137 ”
B Cs-13^ concentration M
C error on Cs-13A ,f
R Cs-13^/Cs-137 ratio
G error on ratio
X salinity corrected Cs-137 concentration (d.p.m.l“ )̂

2) Ge (Li), sediment samples

ILC ' loop controller (external)
TIT title
AA concentration of Cs-137 in ambient sea water (d.p.m.l- )̂
ZZ " » Cs-13A " " *’ " "
JN number of samples in profile
AB sample code
WT sample weight (g)
A7 number of counts in Cs-137 window
AA " n » " Cs-13A »»
TM decay time (days)
EW dry/wet ratio
KN printout number
JD sample depth (cm)
BB sample location and date
DD check code
W  dry weight of core section
QW salinity corrected sample depth (mg.cm” )̂
A ** n Cs-137 activity (d.p.m.g” )̂
B ** " Cs-13A ** ”
B7 Cs-137 activity (d.p.m.g” )̂
BA Cs-13A »* "
F7 total error (1 ) on Cs-137 (d.p.m.g- )
FA " " " " Cs-13A . "
RAT Cs-13A/Cs-137 ratio
ERT total error on ratio


