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ABSTRACT: C oncen tra t ions  and  distr ibutions are reported  for 239 + 240Pu, 238Pu an d  241Am  in M y tilu s  ed u lis  L., Fucus ves icu losus  
L. a n d  surface  sed im en t  from the Esk estuary  C um bria  UK, w hich  is sub jec ted  to e ffluents from the British N u c lea r  Fuel Ltd 
u ran iu m  reprocessing  p lan t  a t  W indscale,  C um bria .  For M. edulis, da ta  w as  ob ta in ed  on total soft t issues,  shell  an d  for 11 organs 
a n d  tissues.  T he  d is tr ibution of a lp h a  particle  activity for th in  sections of the m usse ls  w as  ob ta in ed  by a u to rad io g rap h y  us ing  a 
n e w  therm oset  die lectr ic  de tector CR-39. E v idence  is p re sen te d  w hich  ind ica tes  tha t  u p tak e  of t ran su ran iu m  rad io n u c lid e s  is 
p robab ly  from seaw ate r  ra th e r  th an  from ing es ted  sediment.  Pu und  Am re ta in ed  w ith in  the  in test inal  tract is e xcre ted  in faeces; 
that  w hich  en te rs  the systemic c ircula t ion  g ives rise to a diffuse distribution. No significant  en r ich m en t  of Pu a n d  Am occurs in 
k idney  granules ,  b u t  in the pe r icard ia l  g lan d  as a result  of ultrafiltration processes localised e n h a n c e d  levels of a lpha  
radioactivity  w e re  observed. H ighes t  en r ich m en t  of Pu a n d  Am occurs in byssal th reads  a n d  periostracum, lowest in the shell  
w h e n  the  per ios tracum  has b e e n  removed. A lpha  particle  d istr ibution  for byssal th reads  a n d  pe r ios tracum  is diffuse, hot-spots are 
ab sen t  a n d  hence  u p tak e  is p robab ly  direct form conservative  species  p re sen t  in the seaw ate r .  In situ d ialysis s tud ies  in surface 
silty sed im en ts  of the a rea  provide ev idence  of conservative  species  for both Pu an d  Am. Differences in concen tra t ion  of Pu and 
Am for 1977, 1978 and  1979 are described;  in 1979 there  was an  increase  in levels of Pu in the m usse l  and  sed im ent .  F. 
vesicu losus  con ta ined  more Pu than  Am. However,  the Arn/Pu ratio for F. ves icu lo su s  is s im ila r  to that  in byssal  th read s  of M. 
edulis.

INTRODUCTION

P ublished  m e asu rem en ts  of t ransuran ium  rad io n u ­
clides presen t in m arine  b iota and  associa ted  sed i­
m ents are usually  for total concentra tions (Goldberg et 
al., 1978), very little data  exists for distributions; w here  
ava ilab le  it is often derived  from laboratory radiotracer 
experim ents  w hich  m ay not be app l icab le  to natura l 
conditions (Fowler et al., 1975). W e report da ta  for 
concentra tions and  distributions of 23ePu, 239 + 240Pu 
and  241Am in the m ussel M ytilu s  edulis, the  seaw eed  
F ucus vesicu losus  and  surface sed im en t associa ted  
w ith  the  m a in  m ussel b ed  of the  Esk Estuary at Raven- 
glass, Cum bria, UK (Map Ref. 54°20.5' N, 3°24.3' W). 
For the  pas t  30 years this es tuary  has b e e n  sub jec ted  to 
effluents contain ing  Pu and  Am d ischarged  from the  
British N uclear  Fuel Limited (BNFL) n uc lea r  p roces­
sing p lan t at W indscale, Cum bria. We also consider 
the ques tion  of b ioavailab il i ty  of Pu and  Am to m arine  
b io ta and  the  im portance of Pu and  Am  associa ted  with

par ticu la te  or dissolved species in term s of up ta k e  by 
the mussel.

MATERIALS AND METHODS

Sam ples of M ytilu s  ed u lis  L., b e tw e e n  5 .0-7.5 cm in 
length ,  w ere  collected from a popu la t ion  in the Esk 
estuary, n e a r  the  v illage of Ravenglass, in  O ctober 
1977 and  S ep te m b er  1978 and  1979 w h e n  the  body 
f lesh w e ig h t  w as  n e a r  the  an n u a l  m axim um . Sam ples 
w ere  im m ed ia te ly  c leaned  of any ep ib io tic  growth, 
w ash e d  w ith  local f i ltered se aw ate r  and  p la ce d  in  a 
b e d  of c lea n ed  s e a w e e d  ta k en  from an  a rea  a d jac en t  to 
the m usse l  bed. W ith in  2 d, du r ing  w h ich  t im e the  
shells  rem a in ed  closed, the m ussels  w ere  r e tu rn ed  to 
the  P lym outh  Laboratory and  d iv ided  into two groups 
e ach  con ta in ing  abou t 50 indiv iduals .  Those of the  first 
group w ere  opened , seaw ate r  con ta ined  w ith in  the 
shell cavity w as d ra in e d  off and  d iscarded ; the total
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Tab le  1. M y tilu s  edu lis. Pe rcen tag e  w a ter  content  a n d  w e igh t  
of various o rgans a n d  tissues

Tissue W ater  con ten t  (%) Wet w e ig h t  (%)

Digest ive  g l a n d ’ 76.5 20.3
Kidney 81.5 1.0
M ant le 87.3 29.6
M antle  edge 82.4 12.1
Gili 87.8 10.8
M uscle 80.0 18.0
Foot 82.2 3.9
Byssal th reads 85.4 4.3
Tota l soft t issue ’ ’ - 35.4
Shell - 64.6

’ n =  30
’ ’ n =  50

m ass of soft tissues and  the  sep ara ted  byssa l th reads 
w ere  rem oved  and  p re p a re d  for analysis. The second 
group w as  in itially  t rea ted  in the  sam e m anner,  but 
th e n  a varie ty  of o rgans (Tables 3, 4) w ere  rem oved  by 
dissection. The in te rna l  surfaces of the  shell were  
c lea n ed  to rem ove any a d h e r in g  adduc to r  m uscle  and  
w h e n  prac tica l the  per ios tracum  w as d e tac h ed  from 
the  ex terna l  surface by gent ly  scrap ing  w ith  a scalpel. 
C om ple te  perios tracum  rem oval w as not a lways possi­
ble, espec ia lly  w h ere  it h ad  becom e info lded  w ith in  
surface crenulations. All sam ples  for gross ana lyses  
w ere  th e n  freeze dried, h om ogen ised  by g r ind ing  in an 
a g a te  ball  mill, rep resen ta t ive  aliquots rem oved  and  
a sh ed  in a low te m p era tu re  asher  by the  nascen t oxy­
g en  tech n iq u e  (Hamilton et al., 1967). The w ate r  con­
tent of samples, toge ther  w ith  the m e an  va lues  for w et 
w e ig h t  of ind iv idual  m ussel organs w ere  de te rm ined  
(Table 1). A pprox im ate ly  1 kg  of Fucus vesicu losus  L. 
w as collec ted from the  per iphe ry  of the  m ussel bed, 
ep iphy tes  and  res idua l  sed im en tary  debris  rem oved  by 
sh ak in g  the  fronds in f iltered seawater;  the  te rm inal 
parts  of the fronds w ere  then  removed, freeze d ried  and 
a shed  prior to analysis.

The m ussel b ed  at R avenglass  is associa ted  with 
deposits  of fine g ra in e d  b row n-b lack  arenaceous  silts. 
The dom inan t  sed im en t of the es tuary  is a coarse 
g ra in e d  well sorted  sand; partic le  size of acid  inso lub le  
m inera l  debris: ca 50 X 80 ¿on m e an  particle d iam eter  
(MPD), acid  so lub le  fraction ~  10-40 /um MPD. As an  
aid  in rep resen ta t ive  sam p ling  of sed im ents  in the field 
the  surface gam m a activity of the  area  u n d e r  inves t iga ­
tion w as d e te rm in e d  using  a N uclear  Enterprise, PS R6 
portab le  spec trom eter  w ith  a 2” Nal (Tl), detector  held  
1 m above the  surface of the  sed im ent; the  total ac tiv­
ity, recorded  in 10  s, w as u sed  to identify spa tia l v a r ia ­
bili ty of gam m a em itte rs  in the  sed im en ts  w hich  or ig i­
nate  from BNFL effluents. From the results  of the

Table  2. Concen tra t ion  (pCi g ' 1 dry wt) of ; t 'A m  in sed im ents  
d e te rm in ed  by gam m a and  a lp h a  spectrom etry

Sam ple  No. 24’Am 
G am m a 

spec trom etry ’

241Am 
Alpha 

sp ec tro m etry ’ ’

308 5.2 ±  0.4 5.4 ±  1.3
327 17.6 ±  1,2 18.6 ±  1.3
328 22.0 ±  3.9 24.7 ±  6.0
329 106.4 ±  3.5 108.8 ±  12.1
330 46.6 ±  2.3 45.0 ±  6.3
331 31.4 ±  0.5 31.0 ±  5.2
332 11.1 ±  0.5 10.7 ±  2.6
333 5.6 ±  0.6 5.2 ±  1.4

’ 30cc Ge (Li) detector. In ternal  s tan d ard  add it ion  ca l ­
ib rat ion  us ing  241Am 
’ ’ 241Am yield- tracer  techn ique

gam m a survey w e se lec ted  e igh t rep resen ta t ive  sa m ­
ples  of silt w hich  w ere  pooled  to form a single sample; 
this w as then  freeze dried, ashed, aliquots rem oved  
and  leached  w ith  6  M H N 0 3 at 70 °C for 24 h. The 
sam ples  w ere  centrifuged, the res idue  d iscarded  and  
the supe rna tan t  re ta ined  for analysis. P reliminary 
m easu rem en ts  on silts from the  Esk h ad  show n tha t this 
t rea tm ent rem oved  >  95 % of Pu and  Am.

Our usual analytical p rocedures  are b ased  upon  the 
use of conventional ion -exchange  column chrom ato­
g raphy  to isolate and  separa te  Pu from Am, spiking 
w ith  appropr ia te  radiotracers (236Pu, 243Am) in order to 
de te rm ine  chem ical yields, e lec trodeposit ion  and  final 
assay by surface barr ie r  a lpha  spectrometry. Samples 
contain ing  >  10 pCi 241Am were  gene ra lly  de term ined  
by direct gam m a spectrom etry  us ing  a 30 cc Ge (Li) 
detector; a com parison b e tw e en  data  ob ta ined  by both 
techn iques  is g iven in Table 2. O n occasions, for 
sp iked  samples, d ep e n d in g  upon  the concentra tion  of 
24IAm and  the w e ig h t  of sam ple  available , 241Am was 
de te rm ined  by gam m a ray spectrom etry  using  the 74.6 
kev. gam m a energy  of 243Am for y ie ld  corrections thus 
there  was no n ee d  to purify the Am elua te  from the Pu 
separation  stage.

Alpha Particle Distribution Studies

Ham ilton  (1980) has show n tha t for practical p u rp o ­
ses the  major source of a lpha  em itt ing  rad ionuclides  in 
the Esk mussels  and  silts sam ples  originates from Pu 
and  Am. N atu ra l  a lp h a  particle  activity of the surface 
sed im en ts  arising from U -I- Th is <  25 pCi g_1, most of 
w hich  is conta ined  m  crystals of zircon and  sphene, 
com pared  w ith  >  200 pCi g _1 from transuran ium  rad io ­
nuclides  derived  from BNFL effluent. We de term ined  
the  d is tribution of Pu +  Am using  a new  therm oset
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die lec tr ic  detector, CR-39, w hich  is a po lym er of the 
m onom er  oxydi-2  1, e thanedy l d i-2 -propenyl d ieste r  of 
carbonic  ac id  (ally 1 diglycol carbonate); a p re lim inary  
accoun t of its use  in investigations of env ironm enta l  
radioactiv ity  has b e e n  descr ibed  by H am ilton  (1978); a 
m ore de ta i led  account of its uses and  proper t ie s  will be 
p re se n te d  by H am ilton  an d  Clifton (in preparation). In 
the  w ork  reported  h ere  w e u sed  1 m m  th ick  sheets  of 
CR-39 w hich  h ad  b e e n  cured  by the  m anufac tu re r  for 
36 h. The routine  counting efficiency of CR-39 for 
a lp h a  partic les  b e tw e e n  5 -8  M eV for 2 n  geom etry  was 
>  85 %. Fresh sam ples  of m ussel an d  se a w e e d  were  
rap id ly  frozen, 7-15  /rm th ick  seria l sections w ere  cut 
us ing  a freez ing  m icrotome an d  th e n  m oun ted  on 
3 "  X 1" glass microscope slides. The tissue sections 
w ere  th e n  covered  w ith  CR-39, p laced  in se a le d  plastic 
boxes con ta in ing  a g e d  n itrogen  to e l im ina te  b a c k ­
g round  events, and  th e n  exposed  at room te m pera tu re  
for up  to 166 d. A liquots of sed im en t w ere  p ressed  into 
tab le ts  an d  the  th ick  sources exposed  to CR-39 for up  to 
10 d. After the  exposure  period, in order  to deve lop  the 
a lp h a  tracks, the detector  was rem oved  from the  s a m p ­
les an d  e tch e d  for th ree  hours in 6.0 N aO H  at 85 °C. On 
som e occasions, after etching, cons iderab le  details  of 
t issue s tructure w ere  also observed  on the  surface 
w hich  h a d  b e e n  p laced  aga ins t  the  detector; this 
m echanochem ica l  dam age ,  w h e n  present,  w as  u sed  to 
identify  sites from w hich  the a lpha  partic les  in the 
sam ples  o r ig ina ted ; the na tu re  of this type of d am ag e  
to the  surface of the  detector  is be in g  s tud ied  further. 
After e tching, the detec tor  was w ash e d  in  0.1 HC1, 
then  d e io m se d  water,  d r ied  and  t rea ted  w ith  an  an t i ­
static l iqu id  to p reven t  ad h e ren ce  of par t icu la tes  
th rough  static charge. The e tched  CR-39 w as then  
reposit ioned  over the  sam ple  to an  accuracy of about 
2  ¡um an d  the  d is tribution  of a lpha  partic les  o bserved  in 
re la t ion  to tissue structure using  a conventional 
microscope with  a x5 or x l 6  objective and  xlO oculars.  
C o m pared  w ith  o ther  a lpha  sensitive detectors the 
clarity of tracks in CR-39 was excellen t and  the  signal-  
to-noise-rat io  u n p receden ted .

trenches  0.3 m deep  cut into the silt, covered with  the 
silt which h ad  b ee n  rem oved  and  gently  com pacted  in 
order  to remove air pockets. The bags w ere  dep loyed  
at low tide over an  area  6  X 6  m and  left in position for 
60 h, during w hich  they  w ere  covered by sea  w ate r  
th roughou t four periods of h igh  tide. The bags  were  
th e n  recovered, w ash e d  in sea  w ate r  followed by a 
copious w ash ing  w ith  de- ion ised  w ate r  to remove all 
the  adher ing  silt. Subsequently ,  they  w ere  punc tu red  
an d  the contents transferred  to p re -c le an e d  Teflon b o t­
tles contain ing 2.0 M H N 0 3 to p reven t adsorption  of 
Pu and  Am onto the walls  of the bottle. A separa te  bag  
dep loyed  at the site conta ined  a MC 5 sa linom eter  to 
de term ine  sa line influx dur ing  dialysis. For practical 
reasons the bags w ere  rem oved  w h e n  the  salinity of 
the  contents had  rea ch ed  50 % of tha t  d e te rm in ed  at 
h ig h  tide, nam ely  ca 32 %o. Prelim inary  m easurem ents  
h ad  show n tha t w hile  sm alle r  dialysis bags  (ca 1 0  mm 
infla ted  d iameter)  reached  equ i l ib r ium  w ith  ex ternal 
sa linities in about 1 h, because  of a n e e d  to sam ple  a 
la rge  volume of w a te r  en t ra ined  in the  silt, and  to 
overcome transien t changes  in w ate r  type during  tidal 
incursions no a t tem pt was m ade  to reach  equil ib r ium  
conditions for a def ined  state of the  tide. We also 
de te rm ined  the concentra tion  of 137Cs (by gam m a ray 
spectrometry) -  a major constituent of BNFL effluent, 
w h ich  provided an  in d e p en d e n t  es tim ate  for sa ltwater  
transport across the  m em brane .  No 137Cs radioactivity  
w as  detec ted  for the em ptied  dialysis bags, hence  no 
surface re ten tion  of this rad ionuclide  occurred.

O ne litre aliquots of sea w ate r  w ere  also sam pled  
th rough  half a t idal cycle n ea r  the m ussel bed; 
im m edia te ly  after collection each  aliquot w as filtered 
th rough  a p re -w e ig h e d  0.45 ,«m M illipore m e m brane  
filter. Later, in the laboratory, the filters w ere  dried  at 
110 °C and  the particle load de te rm ined  by weighing. 
Using the CR-39 m ethod  the total a lpha  particle  activ­
ity of each d ried  sam ple  w as de te rm ined  by counting  
the  num ber  of a lpha  tracks, using a Quantimet,  
recorded  for a know n  period of exposure.

D ialysis Studies

In S ep te m b er  1979 we used  in situ dialysis 
(C el lophane  bags, M edice ll  Int. London, ave rag e  pore 
rad ius 24 Â) to se p a ra te  d issolved from part icu la te  
m ater ia l  p resen t in seaw ater .  The site chosen  w as 
s i tua ted  ca 500 m from the  m ain  m ussel b e d  and  con­
sis ted of ca 1 m of soft thixotropic silt deposits  resting  
u p o n  an  in d u ra ted  a renaceous  substrate. At the site ten  
dialysis bags, w ith  an  infla ted  d ia m ete r  of 139.7 mm, 
w ere  soaked  in d e io m se d  w ate r  and  th e n  filled with  
2 .0  1 of de ion ised  water; the  bags  w ere  then  p laced  in

RESULTS

The concentrations of Pu and  Am in organs and 
tissues of the m ussel collected in 1977 an d  1978 are 
g iven  m  T able  3; some data for S ep tem ber  1979 are 
lis ted in Table 4. For the sam ples  collected in 1977 and  
1978 -  w ith  the exception of byssal threads, h inge 
m ater ia l  and  foot for 1978 -  tissues generally  contained 
more Am than  Pu, bu t  for those collected in  1979 there 
w as a significant en r ichm en t in Pu com pared  with  the 
1977 and  1978 sam ples  a l though  the  levels of Am 
show ed  very little change. For all sam ples  the 241Am/
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T ab le  4. M ytilu s  edulis. C oncentra t ion  (pCi g 1 dry wt) of 239,240 Pu, 238 Pu and  M1Am in sam ples  collected  from Esk estuary  at
Ravenglass, Cumbria ,  UK, in S ep tem b er  1979

Sam ple 2 3 9 - 2 4 0 p u

(pCi g - 1)

238pu
(pCi g ' 1)

239-*- 2 4 0 p u  

238pu
241 Am 

(P<m g_1)
24 'Am

2 3 9 + 2 4 u p u

Total soft tissues m inus  byssal th reads  (n =  50) 37.6 8.0 4.7 8.0 0.2
Digestive  gland 179.7 ± 1 2 2 33.0 ±  7.0 5.5 ±  0,8 13.6 ±  1.3 0.08 ±  0.01
Kidney 77.4 ±  3.1 7.3 ±  0.4 10.6 ±  0.3 6.6 ±  0,4 0.09 ±  0.01
M antle 11.5 ±  1.1 2.1 ±  0.3 5.5 ±  0.1 4.2 ±  0.4 0.4 ±  0.1
M antle  edge 8.6 ±  0.6 1.3 ±  0.2 6.6 ±  0.1 3.4 ±  0.4 0.4 ±  0.1
Gili 23.2 ±  7.0 3.7 ±  0.2 6.3 ±  0.4 0.6 ±  0.1 0.03 ±  0.02
M uscle  (adductor) 7.4 ±  0.4 1.6 ±  0.2 4.6 ±  0.1 4.8 ±  0.4 0.7 ±  0.1
Foot 5.4 ±  0.4 1.4 ±  0.2 3.9 ±  0.1 1.2 ±  0.2 0.2 ±  0.1
Byssal th reads 149.1 ±  8 32.0 ± 5.2 4.7 ±  0.4 38.0 ±  0.8 0.3 ±  0.1

T ab le  5. M ytilu s  edulis. C om parison  b e tw ee n  m ea su re d  concentra t ions of 239 + 240 Pu a n d  241Am in sam p le s  of total soft tissue 
(minus byssal  threads) for 1977, 1978 and 1979, with va lues  calcu la ted  from assay of levels in ind iv idua l  organs.  C onsu lt  Tab le  1

for concentra t ion  w e ig h t  factors

Year 239 + 240 pu  jn [0 ta ] soft t is sue239* 240 Pu in total soft tissue 241Am in total soft tissue 241Am in total soft t issue-
m easured calcu la ted m easu red calcu la ted

(pCi g-1 dry wt) (pCi g-1 dry wt) (pCi g-1 dry wt) (pCi g-1 dry  wt)

1977 5.4 6.2 18.2 18.5
1978 9.9 9.7 8.3 10.5
1979 37.6 44.2 10.6 7.1

239 + 240pu  ra tj0  for byssal th reads w ere  similar. Tissues 
directly associated with  food had  the h ighest  deg ree  of 
en r ichm ent of Pu w hile  those, with the exception  of 
byssal threads, w hich  rep resen t tissues tha t obta in 
their  body b u rden  of Pu or Am following transport 
across biological m em b ran es  show ed less enr ichm ent 
in Pu. Data for Fucus vesicu losus  show ed significantly 
more Pu than  Am.

Allowing for analytica l errors associa ted  with the 
small mass ava ilab le  for some tissues (kidney, pe r io ­
stracum, byssal thread, random  loss of fluids during 
dissection and  occlusion of sed im ent debris) Table 5 
com pares total soft tissue da ta  with  tha t ca lcula ted  
from analyses of ind iv idual tissues in terms of total 
tissue content w hich  show excellent agreem ent.

The distribution of a lpha  em itters  in tissues and 
organs of the m ussel de term ined  by CR-39 revealed  
the following order  of activity: byssal th reads  and  caps 
>  periostracum  >  stom ach >  intestine >  pericard ia l 
g land  >  kidney  >  divert icula of d igestive g land  
tubu les  >  muscle >  m an tle  tissue. Hot" particles were  
only observed in the in testine and  per icard ia l gland. 
W ithin the intestine very  little activity w as associa ted  
w ith  the typhosole or ep i the l ium  lin ing the lumen, but 
there  was a trend  tow ards h ighe r  levels of activity 
associa ted  with  the la tera l horns of the  lumen. The

’ Defined as a small  a rea  from w hich  severa l  a lp h a  tracks 
orig inate

character istic  feature of hot spots in the  lu m e n  of the 
in testine, and  an  assoc ia ted  low diffuse d is tribution 
th roughou t the rest of the  o rgan  is i l lustrated  in Figure 
1. With the exception  of the k idney  w hich  was associ­
a ted  with  a h ighe r  level diffuse distribution  (Fig. 2), 
e lsew here  in  the m ussel the low activity diffuse p a t te rn  
of a lpha  particles w as dom inant.  W e ex am in ed  the 
histology of tissue a d jac en t  to hot spots b u t  could not 
observe any effects l ikely  to be  a t tr ibu tab le  to the 
influence of ionis ing radiation. A d e ta i led  exam ina tion  
of the  num bers ,  size and  specific activity of alpha 
tracks for hot particles w ith  d is tance  a long  the d ig e s ­
tive tract did not a p p e a r  to ch a n g e  significantly, hence 
it appears  tha t the partic les  are  not dissolved to any 
app rec iab le  ex ten t du r ing  transfer th rough  the  in tes ti­
nal tract and  are likely  to be  lost in  faeces.

In the  Esk es tuary  w e  recogn ise  two m ajor  types of 
sed im ent: coarse sands  dom ina te  w hile  f ine-g ra ined  
a renaceous  silts are  found associa ted  with  the  m ussel 
b ed  and  cloaking the  sides of the  estuary, espec ia lly  
a long  its u p p e r  reaches. O ur m e asu rem en ts  of gam m a 
activity (Table 6 ), us ing  the  field probe, clearly  show 
tha t a reas  of h ighes t  activity w ere  a lways associa ted  
w ith  silts, in te rm ed ia te  levels w ith  silty sands and  the 
lowest levels  w ith  coa rse -g ra ined  sand; the  h ighes t  
specific activity for silts w as found in  the u p p e r  reaches  
of the  es tuary  w hich  can  conta in  up  to ca 800 pCi g -1 of 
transu ran ium  rad ionuclides .  C h a n g e s  in  levels of 
gam m a activity in a transect across the  shore are il lus­
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Fig. 1. M ytilu s  edu lis. T h in  sec tion  across the lu m e n  of the  in test ine  of Ravenglass  indiv iduals ,  i llustra ting  the p resence  of hot 
particles  reco rded  in CR39 de tector  su p e r im p o sed  up o n  the  section. Exposure  period  166 d

Fig. 2. M y tilu s  edu lis. Distr ibution  of a activity in a t ransverse  k id n ey  section of Ravenglass  individuals ,  i l lustra ting  localised 
en r ich ed  levels of activity. Exposure pe r iod  166 d. Procedures as in Figure 1

tra ted  in Figure 3. O ur da ta  for levels of Pu and  Am in 
the  m ussel and  sed im ents  toge ther  with  various 
isotope ratios are g iven  in T able  7. An average  
239 + 240pu /238pu rat;i0 0f 4 3 +  1 0  w as ob ta ined  for 
sam ples  of sed im en t collected  in 1977, 1978 and  1979; 
an  ave rage  241Am 239 - 240Pu ratio for sam ples  collected

in 1977 and  1978 w as 1.6 ±  0.5 com pared  with  a value 
of 0.4 ±  0,1 for the 1979 samples.

CR-39 studies show ed  that the  a lpha  particle activity 
of the sed im ents  associa ted  with  the m ussel bed  had 
th ree  types of distribution: (l) a g ene ra l  diffuse dis­
tribution  w hich  accoun ted  for b e tw e en  2 0  and  60 % of
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Fig. 3. D iagram at ic  rep resen ta t ion  of a activity dis tr ibution  across the foreshore, 200 m from Ravenglass,  Esk Estuary, Cum bria .  
N um bers  indíca te  y even ts  s"1 ob ta ined  with a field s ingle  channel  sepctrom eter,  using  a 2 "  N a  I (Tl) crystal, h e ld  l m  above  the
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Fig. 4. Hot spots of a  activity in silts from the R avenglass  mussel bed. Exposure  per iod  10 d. Procedures as in F igure  1. Because of 
the h igh  activity o r ig ina ting  from these  sam ples  the CR39 de tector is almost sa tu ra ted  in the central  areas

the total a lpha  particle  activity; (ii) activity associated 
w ith  hot spots with a m e an  particle d iam ete r  of b e ­
tw een  ca 0.3-30 fxm as illustrated  in F igure 4 (note that 
the exposure period was 10  d com pared  with  166 d for 
the hot spots from the in testinal tract of the mussel); 
(iii) an  association with  w e ll-de fined  surfaces, for 
exam ple  a diffuse d is tribution on the surface of sand 
grains and  hot spots associated with  3 X 6  ¿¿m particles 
whose composition so far has  not b ee n  identified,

al though  we have observed  similar particles p roduced  
dur ing  the  corrosion of u ran ium  rods in seaw ater .

DIALYSIS EXPERIMENTS

On the basis  of 137Cs m easu rem en ts  w e  es tim ate  a 
concentra t ion  of abou t 450 pCi I-1 in local seaw ater .  
From data  p re se n ted  by H unt (1979) w e ca lcu la te  that
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T ab le  6. Relative g a m m a  radioactivity  from sed im en ts  in the 
vicinity of Ravenglass,  Esk Estuary,  Cum bria ,  UK

Sed im en t
types

G am m a
radioactivity"

(Cps.)

N u m b e r  
of m e a s ­
urem en ts

San d  dunes 336 ±  48 18
Shingle 418 ±  76 18
Shing le  & worm  casts 284 ±  14 7
Shing le  & sea w ee d 560 ±  96 7
Sand 292 ±  77 46
Sand  & worm  casts 284 ±  14 12
Sand  & m u d 1158 ± 3 8 0 14
M u d  (inner estuary) 3127 ± 7 2 0 15
M u sse l b ed
a) M ud 1642 ± 3 1 4 "  " 22
b) Sand 896 ±  46 15
c) San d  & sea  grass 3590 ± 6 2 0 8
d) M u d  & sand  & se a w ee d 1271 ±  69 10
e) In d u ra ted  sh ing le

+  2 cm m ud 1194 ±  13 8
f) Sh ing le 604 ±  52 13

‘ Assay in field u s ing  2' ' Nal(Tl) u n sh ie ld e d  de tector
he ld  1 m above  se d im e n t  surface
' ‘ E qu iva len t  to a g a m m a radia tion  dose of ab o u t  120 p
rad  h"1

the  expec ted  concen tra t ion  of 137Cs in the  Esk es tuary  
w ou ld  b e  450-500  pCi I-1; hence,  on this basis, w e  infer 
tha t the  dialysis da ta  will p rovide inform ation for other 
conservative  rad ionuc lides  in seaw ater ,  for exam ple  
+6Pu. From the b u lk e d  contents of the  dialysis bags  we 
o b ta ined  a concen tra tion  of 2.0 ±  0.4 pCi 239 + 240Pu I-1

(assumed to be +6Pu see Nelson and  Lovett 1978) and 
0.6 pC i ±  0.2 of 2!1Am I“1.

D ata  il lustrated in Figure 5, for part icu la te  m atter  
f iltered from the am bien t seaw ate r  show changes  in 
salinity, tem perature ,  particle load and  a lpha  particle 
activity th rough one half of a t idal cycle. As h igh  tide is 
app roached  both the  particle load and  the a lpha  p a r t i ­
cle activity of the part icu la te  m ateria l suddenly  
increase. Field observations have  show n tha t after the 
init ial  period of silt resuspension, w ate r  c lea rance  is 
fairly rapid, hence for the m ussel bed  the  an im als  in 
each  tidal cycle are only exposed  to h igh  concen tra­
tions of silt for short periods of thime.

CONCLUSIONS AND DISCUSSION

In M ytilu s  ed u lis  the ta n n ed  proteins of byssal 
th reads  and  periostracum  contain the  h ighest  concen­
trations of Pu and  Am; the  d is tribution of a lp h a  particle 
activity clearly shows tha t it is evenly  d is t ribu ted  on 
surfaces, hot spots are absent.  The lowest concen tra­
tion of Pu and  Am was found in shell w h e n  the  per io ­
stracum  had  b e e n  removed. For a variety of m arine  
molluscs Guary  and  Fraizier (1977) no ted  that Pu 
en r ichm ent is associa ted  w ith  an  increase in calc ifica­
tion; they  com pare this fea ture w ith  the  up ta k e  of Pu in 
bone  of m am m als. O ur work does not support an 
association w ith  Ca pathways, bu t  possibly an  increase 
in Ca (shell) in some species m ay also be  associa ted 
w ith  a g rea ter  a b u n d a n ce  of ta n n ed  proteins surroun­
d ing  Ca crystallites of the shell. Guary  and  Fraizier

Alpha  Par t i c l e  
Ac t i v i t y

Sa l i n i t y

T e m p e r a t u r e

Pa r t i c l e  Load

13 1512 149 10
T im e  (h >

Fig. 5. Variations in total a lp h a  particle  activity a n d  particle  load for su sp en d e d  par ticu la tes  filtered from 1 1 of seaw ate r  through 
half a t idal cycle at N ew bigg in ,  Esk Estuary, C um bria .  Range  of values: a lpha  particle  activity, 0 .3-2.6 c.p.m. cm-2; particle  load,

11.72-98.76 m g I“1; salinity, 8.0-31.5 %o,- tem pera ture ,  14.1 °-16.0 °C
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T ab le  7. Average  va lues  of 239 + 2;" P u /239 Pu and - '"A m /238* 240 Pu isotopic  ratios for m usse l  t issues and  sed im en ts  1977-1979; Esk
Estuary,  Cumbria ,  UK

Material N u m b er  of 
sam ples

Year 239 +  2 4 0 p -jj 

2 3 8 p u
24'Am

239 +  2 4 0 p u

M ussel  tissues 12 1977 4.0 ±  1.1 2.3 ±  1.4
Mussel tissues 11 1978 2.5 ±  0.8 1.2 ±  0.8
Mussel  tissues 11 1979 5.5 ±  1.8 0.2 ±  0.1
S e d im en t /s i l t /N ew b ig g in 8 1977 3.6 ±  2.4 1.4 ±  0.1
Sed im en t /s i l t /N ew b ig g in 3 1979 4.2 ±  2.3 0.5 ±  0.2
Sedim ent/s il t /R avenglass 4 1979 5.5 ±  2.6 0.4 ±  0.3
S e d im en t /sand /R aveng lass 2 1979 5.1 ±  2.2 0.4 ±  0.4

(1977) have also no ted  tha t in environm ents  only su b ­
jec ted  to a tm ospheric  fall-out of Pu, the  shell: soft- 
tissue ratio is always <  1 w hile  the  reverse  is found for 
mussels ta k en  n ea r  the outfall of nuclea r  reprocessing 
plants; the Ravenglass sam ples  support this finding 
w hich  may reflect differences in the physical and 
chem ical forms of Pu. G o ldberg  et al. (1978) have 
shown tha t for mussels collected d is tan t from sources 
of nuclea r  effluents the  byssal th reads  contain  the 
h ighest concentra tions of Pu which Fowler et al. (1975) 
have also observed  from laboratory rad io tracer  exper i­
ments. G o ldberg  et al. (1978) sugges ted  tha t the shell 
of the m ussel could b e  used  to record historical levels 
of the transuran ics  in  the m arine  environm ent which  
w ould  greatly  facilitate large-scale  monitoring pro ­
gramm es. For littoral mussels, from the Esk es tuary  at 
least this is not practical, espec ia lly  for those aberran t  
ecotypes with  very thick shells and  random  retention  
of the  periostracum  b e tw e en  r idge- l ike  folds of ex ter­
nal shell surfaces. However, it is possible  to consider 
thin shell sub-littoral mussels  w here  the periostracum  
is often intact. For mussel sam ples  collected in  1977 
and 1978, and  with  the exception of the byssal th reads 
h inge  and  periostracum, the A m /Pu ratio is usua lly  >  
1; in the 1979 mussels there w as more Pu and  slightly 
less Am w hich m ay reflect differences in the mass of Pu 
and Am re leased  by BNFL b e tw e en  1978 and  1979.

CR-39 au to rad iography  has show n tha t hot spots are 
restricted to the lum en  of the  intestine w hich  is 
be l ieved  to rep resen t the  presence  of sed im en t debris; 
the per icard ia l g land  also contains hot spots in  accord­
ance w ith  the  recen t f indings of Pirie and  G eorge 
(1979) who have  identif ied  this g land  as be in g  associ­
a ted  with ultrafil tration processes, the  residues of 
w hich  are excreted  in the  renopericard ia l  canal to the 
exterior. No hot spots w ere  found associa ted  w ith  the 
k idney; this o rgan  contained  a m uch  h ighe r  diffuse 
concentra tion of a lp h a  activity and  in  spite of the 
p resence of num erous  g ranu les  they do not ap p e a r  to 
concentra te  the transuranics. A m ajor  role of the k id ­
ney is concerned  with  the rem oval of w aste  products 
from the su rrounding  blood hence  the diffuse d is tr ibu ­

tion arising  from Pu and  Am m ay reflect the localised 
concentra tion  of p ro te inaceous  debris  upon  which Pu 
and  Am are abso rbed  (Robinson, 1970). Pu and  Am in 
the gills, toge ther  w ith  the d is tribution  of a lpha  p a r t i ­
cle activity, w as  rarely  associa ted  w ith  hot spots and  
p resum ably  reflects up ta k e  of m ater ia l  con tain ing  a 
diffuse d is tribution  of these  two radionuclides.

The h ighes t  concentra tions of Pu, Am and  a lpha  
particle activity w ere  found for silts in the vicinity of 
the m ussel beds  and  for th ixotropic silts c loak ing  the  
ban k s  of the estuary. As i l lustra ted  in F igure 4 the  
h ighes t  levels  of radioactivity  found in the w ate r  occur 
w h en  the tide changes; u n d e r  these  conditions of m a x ­
im um  turbidity  particle  loads of abou t 100 mg T 1 are 
common, d ropp ing  to <  1 0  mg I-1 b e tw e en  periods of 
tidal d is turbances; only the  f ine -g ra ined  particles are 
re su sp e n d ed  and  the bu lk  of the sed im en t which con ­
sists of sands (up to ca 200 /im MPD); these  rem ain  on 
the bottom and  are not ava ilab le  for up ta k e  by the 
mussel. W iddows et al. (1979) have  show n tha t for a 
5 cm m ussel the onset of p seudofaeces  production 
occurs at a particle  concentra tion  in the w ate r  of 5 mg 
I“1, p roviding a m ax im um  ingestion  rate of 11 m g of 
par t icu la te  m ater ia l  h _1; the  ave rag e  w ate r  con ten t of 
the silts is 33 ±  5 % hence,  and  w ith  a subm ergence  
time of ca 4 h /t ida l  cycle, as sum ing  a m ax im um  con ­
centra tion  of ca 60 pC ig  239 + 240Pu w et  w eight,  ca 
11 mg of sed im en t will con tain  ca. 3 pC i of a lpha  
activity from Pu. U sing a m e asu red  ave rag e  value  of 
1 .2  g w et w e ig h t  for the  d igestive  g lan d  this am ounts  
to a total of abou t 2.4 pCi of 239 + 240Pu in the  lu m e n  of 
the d igestive tract, h en c e  most of the  activity p resen t 
could be accoun ted  for by the  p re se n ce  of sedim ent.  In 
an  a l ternat ive  ca lcu la tion  -  as the  total m ean  w ate r  
content of m ussel  tissues, w ith  the  exception  of the 
d igestive g la n d  is 83.8 +  2.8 %, com pared  w ith  76.5 % 
for the d igestive  g lan d  -  the  difference in  w a te r  con ­
ten t b e tw e en  d igestive  g lan d  an d  o ther  tissues is 
assum ed  to arise  b ecause  of the  p resence  of sed im en t 
and  this would  am oun t to ca 4 pCi of 239 + 240Pu of silt in 
an  ave rage  d igestive  gland.

From ca lculations b ased  up o n  a lp h a  particle  activity
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distributions in the d igestive g land  we note tha t the 
ratios of 'activity of hot spots w ith in  the lum en ':  'd if­
fuse level in  the lu m e n ’ : 'd iffuse levels in the tissues of 
the  d iges tive  g land  p ro p e r ’, are 3:1:0.5. We es tim ate 
tha t  the  in testinal tract accounts for abou t 18 % by 
m ass of the total d igestive g land  and  therefore ca 53 % 
of the  total activity of the  d igestive g land  is in the 
lum en, and  ca. 47 % in the  rest of th e  gland. B ecause of 
the lack of any significant level of activity associa ted  
w ith  hot spots as they pass th rough  the  lumen, and  as 
the  in te rna l  pH  is 6-7, ne i the r  Pu nor Am are likely  to 
be  lost from particles unless  due  to d igestive  processes 
w hich  take p lace  in this g land.

The a p p a re n t  size of a hot partic le  is ca lcu la ted  from 
the  m e a n  d iam eter  of the a lpha  particle  cluster w ith  
w hich  it is associa ted; however, this n e e d  not rep resen t 
the p resence  of a single isolated particle , but more 
l ikely a hot particle  a t tached  to a la rger  inactive p a r t i ­
cle. N everthe less  in the m ussel there  are very prec ise  
processes  w h ereb y  particles en ter  the  d igestive gland; 
d iscrim ination  is ach ieved  th rough  a com bina t ion  of 
partic le  size, density  and  shape. Of the  resu sp e n d ed  
par t icu la te  debris  p resen t in the w ate r  column, very 
little is ava ilab le  to the m ussel  and  tha t w h ich  is 
in g e s te d  is m ain ly  excreted  in the  various types of 
faeces. H odge  et al. (1979) ca lcu la te  tha t the  m ussel 
only derives abou t 11 % of its u ran ium  from solid 
phases; H am ilton  (1980) has  show n tha t the d is t r ibu ­
tion of u ran iu m  in the m ussel is almost iden tica l to tha t 
obse rved  for Pu and  Am, hence  a d irect com parison 
seem s realistic.

B ecause of the lack  of any  pu b l ish ed  da ta  for the 
composition  and  form of Pu and  Am in the effluent 
pipe, or s torage tanks prior to release , a quan t i ta t ive  
eva lua tion  of the b ioavailab il i ty  of Pu and  Am from 
BNFL effluents is not possible. H e the r ing ton  et al. 
(1975) describes the effluent w hich  enters the d is ­
cha rge  tanks as being  s trongly acid (pH 2-3) w ith  Pu at 
least in solution. However, before d ischarge  the pH  is 
inc reased  by the addi t ion  of am m on ium  hydroxide to 
neu tra l ise  the  acid; at this pH  the Pu will be p re d is ­
posed  to assum e less soluble forms and  to reach  the  sea 
as a hydrous com plex of a colloidal nature .  The 
effluent also contains s ignificant am ounts  of iron, 
h ence  at a pH  of 2-3  it will p rec ip ita te  and  contain  
significant am ounts  of the transuranics .  Following 
neu tra l isa t ion  of the effluent any  t ransuran ics  still in 
solution will th e n  be p rec ip i ta ted  and  upon  exit into 
the  sea  flocculation will take p lace  even  in the  absence  
of solid surfaces. From this w e  conclude tha t a su b s tan ­
tial am oun t of Pu and  Am enters  the sea  as discrete 
solid phases ,  or associa ted  w ith  colloids. O bserved  
ch anges  in the  concentra tion  of t ransu ran ium  
rad ionuc lides  dow n sed im en t cores ta k en  for the 
R avenglass  a rea  (Clifton and  Hamilton, in p reparation)

can be rela ted  to changes  in the  am ounts of these 
rad ionuclides  re leased  by BNFL; with the exception of 
unusua l  releases  of Pu or Am by BNFL the Pu/Am ratio 
tends to be constant. O nce floes orig inating  from the 
BNFL p ipe line  enter  the  m arine  environm ent they will 
part ic ipa te  in normal processes of geochem ica l cycling 
w hich  will involve changes m  redox state. H ow ever 
the Pu-Am pair  do not ap p e a r  to be  affected by 
geochem ica l processes and  re ta in  e lem en t and  isotope 
a b u n d a n ce  ratios characteristic of the BNFL effluent 
for defined  periods of release. The isotopic com posi­
tion of hot particles p resen t in Esk sed im ents  will be 
discussed la ter by Ham ilton (in preparation), but for 
p resen t purposes, it is worth noting tha t the particles 
a p p e a r  to be the sam e as those re leased  in BNFL 
effluent.

So far, our ev idence indicates  that the m ussel lives m 
an  environm ent w here  most of the  Pu and  Am is associ­
a ted  with  part icu la te  phase  debris, little of w hich  is 
ava ilab le  to en ter  organs of the m ussel and  that w hich  
en ters  the d igestive tract is excreted  in faeces. Nelson 
and  Lovett (1978) have show n that some of the Pu, at 
least, w hich  is re leased  in BNFL effluent in seaw ater  
b eh a v es  in a conservative m anner,  i.e. as +6Pu. Our 
dialysis m easu rem en ts  confirm their  m easurem ents ,  
but also indicate the presence  of a mobile form of Am, 
w hich  passes  across the dialysis m e m brane  with  the 
Pu. For the sam ples  collected in  1977 and  1978 the 
byssal threads, and  h inge  m ater ia l  w ere  en r iched  in Pu 
rela tive to Am. More significant was the observation 
that none of these m ateria ls  w ere  associa ted  w ith  hot 
spots; instead, the distribution of a lpha  particle activity 
was hom ogenous  w hich  w ould  be reconcilable with 
direct up take  (active or passive), of a conservative 
species  from seawater.  Such a conclusion w as also 
rea ch ed  by H am ilton  (1980) for u ran ium  in the same 
materials. Further  The Am /Pu ratio found for Fucus  
vesicu losus  sam pled  at the sam e time is s imilar to that 
found for the byssal threads.

This study has  identified  some significant differ­
ences in the concentra tion  of Pu in sam ples  collected in 
1977 and  1978 with  those for 1979. At p resen t it is not 
possible  to com m ent further except to note tha t they 
m ay reflect natura l changes  in the  ab u n d a n ce  of Pu 
and  Am in rela tion  to biological and geochem ica l 
p rocesses w hich  are characteristic  of the area, or 
a l ternatively  they reflect differences in the amounts, 
and  perhaps  chem ical form, of Pu and  Am presen t in 
BNFL effluents for w hich  no de ta i led  information is 
currently  available.

The silts of the Esk es tuary  contain a historical 
record for the last 30-50 years for the accum ulation  of 
transu ran ium  rad ionuclides  orig ina ting  from BNFL 
effluent. These silts, toge ther  w ith  the mussels, provide 
im portan t ev idence  for the m a n n e r  in w hich  Pu and
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Am becom e d is tribu ted  in an es tuarine  environm ent. 
Because of the shallow n atu re  of the estuary, and  the 
thin layers of silt (maximum ca lm) it has become 
u rgen t to study the area in detail with the m in im um  of 
delay. It seem s inev itab le  that following one severe 
storm, or a per iod  of very high freshw ater  run-off, the 
silts are likely to be lost, or at the least so d is tu rbed  that 
details  of the historical record of transuran ium  
rad ionuclide  deposits will be  lost.
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