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The disposal of radioactive wastes into the marine 
environment: the presence of hot particles 
containing Pu and Am in the source term
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a b s t r a c t . R adioactive particu late  m atter (identified as 
ho t particles) is present in the effluent d ischarged by  the 
British N uclear Fuels L td  (B N FL) uranium  reprocessing 
p lan t at Sellafield, C um bria, U K . T here is very little 
inform ation on the abundance o r  chem ical and  physical 
form s of solid m atter in the effluent; even less is know n of 
the significance o f  particu la te  debris in relation  to  the 
up take  o f radionuclides for non-occupationally  exposed 
people as a  result o f transfer a long  m arine  foodchains. 
Som e observations on  the occurrence and  abundance  of 
h o t  particles in the vicinity o f  Sellafield a re  reported , w ith 
special reference to  those th a t con tain  transu ran ic  rad io 
nuclides (Pu,Am,Cm). Som e of th e  uncertain ties are 
discussed in an  evaluation  o f the significance o f hot 
particles, albeit aggregates o f colloids for the smallest 
particles, and exposure to m an  from  ionizing radiation. 
T here is no  evidence th a t h o t particles derived from 
B N F L  and  subsequently  dispersed in to  the m arine 
environm ent represent a  hazard  to m an. H ow ever, further 
studies are  required in o rder to  determ ine w hether o r not 
the pathw ays followed by the particles are  significant, o r 
different to  those o f o ther radionuclides th rough  which 
the rad iation  exposure o f m an  w ithin th is region of 
C um bria is assessed.

k e y w o r d s : radioactive waste, m arine environm ent, 
Sellafield, C um bria, Irish Sea.

A  p r i m e  ob jective  in  th e  d isposa l of rad io ac tiv e  
w astes in to  n ea r-sh o re  w aters  o f th e  m arin e  en 
v iro n m en t is to  en su re  th a t  th e  p ro ced u res ad o p ted  
p ro v id e  fo r a n  a d e q u a te  d isp e rsio n  o f th e  effluent, 
such  th a t now , a n d  in  th e  fu tu re , th e  p rac tice  shou ld  
n o t co n stitu te  a  h a za rd  to  m an  o r  to  p a rts  o f m arin e  
ecosystem s. In  p rac tica l term s th is s ta tem en t 
req u ires  som e clarification :

(i) A ny  h a z a rd  sh o u ld  be  ev a lu a ted  in  re la tio n  
to  o th e r accep ted  risks w hich  a re  asso c ia ted  
w ith  m a n ’s c u ltu ra l a n d  tech n o lo g ical ad v an ce
m ent.

(ii) T h e  im p o r ta n t c o m p o n e n ts  o f th e  to ta l  cost- 
benefit e q u a tio n  sh o u ld  be  identified , in  p a r ticu la r  
th e  accu racy  o f th e  d a ta  w hich are  used , a n d  an 
iden tification  o f th o se  c o m p o n en ts  o f  th e  e q u a tio n

w hich a re  m o st sensitive  to  ch ange , o r fo r w hich 
q u a n tita tiv e  d a ta  a re  n o t  available.

(iii) In  th e  d isposa l o f rad io ac tiv e  w astes th e  
average  c o n ce n tra tio n  o f a rad io n u c lid e  over 
several decades, th e  sh o rt- te rm  m ax im u m  in a  sm all 
region, o r  th e  occu rren ce  of ex trem e tran sfer even ts 
sh o u ld  n o t lead  to  a  p o ten tia lly  sign ifican t h aza rd .

M a n  a p p ea rs  to  be  th e  fo rm  of life w hich  is m ost 
sensitive to  th e  effects o f  ion iz ing  ra d ia tio n : in  the 
m arin e  en v iro n m en t, no  effects o n  b io ta  a re  seen 
w hich  c an  be  u n eq u iv o cab ly  a ttr ib u te d  to  th e  
presence o f io n iz ing  ra d ia tio n  (above  th a t w hich 
occurs n a tu ra lly )  as a consequence  o f th e  c u rren t 
p ractices fo r th e  d isposa l o f  rad io ac tiv e  w astes in to  
th e  sea. T h is  do es n o t m ean  th a t su ch  effects d o  no t 
occur, b u t ra th e r  th a t  b ecause  o f  th e  very  h igh  
n a tu ra l m o rta lity  in th e  seas, any  sm all c o n tr ib u 
tio n  a ris in g  from  th e  d isposa l o f  ra d io ac tiv e  wastes 
c an n o t be  identified . T h e  com plex ity  o f th e  p ro b 
lem s assoc ia ted  w ith  th e  d isp o sa l o f  rad io ac tiv e  
w astes, a n d  th e  lim ited  av ailab ility  o f d a ta  have 
resu lted  in th e  a d o p tio n  o f v a rio u s  types o f  p red ic 
tive  m odels. It is essen tia l th a t these  m odels are 
ev a lu a ted  for sensitiv ity  to  all p rocesses likely to  be 
o p e ra tin g . O n e  sm all a sp ect o f th e  p ro b lem  is 
considered  here, n am ely  th e  h igh  levels o f  ra d io 
activ ity  assoc ia ted  w ith  sm all (hot) partic les, w hich 
is a  neg lected  field o f  study . T h ey  occu r in  the 
n a tu ra l e n v iro n m en t a n d  a re  de riv ed  from  the 
n u c lear in d u stry : sim ilar p a rtic les fo rm  in th e  sea  as 
a  resu lt o f  n a tu ra l processes.

T h e  h ea lth  of m an  is assu m ed  to  be safeguarded  
b y  th e  p rac tice  o f  m o n ito r in g  seafoods av ailab le  for 
c o n su m p tio n  a n d  iden tification  o f c ritica l p a th 
w ays fo r tran sfer o f rad ionuclides, to g e th e r w ith 
m o re  de ta iled  s tu d ies o f in d iv id u a ls  w ho a re  sub ject 
to  u n u su a l exposures. W ith  th e  excep tio n  o f o ccu
p a tio n a lly  exposed  ind iv iduals , m o st o f th e  d a ta  in 
c u rre n t use  fo r th e  p u rp o ses  o f  rad io log ica l p ro tec 
tio n  does n o t d istin g u ish  betw een  co n se rv a tiv e  and  
n o n -co n serv a tiv e  fo rm s o f  rad io nuclides; very  little
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is k n o w n  o f th e  a b u n d an c e  a n d  c o m p o s itio n  of 
so-called  h o t particles.

T h e  stu d y  a re a  is in  th e  N E  Irish  Sea, w hich 
receives high-level rad io ac tiv e  w astes* from  the 
B ritish  N u c lea r F uels (B N F L ) rep ro cessin g  p la n t a t 
Sellafield, C u m b ria , U K . A cco rd in g  to  th e  M in istry  
of A gricu ltu re, F isheries a n d  F o o d  C ertifica te  o f 
A u th o riza tio n  fo r th e  D isp o sa l o f  R ad ioactive  
W aste  (G re a t B rita in , 1960), ‘liqu id  rad io ac tiv e  
w aste  m eans w aste  co n sistin g  o f liqu id  w ith  o r 
w ith o u t so lid  m a tte r  in su spension  th e re in ’.

R ep o rts  (e.g. A th e rto n , 1979,1980; H e th erin g to n , 
1976; H ow ells, 1977; H u n t, 1979-83; M itchell, 
1967-77) on  rad io ac tiv e  d ischarges in to  th e  Irish  
Sea do  n o t identify  th e  a m o u n t, p a rtic le  size, o r 
co m p o sitio n  o f  so lids w hich  a re  d ischarged . T he 
d a ta  p resen ted  he re  a re  b ased  m ain ly  o n  p re 
lim inary  o b se rv a tio n s w hich  a re  consid ered  re le
v a n t fo r n o n -o ccu p a tio n a lly  ex posed  ind iv iduals; a  
m o re  d e ta iled  acc o u n t o f  th e  p ro ced u res ad o p te d  
will be  p resen ted  elsew here. T h e  d a ta  c a n n o t be  
ex tra p o la ted  to  o th e r  sites a n d  are  on ly  ap p licab le  
to  th e  stu d y  area ; a tte n tio n  is m ain ly  focused  on  the 
a lp h a -em ittin g  heav y  rad io n u c lid es (P u ,Am ,Cm ).

T h e  q ua lity  o f  data  used in radiological protection  
o f  the general population

T w o  ex trem e  a p p ro ac h es  a re  o ften  tak e n  w hen 
co n sid erin g  th e  sub jec t o f e n v iro n m en ta l ra d io 
activity: first, th e  use o f ex p erim en ta l system s to  
u n d e rs tan d  th e  processes c o n tro llin g  th e  d isp e r
sion , u p tak e , loss, a n d  re te n tio n  o f rad io n u c lid es in 
m arin e  ecosystem s (to  be  o f p rac tica l value  they  
need to  be  v a lid a ted  o n  n a tu ra l system s); secondly , 
a n  ev a lu a tio n  o f th e  ex ten t to  w hich  m an -p ro d u ced  
rad io n u c lid es b eh av e  as an a lo g u es o f s tab le  ele
m ents. In  th e  d isp o sa l o f rad io ac tiv e  wastes to  th e  
oceans, th e  n a tu re  a n d  c o m p o s itio n  o f th e  sou rce  
te rm  co u ld  in itia lly  influence o r  even co n tro l su b 
seq u en t d is tr ib u tio n s  (sou rce  te rm  effects a re  m ost 
likely to  o ccu r n ear th e  site  o f d ischarge). M o st 
rad io n u c lid es w hich  en te r  th e  seas, in diverse 
chem ical a n d  physical form s, will g rad u a lly  a d o p t 
charac te ris tics  w hich  a re  iden tica l o r s im ila r to  
th o se  o f s tab le  e lem en t an a lo g u es th ro u g h  p ro 
cesses o f geochem ical a n d  b io log ical recycling. An 
excep tio n  w o u ld  be  a  h igh ly  re s is tan t a n d  non- 
d e g rad a b le  ty p e  o f w aste  w hich , in  th e  w a ter 
co lu m n  o r in  b o tto m  sed im en t, w ould  p ro b a b ly  act 
in  a  n o n -co n serv a tiv e  m an n er. T here fo re  in  o rd e r 
to  u n d e rs tan d  b e tte r  th e  p rocesses affecting  the 
cycle o f rad io n u c lid es in  th e  sea, it  is im p o r ta n t to  
co n sid er th e  sh o rt-  a n d  lo n g -te rm  influence o f th e

*Arising principally  from  the reprocessing of spent 
M agnox uranium  fuel rods.

sou rce  term . U n fo rtu n a te ly , fo r m o st industries, 
a n d  th e  n u c lear in d u s try  in  p a r ticu la r , in fo rm a tio n  
w hich ad eq u a te ly  defines th e  sou rce  te rm  is ra re ly  
available.

O n e  o f th e  p rim ary  aim s o f rad io lo g ica l p ro tec 
tio n  is to  en su re  th a t  ra d ia tio n  expo su res a re  kep t 
‘as low  as reaso n ab ly  ach ievab le’ (ALARA). T he 
ra d ia tio n  ex p o su re  o f th e  p o p u la tio n  (called the 
collective dose) is u sed  a s  a  m easu re  o f th e  h ea lth  
d e tr im en t in  th e  ir ra d ia te d  p o p u la tio n  to  ensure  
th a t th e  A L A R A  crite rio n  is m et. P re d ic tio n  of 
th e  collective dose  in  m arin e  system s involves 
an  assessm ent o f  th e  d isp e rsio n  o f  rad io ac tiv ity  
th ro u g h o u t th e  oceans a n d  its su b seq u en t re tu rn  
v ia  m arin e  p a th w ay s to  m an . A larg e  n u m b er of 
facto rs needs to  be identified , w hich  m ay  be often 
restric ted  to  defined g eo g raph ica l o r  c lim atic  
reg ions o f  the w orld , o r  to  p a r tic u la r  situ a tio n s  such 
as p ro x im ity  to  a  source. T h e  N a tio n a l R ad io lo g i
cal P ro te c tio n  B o a rd  a n d  th e  C o m m issa ria t à 
l’E n erg ie  A to m iq u e  (N R P B /C E A , 1979) have 
c rea ted  a  c o m p a rtm e n ta l m odel w hich , in  th e  U K , 
h as been fu rth e r developed  by th e  M A F F  F isheries 
R ad io lo g ica l L a b o ra to ry  [F R L ]  (C am plin  e t al., 
1982) to  o b ta in  estim ates o f  collective dose. In  the 
U K  th e  v a rio u s c o m p a rtm e n ts  o f th e  m o d el and  
tran sfer facto rs a re  considered  in m o re  de ta il for 
special a reas, such  a s  th o se  affected  by th e  o p e ra 
tio n s a t B N F L ; sim ila r m odels a re  b e in g  considered  
fo r th e  o p en  o cean  d u m p  sites (G E S A M P , 1983).

I t  is im p o r ta n t to  e stab lish  th e  re la tio n sh ip  
betw een  field d a ta  a n d  th e  effects o f  ra d ia tio n . T he 
accu racy  a n d  u n certa in tie s  o f th e  d a ta  w h ich  are 
re la ted  to  effects from  io n iz ing  ra d ia tio n  sh o u ld  be 
considered  in re la tio n  to  th o se  co n ce rn ed  w ith  the 
n a tu re  a n d  ra te s  o f  processes in  m o d els fo r th e  
d isposa l o f ra d io ac tiv ity  in to  th e  m arin e  e n v iro n 
m ent. A lth o u g h  m an y  o f th e  m o d els a p p ea r  accep t
ab le  they  still co n ta in  te rm s b ased  o n  in ad e q u a te  
da ta .

T h e  ex ten t o f fu rth e r research  req u ired  on  th e  
exp o su re  o f genera l m em bers o f  th e  p o p u la tio n  to 
low  levels o f io n iz ing  ra d ia tio n  can  on ly  be  d e te r
m ined  w hen m o re  d a ta  becom e av ailab le  fo r the  
co n ce n tra tio n  o f rad io n u c lid e s in h u m an  tissues a t 
critica l sites.

If  rad io ac tiv e  (hot) p a rtic les e n te r  th e  b o d y  an d  
a re  re ta in e d  as d isc re te  p a rtic le s  they  m ay  act as loci 
o f h igh  ra d ia tio n  doses; h igh  c o n ce n tra tio n s  co u ld  
lead  to  d e a th  o r  to  a  sh o rten in g  o f life by  destro y in g  
fu n c tio n a l tissue; low er c o n ce n tra tio n s  m ay  be 
d e trim en ta l b y  causing  p rogressive fibrosis. T he 
re sp ira to ry  a n d  ly m p h a tic  tissues a re  o f p a r ticu la r  
concern  in  th e  in h a la tio n  o f  partic les, a n d  the 
possib le  dev e lo p m en t o f ra d ia tio n -in d u ce d  n eo 
p las ia  in  these  system s req u ires  fu rth e r co n sid e ra 
tio n . T h e  p ro b lem  is so  com plex  th a t  d a ta  o f d irec t
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relevance to  effects a re  n o t  p resen ted  here; indeed  
n o  effects have been  obse rv ed  b ey o n d  th e  o cca
sional acc iden ts a m o n g  o c cu p a tio n a lly  exposed 
ind iv iduals , o r  in d iv id u a ls  in close p ro x im ity  to  
nu c lear d e to n a tio n s . N evertheless , a rea s o f  u n cer
ta in ty  fo r n o rm al m em bers o f th e  p o p u la tio n , 
w hich a re  ev id en t from  a  stu d y  o f th e  p rincip les 
a d o p te d  by th e  In te rn a tio n a l C o m m iss io n  on 
R ad io log ica l P ro te c tio n  (IC R P ), a re  as follows:

(i) T h e  IC R P  (1972,1981) describes th ree  classes 
o f so lub ility  fo r re te n tio n  o f rad io n u c lid es in  th e  
b o d y  w hich  p a rtly  reflect th e ir  chem ical a n d  physi
cal form s. T hese classes m ay  be a p p ro p ria te  for 
exposed  w o rk ers  b u t th e re  is little  in fo rm a tio n  
co n cern in g  th e  ab u n d an c es  o r  chem ical fo rm  of 
rad io ac tiv e  p a rtic les w hich a re  p re sen t in  th e  
n a tu ra l en v iro n m en t.

(ii) C o n sid e rab le  u n certa in tie s  exist in  th e  in 
fluence o r  significance o f chem ical a n d  physical 
form  o f rad io n u c lid es in  tran sfer o f  m ate ria ls  from  
lu n g  to  lym ph nodes. T h e  re la tive  ro les o f p a rtic le  
fo rm  o r m ac ro g rap h ic  p rocesses on  tran s lo c a tio n  
a re  n o t d iscussed .

(iii) N o  h u m a n  beings (a p a r t  from  th o se  exposed 
in th e  in d u s try  o r  acciden ts) h ave  sh o w n  h ea lth  
effects th a t  c an  be  asso c ia ted  w ith  in h a la tio n  o f 
rad ionuclides. I t  is th ere fo re  necessary  to  o b ta in  
d a ta  from  an im a l experim ents, w here  a lm o st a ll the 
d a ta  a re  derived  from  th e  in h a la tio n  o f sim ple 
chem ical a n d  physical form s o f rad io n u c lid es w hich 
m ay  n o t be p resen t, o r  even  stab le , in  th e  n a tu ra l 
env ironm en t.

(iv) T h e  IC R P  does n o t reco m m en d  th e  use o f  its 
d a ta  an d  m odels fo r exposed  in d iv idua ls to  esti
m ate  c o m m itted  d o se  eq u iv a len ts  to  m em bers of 
th e  genera l p o p u la tio n  by a d ju s tin g  so lely  o n  the 
basis o f  d ifferences in  m ass o f  o rg a n  a n d  m ag n itu d e  
of in take ; the d a ta  w ere n o t co llected  w ith  th is 
p u rp o se  in  m ind.

(v) T h e  IC R P  A n n u a l L im it o n  In ta k e  (ALI) 
does n o t co n sid er chem ical toxicity . By defin ition  a  
h o t p a rtic le  co n ta in s  a  h igh  co n ce n tra tio n  o f an  
elem ent in  a  sm all volum e, hence  the  chem ical 
n a tu re  o f th e  m a te ria l m ay  be ‘reco g n ized ’ by  a 
b io log ical p rocess a n d  re te n tio n  a n d  tran s lo c a tio n  
w ith in  th e  cell, o rg an  o r w hole bo d y  m ay  be 
influenced by  such  a  process.

(vi) F o r  th e  pu rp o ses  o f  e n v iro n m en ta l exposure  
th e  IC R P  does n o t co n sid er chela ted  form s of 
rad io n u c lid es (e.g. P u ,A m ,C m ), a lth o u g h  th ey  are  
consid ered  to  be  m o re  m ob ile  in th e  b o d y  th a n  
o th e r c o m p o u n d s  (D u rb in , 1973) a n d  th ere fo re  m ay  
be m o re  rap id ly  excre ted  th an  o th e r form s.

(vii) F o r  n o n -o c cu p a tio n a lly  exposed  in d iv i
dua ls , an  ev a lu a tio n  o f lu n g  b u rd e n s  o f th e  heavy  
rad io n u c lid es by in vivo  co u n tin g  is o f  n o  p rac tica l 
value. E ven fo r th o se  o ccu p a tio n a lly  exposed , the

lim its o f  d e tec tio n  are  p o o r  a n d  m easu rem en ts  pose 
m an y  difficulties, so  th a t  o n ly  cases o f very severe 
exp o su re  can  b e  d iagnosed . In fo rm atio n  co n ce rn 
ing  the d is tr ib u tio n  o f ra d ia tio n  dose o r  th e  in 
fluence o f tran s lo c a tio n  p rocesses is n o t av ailab le  
even  in these  c ircum stances.

T h ere  a re  a lso  u n certa in tie s  a sso c ia ted  w ith  the 
efficiency o f  field sam p lin g  o f n a tu ra l aero so ls  an d  
e stim a tin g  th e ir tran sfer from  th e  n a tu ra l e n v iro n 
m en t to  the h u m an  lung. I t  is co n ten d ed  by som e 
th a t  lung  d ep o sitio n  o f rad io ac tiv e  h o t particles 
co n ta in in g  a  certa in  a m o u n t o f a lpha-activ ity  rep re 
sen ts  a  risk  o f lu n g  can cer su b s tan tia lly  g re a te r  th an  
if  th e  sam e a m o u n t o f rad io n u c lid e  w ere d is trib u ted  
a m o n g  sm all sources, o r  p re sen t a s  a tru e  diffuse 
d is tr ib u tio n  (T am plin  a n d  C o ch ran , 1974). T he 
N a tio n a l R esources D efence C ouncil (N R D C ) in 
th e  U n ited  S ta tes co n sid ers th a t th e  critica l particle  
c o n ta in s  a  m in im um  o f be tw een  0.14 an d  4.3 pC i; in 
th is w o rk  a n  av erag e  value  o f 0.6 pC i is used 
(T am plin  a n d  C o c h ran , 1974; IC R P , 1980). In  this 
stu d y  th e  IC R P  (IC R P , 1980) d e sc rip tio n  o f ho t 
p a rtic les is ad o p ted . T h ey  are  recognized  in a u to 
ra d io g ra p h s  (for a lp h a  sources) as ‘a lp h a  s ta rs ’, 
g en era ted  by  a lp h a  ra d ia tio n  e m a n a tin g  from  
la rg e r p a rtic les of h igh  specific g rav ity  o r sm aller 
p a rtic les in h aled , th e  so lub ility  a n d  th e  p ro p en sity  
to  aggrega te , d e te rm in e  th e  charac te ris tics  o f  a lp h a  
ra d ia tio n , e.g. th e  fo rm atio n  o f single trac k s  or 
s ta rs. R eco g n itio n  o f a  h o t p a rtic le  by a  s ta r  
d epends on  th e  d u ra tio n  o f a u to ra d io g ra p h ic  ex
posure . I f  lo n g  exp o su re  tim es are  used  m o st diffuse 
d is tr ib u tio n s  will ev en tually  be  rep re sen ted  by 
‘a lp h a  s ta rs ’. I t  is difficult to  de te rm in e  th e  specific 
activ ity  o f  a h o t p a rtic le  w hose den sity  h as to  be 
assum ed  a n d  w hich can  ran g e  from  a b o u t 1 -12  g 
c c “ 1. In  a u to ra d io g ra p h y  h o t p a rtic les a re  seen as 
‘fixed p h e n o m e n a ’; in vivo th e  p a rtic le  w o u ld  be 
expected  to  m o v e  over tissue  surfaces, a n d  hence 
th e  d o se  delivered  per u n it vo lum e o f tissue w ith 
tim e w ould  be m u ch  less. F ro m  a  co n sid e ra tio n  of 
ra d ia tio n  effects som e cells ad jacen t to  a  h o t 
p a rtic le  w o u ld  be killed, w hich  is a  com m o n  
b io log ical process. H ow ever, th e  p ro b a b ility  th a t  a 
cancer will be  induced  by a given p a rtic le  will 
dep en d  u p o n  w he th er o r n o t  th e  ra d io ac tiv ity  o f  the 
p a rtic le  is sufficient to  im p a rt ju s t  e n o u g h  energy  to  
cause changes in  ad jacen t cells lead in g  to  cell 
tran sfo rm a tio n s  a n d  even tually  can cer (IC R P , 
1980). E v idence  th a t  a  single rad io ac tiv e  p a rtic le  
c an  lead  to  h is to log ical changes an d  even tually  
n eo p lasia  has n o t been d em o n stra ted .

T h e  fo reg o in g  sta te m en t th u s  o u tlin es th e  need 
for research  re q u irin g  ev a lu a tio n  in  re la tio n  to  the 
physical a n d  chem ical p ro p e rtie s  o f rad io ac tiv e  
p a rticu la te  m ate ria l, a n d  is here  ap p lied  to  the 
s tu d y  o f h o t  partic les, as a  c o m p o n e n t o f  th e  source
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F ig . 1. Possible constituents o f the B N F L  effluent source term  in relation  to th e  p roduction  o f hot particles.
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term , released  b y  B N F L  a t Sellafield in to  th e  N E  
Irish  Sea.

A n exam ination  o f  the B N F L  source term

N o  d a ta  a re  av a ilab le  on  th e  chem ica l and  
physical fo rm  o f th e  rad io n u c lid es in  B N F L  
effluent; som e possib ilities con sid ered  in th is p a p e r  
a re  illu s tra ted  in  fig. 1. If  co n serva tive  o r  n o n 
co n serva tive  fo rm s a re  p re sen t in th e  sou rce  te rm  
th ey  m ay  req u ire  sep a ra te  tre a tm e n t w hen co n 
sidering  p ro tec tio n  o f th e  genera l pu b lic  from  
sources o f  ion ising  ra d ia tio n . D ifferences in the 
co m p o sitio n  o f th e  so u rce  te rm  m ay a lso  req u ire

c o n sid e ra tio n  in m o delling  th e  b e h av io u r o f the 
rad ionuclides. D iscu ss io n  will be  m ain ly  restric ted  
to  the tran su ran ic  rad ionuclides 241Am, 239 + 240P u 5 
an d  238P u , b u t so m e  co n sid e ra tio n  will be given to  
gross b e ta -p a rtic le  em issions.

T h e  follow ing assu m p tio n s a re  m ad e  in this 
investiga tion :

(i) T h e  c o n ce n tra tio n  o f P u  a n d  A m  in v a rio u s 
m ate ria ls  is con sid ered  in  te rm s o f th e ir  relative 
a b u n d an c e  (%), i.e.

%  239 + 24° p u in  E A m  +  Pu(a) =
2 3 9  +  2 4 0 p u

241 A m  +  239 + 240P u  +~“ ®Pu X 100

1 0 0 %
3 5

<0 3 0
2 4  1 A m

2 3  8 P u
- o ------

Q  2 5 8 07 8 7 9
Y e a r

>. 20

1 5  ■

Pu

Am

1 9 7 0 7 5 8 0
Year

10

Q)

C

3

* ■

F ig . 2. A nnual discharges o f U  (kg), 238-239-24<,p u and  241Am(Ci) by B N F L  Sellafield to the N E  Irish Sea, 1970 
(Insert—D a ta  presented  in term s of the relative abundances (%) for P u  and  Am  radionuclides.)



182 E.  I .  H A M I L T O N

(ii) If  th e  re la tiv e  a b u n d an c e  (%) o f Pu(a) and  
241 A m  in  a  sam p le  is th e  sam e as th a t  in  spen t 
M ag n o x  fuel, th en  th is  is tak e n  to  in d ica te  the 
presence o f u n a lte red  so lid  p a rtic les o f M ag n o x  fuel 
in th e  sam ple.

(iii) T h ere  a re  n o  n a tu ra l p rocesses w hereby  
d isso lved  fo rm s of e ith e r A m  a n d  P u  can  reco m b in e  
to  give re la tive  ab u n d an c es  iden tica l to  those 
ch arac te ris tic  o f M ag n o x  fuel o r  its p ro d u c ts  (i.e. 
fresh sp en t fuel, ag ed  fuel, o r  p ro d u c ts  a fte r re p ro 
cessing).

T h e  p e rio d  o f s tu d y  is 1977-80 fo r w h ich  p u b 
lished  d a ta  fo r releases o f U , P u , a n d  A m  from  
B N F L  are  av ailab le  (A th erto n , 1979, 1980, 1981; 
P e n tre a th  et a i ,  1979) as illu s tra ted  in  fig. 2 a n d  the 
d is tr ib u tio n  o f sam p lin g  sites is given in  fig. 3.

332
333 W hitehaven

Harbour331 -*■ _ 
33Ó'

SellafieldSt.Bees Head

Ravenglass
Newbiggin327 f  

3 2 3 *°  /  
Esk Estuary

Irish Sea
308 -*■

Liverpool Bay

Km s 2 0

■ 1978 T ransect-bottom  sedim ent sites

F i g . 3. S a m p le  lo c a t io n s .

T h e  re la tiv e  a b u n d an c e  o f th e  rad io n u c lid es 
s tu d ied  in  sp en t fuel a n d  B N F L  effluent a re  given in 
T ab le  I. T h e  m ain  item  to  n o te  is th e  re la tive ly  low 
ab u n d an c e  o f 241 A m  c o m p a red  w ith  rad io n u c lid es 
o f  Pu.

R ela tive  abundance and concentration  o f  238Pu, 
239 + 240p u near lhe B N F L m a rin e  outfall

H e th e rin g to n  (1978) no tes  th a t  c. 95 % o f all Pu  
re leased  in to  th e  sea b y  B N F L  is rap id ly  deposited  
in sed im ents; afte r th e  effluent is d isch arg ed  it 
rem ain s s tra tified  fo r 3 -4  days b ecause  o f low er 
density  as a  tid a l p lu g  w hich is carried  in  a so u th e rly  
d irec tio n  by  resid u al c u rre n ts  to  L iv e rp o o l Bay, 
an d  th en  n o rth e rly  by A tlan tic  w a te r p assin g  up 
th e  Ir ish  Sea. H e th e rin g to n  (1978) d id  n o t find 
any  sign ifican t en h an cem en t in  th e  c o n ce n tra tio n  
factors fo r P u  in superficial sed im en t n e a r the 
ou tfall w h ich  in d ica tes an  efficient d isp e rsa l, a t 
least fo r P u . T h e  co n ce n tra tio n  a n d  relative 
ab u n d an c e  o f 238P u , 239 + 240 p u  a n d  24iA m  jn
superficial (5 cm ) sed im en ts o f th e  N E  Irish  Sea, 
co llected  a lo n g  an  offshore  tran sec t (see fig. 3) 
passing  Sellafield in  N o v em b er 1978, a re  given in 
T ab le  II; these  d a ta  a re  c o m p a red  w ith  th o se  for 
sed im en ts of th e  E sk e stu ary  som e 14 k m  to  the 
so u th  of Sellafield w hich  co n ta in  th e  h ighest levels 
of rad io ac tiv ity  found  w ith in  th e  reg ion  (H am ilto n  
a n d  C lifton , 1980; H am ilto n  a n d  C lark e , 1984). All 
d a ta  have  been  no rm alized  to  values for sam p le  329 
(T ab le  II) w hich  is n ea re s t to  th e  B N F L  outfall.

T h e  n o rm alized  d a ta  h ave  a lso  been  considered  
in re la tio n  to  th e ir d istance, in  a  n o rth e rly  or 
so u th e rly  d irec tio n , from  th e  outfall; fig. 4a  illus
tra tes  th e  d a ta  fo r E (A m  +  P u [ a ] )  p C i g  “ 1 fo r each 
sam p le  a n d  show s th a t  (in 1978) th e  to ta l  co n cen 
tra tio n  o f P u  a n d  A m  in su rface sed im en ts o f the 
N E  Irish  S ea decreased  w ith  d is tan ce  from  the

T a b le  I .  T o ta l  C i and r e l a t i v e  ab undance  o f  Am, 22® P u , and 2^®Pu
d is c h a r g e d  i n t o  t h e  NE I r i s h  S e a , 1979-1980  com pared to  th e  r e l a t i v e  
abundance o f  Am, Pu i n  s p e n t  Magnox co o le d  f u e l .

Y ear I  T o ta l  C i d is c h a r g e d
R e la t :Lve abundance « )

2 i1  AAm 239+240 pu 238 „ 
Pu

BNFL e f f l u e n t '

1978 1781 1 2 .0 6 9 .2 18 .8

1979 1547 1 3 .7 65 .4 20 .9

1980 959 23 .3 5 7 .4 19 .4

S p en t Magnox f u e l  

2  X 1 0 3 d  c o o le d

1 -  Cambray (1982) 2 ‘  M airs  and N a ir  0 9 7 9 ) .
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T ab le  I I .  The c o n c e n t ra tio n  (pC g’’d ry  v t )  and r e l a t i v e  abundance o f  n o rm a lis e d  v a lu e s  (ZNorm.) f o r  Am, 

in  se d im e n ts  o f  th e  I r i s h  S ea  and Esk e s tu a r y

Sample No.
Type
I r i s h  Sea (1978)

D is ta n c e  from  
s o u rc e ,  Kms.
N ■= N orth  
S ”  S ou th

2 4 lA m (ï)1 

pCi g"' d ry  wt.

241Am(a)2 

pCi g 'd r y  w t. %3Norm

239 + 240„Pu

pCi g 'd r y  w t. ZNorm

238Pu

pC i g 'd r y  w t. XNorm

308 Grey s i l t 5 2 .0 /S 5 .2  + 0 .4 5 . 4 +  1 .3 0 .8 6 .7  + 0 .5 0 .9 3 .4  + 0 . 3 2 .0

318 C oarse sandy  s i l t 4 1 .2 /S 7 .9  + 1 .9 9 .2  + 2 .0 1 .0 8 .6  + 2 .7 0 .9 2 .9  + 0 .2 1 .3

323 G rey sandy s i l t 1 8 .0 /S 15 .6  + 2 . 6 1 7 .4  + 3 .5 1 .3 1 0 .5  + 0 .7 0 .8 3 .7  + 0 .4 1 .2

328 Grey sandy  c o a rs e  s i l t 1 3 .0 /N 2 2 .0  + 3 .9 2 4 .7  + 1 .1 0 1 .2 1 7 .9  + 0 .9 0 .8 5 .9  + 0 .4 1 .1

327 Grey sandy c o a rs e  s i l t 1 0 .9 /S 1 7 .6  + 1 .2 1 8 .6  + 1 .3 1 .1 1 7 .8 +  1 .2 1 .0 3 .9  + 0 .8 0 .9

329 Grey s i l t y  f i n e  sand 9 .1 /N 1 0 6 .4  + 3 .5 1 0 8 .8  + 12 .1 1 .0 1 1 8 .0  + 2 2 .7 1 .0 2 7 .7  + 1 .7 1 .0

330 G rey s i l t y  mud 17 .2 /N 4 6 .6  + 2 .3 4 5 .0  + 6 .2 0 .9 6 1 .0  + 9 .8 1.1 1 6 .9  + 0 .4 1 .3

331 G rey f i n e  s i l t y  sand 21 .6 /N 3 1 .4  + 0 .5 3 1 .0  + 5 .2 1 .1 2 8 .4  + 0 .7 0 .9 9 .2  + 0 .6 1 .2

332 Brovn g re y  f i n e  sand 2 6 .4 /N 1 1 .1  + 0 .5 1 0 .7  + 2 .6 0 .8 1 5 .1  + 0 .1 1.1 4 .4  + 0 .6 1 .4

333 Brown g re y  f i n e  sand 3 3 .2 /N 5 .6  + 0 .6 5 .2  + 1 .4 0 .7 7 .7  + 2 .3 1 .0 3 .5  + 0 .6 2 .0

Esk E s tu a ry  (1980) 14/S

W aberthw aite  mud - 6 2 .9  + 8 .3 0 .8 9 5 .2  + 5 . 0 1. 1 2 6 .1  + 1 .9 1 .3

N ew biggin V iad u c t mud - 1 7 6 .1  + 11 .1 1 .0 2 1 0 .5  + 10 .4 1 .0 4 7 .9  + 3 .8 1 .0

M ussel Bed mud, R aveng lass - 3 6 .3  + 4 .0 0 .9 4 5 .2  + 2 .4 1 .0 1 3 .7  + 0 .9 1 .3

P a r t i c u l a t e  d e b r is  suspended  
in  w a te r  colum n, N ew biggin..

- 6 9 .1  + 8 .0 0 .9 8 5 .5  + 5 .2 1 .0 2 8 .1  + 3 .9 1 .4

1 . A ssay by y s p e c tr o m e try .

2 . A ssay  by ck s p e c tr o m e try  u s in g  s u r f a c e  b a r r i e r  d e t e c t o r s .

2413 . eg . Z Abundance f o r  Am f o r  e a c h  sam ple n o rm a lise d  a g a i n s t  th e  v a lu e  f o r  sam ple  329.

outfall w ith  th e  sed im en t p assin g  to  th e  n o rth  
h av in g  th e  h ighest activ ity . In  fig. 4 b th e  ab u n d an c e  
(%) d a ta  for 24’A m  show s a  s im ilar decrease  in 
activ ity  aw ay  from  th e  ou tfall, b u t w ith  slightly  
m o re  241 A m  p assin g  to  th e  so u th . In  fig. 4c, d, d a ta  
a re  illu stra ted  for the p lu to n iu m  rad io nuclides; the 
tren d  is th e  reverse  to  th a t  fo u n d  fo r 24’ A m  a n d  
th e re  is an  a p p a re n t re la tive  en h an cem en t o f  P u  in a 
so u th e rly  d irec tio n , th e  m o st sign ifican t be ing  
for 238P u . T here fo re  H e th e r in g to n ’s o b se rv a tio n  
(1978) th a t th e re  is no  b u ild  up  o f e ither P u  o r A m  
n e a r (c. 9 km ) the  outfall is confirm ed, w ith  a  g rad u al 
decrease  in  co n ce n tra tio n  w ith  d is tan ce  from  the 
outfall; how ever, e x am in a tio n  o f th e  re la tive  
ab u n d an c e  of th e  rad io n u c lid es show s an  en h an ce
m en t w ith  d is tan ce  fo r P u , an d  a  re la tiv e  dep le tio n  
in  A m  co m p ared  w ith  th e  d ischarge  site. T h is is n o t

as expected  since th e  decay  system  241P u  241 Am,
w ith  a  rad io ac tiv e  h a lf  life o f  13.2 yrs., sh o u ld  
e n h an ce  th e  poo l o f 241 Am , hence an  a p p a re n t 
d ep le tio n  in 24’A m  re la tiv e  to  P u  includes any  
effect w hich is a ttr ib u ta b le  to  th e  decay  o f 241P u . It

is assu m ed  th a t th e  a to m s o f 24’ Pu  are  h o m o 
g en o u sly  m ixed w ith  th o se  o f o th e r P u  ra d io 
nuclides. N evertheless this effect m ay  be a ttrib u tab le  
to  p a s t d ifferences in  th e  a m o u n ts  o f P u  a n d  A m  in 
B N F L  effluent (see fig. 2).

A lth o u g h  th e re  is n o  ev idence for th e  g rad u al 
b u ild  u p  o f rad io n u c lid es in  b o tto m  sed im en ts n ear 
(c. 9 km ) th e  B N F L  outfall, if significant am o u n ts  of 
p a rticu la te  deb ris w ere p resen t in th e  effluent, th en  
som e m ay  be tra n sp o rte d  to  in te rtid a l zones by 
tides a n d  accu m u la te  w ith  tim e in  in te rtid a l sedi
m ents. T here  a re  very few h isto rical reco rds th ro u g h  
w hich  such  a p rocess can  be investigated . T he 
g am m a dose  ra te  (fi ra d  h ~ ’) o f  in te rtid a l sedi
m ents, be tw een  1965 an d  1980, re p o rte d  in  various 
F R L  rep o rts , h as  been selected as a  m easu re  of 
c o n ce n tra tio n  processes. Sed im en ts a lo n g  th e  sh o re  
lin e  a t  Sellafield consist o f co arse -g ra in ed  re 
w o rk ed  sands; a p p ro x im ate ly  eq u id is ta n t to  the 
n o r th  a n d  so u th  in te rtid a l fine-grained  silts are 
d ep o sited  a t W h iteh av en  H a rb o u r  an d  N ew bigg in  
respectively . A lth o u g h  sed im en ta tio n  m ay  differ a t 
e ach  site  it  is assum ed  to  have rem ain ed  c o n stan t
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\
A pC i g " d ry  w t 2 3 8 .2 3 9 ,2 4 0  p u

I I 1 I I I I i i i i i i ■ i i i i I i i I i i i i 
O IO 2 0  3 0  4 0  50

D i s t a n ç a  H .a . ,  N A  o r  S  ~ )  f r o m  B . N . F .L .  o u t f a l l ,

2 .4  k m  . o l l  S e l l a f i e l d

F ig . 4. The relative abundance (%) of Pu and Am 
normalized against sample No. 329 (see fig. 3) of the Irish 
Sea transect (see Table II), in relation to distance of 
sampling site from Sellafield. A Total 238 + 239 + 240pu +  
241 Am in bottom sediments; B 241Am; C 239 + 240p U; 
D  238Pu. (N) northern direction. (S) southern direction.

w ith  tim e; all th ree  sites a re  w ith in  th e  h igh  
rad io ac tiv ity  zone  offshore  a t Sellafield a n d  th e re 
fore th e  d o m in a n t so u rce  o f ra d io ac tiv ity  will be 
fro m  fresh B N F L  d ischarges. T h e  dose ra tes for 
W hiteh av en  H a rb o u r  a n d  N ew bigg in  have been 
n o rm alized  to  th e  value  fo r Sellafield as illu stra ted  
in fig. 5. O v erall th e  curves show  a  g ra d u a l decrease  
in  levels o f  activ ity  w h ich  can  be re la ted  to  d is
charges by  B N F L . R elative  to  Sellafield, th e  W h ite 
h aven  d a ta  h ave  rem a in ed  fairly  c o n s ta n t w ith  
tim e, b u t a t N ew bigg in  th e re  h as been a g ra d u a l 
decrease; th e  h igh  values o f 1969 w ere caused  by  an  
u n u su a l re lease  o f  sh o rt-liv ed  rad io n u c lid es  w hich 
w ere tra n sp o r te d  p re fe ren tia lly  to  th e  sou th . T o d ay  
b o th  sites, re la tiv e  to  Sellafield, have  sim ilar dose 
ra te s  w hich  a re  a b o u t 4 tim es h igher th a n  th o se  a t 
Sellafield. T h e  d a ta  illu s tra te d  in  fig. 5 sh o w  th a t  
th e re  h as been n o  g ra d u a l b u ild -u p  o f rad io n u c lid es 
in  in te rtid a l sed im en ts 10 km  to  th e  n o r th  o r  so u th  
o f Sellafield, a n d  hence  th ey  reflect th e  fa irly  ra p id  
loss o f rad io n u c lid es d ep o sited  on  in te rtid a l sedi
m en ts as a  resu lt o f e ither t r a n s p o r t  o r b u ria l.

C om m ents on the relationship betw een P u and A m  
conten t o f  sam ples and grain s ize  o f  sedim ent

I t  is genera lly  accep ted  th a t  P u  a n d  A m  is 
c o n cen tra ted  on  th e  surface  o f sed im en t debris;

hence th e  c o n c e n tra tio n  o f P u  an d  A m  in  a sam ple  
a n d  g ra in  size a n d  surface a re a  sh o u ld  be  re la ted . 
T h is to p ic  will be  d iscussed  elsew here; how ever, it 
sh o u ld  b e  n o te d  that:

(i) T h ere  is a n  increase  in  P u  an d  A m  c o n te n t o f a 
sam ple  as th e  p ro p o r tio n  o f fine g ra in ed  ( <  60 pm )  
deb ris increases in  th is region.

(ii) F o r  m an y  sed im en ts th e re  is a m o re  p ro 
n o u n ced  re la tio n sh ip  betw een  th e  to ta l n u m b er of 
h o t pa rtic les p e r u n it m ass o f sed im en t an d  th e  to ta l 
co n ce n tra tio n  o f P u  +  Am . U sing  4  x  4 cm  tab le ts  of 
com p ressed  sed im en t p o w d er, ex posed  a g a in s t the  
d ie lectric  d e te c to r C R -39, th e  to ta l n u m b er o f  ho t 
p a rtic le s  reco rd e d  fro m  a  th ick  so u rce  can  be 
de te rm in ed . In  fig. 6 th e  n u m b ers  o f  h o t particles 
(no rm alized  re la tive  to  sam ple  329, w hich is nearest 
th e  B N F L  outfall) a re  given for v a rio u s  d istances 
from  th e  ou tfa ll, to g e th e r w ith  to ta l  P u  a n d  A m  
co n te n t o f th e  sam ples. T h e  n u m b er o f particles 
decreases fairly  ra p id ly  fo r th e  n o rth e rly  flow 
d irection , b u t is n o t so p ro n o u n ced  for th e  sou therly  
flow. C o rre la tio n  betw een  th e  re la tive  ab u n d an c e  
of h o t p a rtic les a n d  P u  +  A m  c o n ten t is good . O f 
th e  ten  sam ples exam ined , six c o n ta in ed  a  g rea ter 
a b u n d an c e  o f <  60 p m  sed im en t deb ris th a n  was 
p re sen t in sam ple  329.

R ecen t stud ies in d ica te  th a t  a  c o rre la tio n  exists 
betw een  P u  a n d  A m  co n te n t an d  g ra in  size for 
san d s a n d  o th e r types o f sed im en t w h ich  lack  h o t 
particles; th is is n o t  a lw ays th e  case for silts and  
m uds, especially  w here  o rgan ic-rich .

R elationships betw een the  A m  and P u con ten t o f  
m ussels in relation to those in sedim ent and  

B N F L  effluent

E vidence derived  from  a s tu d y  o f th e  c o n c e n tra 
tio n  o f A m  a n d  P u  in  tissues o f  th e  m ussel is

S o u th e rn  flo w  N ew b igg in
<c C w co

o

2 ?
a

a, o

N orthern  flo w  W h iteh a venWQ

1965 19801970
Year

F i g . 5. Gamma dose p R  (1965-80) for muds at Newbiggin 
and Whitehaven H arbour normalized against sands at 

Sellafield (see fig. 3).
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distance from  the outfall in a  northerly  and  southerly  d irection  and (b) to ta l concen tra tion  o f 238-239-240p u  +  241Am

in sam ples for the off-shore seabed transect.

consid ered  nex t, to  e stab lish  w h e th er th e  m ussel 
reflects A m  a n d  P u  levels in sed im en t o r  from  a  
d ifferen t source. D a ta  a re  given in  T ab le  I I I  a n d  fig. 
7 for th e  re la tive  a b u n d an c e  o f  241A m , ^  + 
a n d  238P u  in m ussels ca lcu la ted  from  d a ta  p re 
sen ted  by H a m ilto n  an d  C lifton  (1980). T h e  m ussels 
w ere co llected  from  the R aveng lass site  (see fig. 3) 
betw een 1977 a n d  1979 an d  th e  d a ta  a re  co m p ared  
w ith  c o m p a rab le  values for m ussels ( to ta l soft 
tissue) co llected  n e a r th e  B N F L  ou tfall (H un t, 
1979-81) a n d  N ew biggin  sed im ents, w hich h ave  a 
co m p o sitio n  very  s im ila r to  th o se  found  a t R aven- 
glass. T h e  m ussel on ly  accep ts p a rtic les in to  the 
digestive tra c t  o f a  lim ited  size ran g e  (B ayne 1976), 
a lth o u g h  th e  ran g e  is n o t k n o w n  precisely. F u r th e r 
m ore, H a m ilto n  an d  C lifton  (1980) in d ic a te d  th a t 
th e  m ussel derives som e A m  a n d  P u  d irec tly  from  
seaw ater, to g e th e r w ith  sm all am o u n ts  w hich a re  
ab so rb ed  in th e  d igestive  tra c t  a s  a  resu lt of 
d igestive  processes. T h e  h ighest c o n ce n tra tio n s  of 
Am  a n d  P u  are  fo u n d  in  th e  d igestive  g lan d  a n d  
in testine  a n d  reflect th e  p resence  o f ingested  sedi
m ent. H o t  p a rtic les a re  found  (H am ilto n  1981) in 
th e  d igestive  tra c t (see fig. 9i) a n d  are  also  asso c ia ted

w ith  g ran u les p re sen t in  th e  p e ricard ia l g lan d  an d  
k idney  (H am ilto n  a n d  C lifton  1980), w hich reflect 
u ltra filtra tio n  a n d  ex cre to ry  p rocesses respectively. 
Am  a n d  P u  a re  re ta in e d  in th e  m ussel for a  long 
tim e (C lifton  e t al., 1983), a lth o u g h  th e  p e ricard ia l 
g land , k id n ey  a n d  byssus h av e  a  m o re  rap id  
tu rn o v er. T h e  byssal th rea d s , a n d  to  so m e ex ten t 
th e  p e rio s tra cu m  (o rg an ic  co v erin g  to  th e  ex ternal 
su rface  o f  th e  shell), m ay  o b ta in  a  significant 
p o rtio n  o f th e ir A m  a n d  P u  from  seaw ate r o r  
ad h erin g  sed im en t (H a m ilto n , 1980).

B etw een 1973 a n d  1980 (fig. 2) th e  a m o u n t o f  P u  
d isch arg ed  in to  th e  N E  Irish  Sea h as g rad u ally  
decreased . L arg e  am o u n ts  o f  24 lAm w ere d is
c h arg ed  betw een  1972 a n d  1975, follow ed by a 
sh a rp  decline. T h ere  w as a  g ra d u a l in crease  in  th e  
a m o u n t o f  u ra n iu m  d isch arg ed  from  1971 un til 
1978 a n d  th en  a  decline; th e  releases o f  U , 238P u, 
a n d  239 + 240P u  a t th e  p e a k  a re  co in c id en t, b u t 
were n o t n o ted  in p rev ious re leases— indeed  they  
genera lly  vary  inversely. T h e  a sso c ia tio n  o f h igh  U  
a n d  P u  w ith  lo w  A m  w o u ld  be co m p a tib le  w ith  the  
re lease  o f  u n p ro cessed  M ag n o x  fuel d eb ris  by 
B N F L  in  1978 o r  a lte rn a tiv e ly  is re la ted  to  the
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T ab le  I I I .  A com parison  betw een  th e  r e l a t i v e  abundances (%) o f  Am, 
W in d sca le  s h o r e l in e  n e a r  BNFL and Esk muds (N ew bigg in ).

238P u , Pu in  m u sse ls  from  th e  Esk (R a v e n g la s s ) ,

O rg a n /T issu e

R avengla ( 1)

T o ta l  s o f t  t i s s u e s

D ig e s t iv e  g lan d

Kidney

M antle

M an tle  edge

G i l i

M uscle

Foot

P e rio s tra c u ro  

B y ssa l th re a d s

W in d sca le  s h o r e l in e  

T o ta l  s o f t  t i s s u e s

N ew biggin muds ^

73.1
6 5 .4  

5 3 .6

7 8 .8  

6 1 .0

65 .8

74 .2

5 0 .0

2 7 .5

( 2 )

239 + 240p 

1977

21 .7

24 .7  

3 5 .9

16 .7  

30 .5

29 .2

18 .2

39 .0

62 .1

6 .0

9 .8  

10 .5

3 .9

8 .5

4 .9

7 .6

1 1 . 2

10 .4

38 .8

43 .1  

62 .0

48 .1  

4 9 .0

5 5 .2

3 5 .9  

3 .4

5 5 .5

24 .6

239 * 240p 

1978

4 6 .3

4 5 .2  

13 .1

3 9 .0

3 7 .3

27 .1

3 8 .9

68 .4

3 1 .9

5 4 .5

15 .0

11 .7

17 .2

13 .0

13 .7

17 .7

2 2 . 1

2 8 .2  

1 2 . 6  

20 .9

14 .9

6 .4

7 .2

23 .6

25 .6  

2 1 . 8  

3 4 .8  

1 5 .0

239 + 240p 

1979

70 .2

79 .0

8 4 .8

6 4 .6

6 4 .7

8 4 .4  

5 3 .6

6 7 .5

1 4 .9

1 4 .6

8 . 0

1 1 . 8

9 .8

13 .5

1 1 . 6  

17 .5

1 3 .0

1 3 .4

(1 ) C l i f t o n ,  S te v en s  H am ilton  (1983) (2 )  Hunt 1979, 1980, 1981 (3 ) H am ilton  and C l i f to n  1980.

c o m p o s itio n  o f th e  sou rce  te rm  w ith o u t co n sid e ra 
tio n  o f  th e  so lid  co n ten t. In  c o m p arin g  th e  re la tive  
m ass ab u n d an c e  o f A m  a n d  P u , th e re  w as a sm all 
decline in  P u  be tw een  1978 a n d  1980 an d  a  sligh t 
increase  in Am , alb e it sm all. Fig. 7 show s th a t  there  
is on ly  a  sm all difference betw een  th e  a b u n d an c e  of 
A m  a n d  P u  in  W in d sca le  m ussels ( to ta l soft tissue) 
an d  N ew biggin  m ud ; hence  it  can  b e  conclu d ed  th a t 
th e  sou rce  m a te ria l h as th e  sam e co m p o sitio n  
w hich  has n o t ch an g ed  d u rin g  tra n s p o r t  from  
Sellafield to  N ew bigg in  a n d  w hich  w o u ld  be  co m 
p a tib le  w ith  th e  m o v em en t o f P u  a n d  Am in, o r  on, 
particles. T h e  P u /A m  ra tio  is c. 1, w hich  is s im ilar to  
th a t  fo u n d  fo r reg io n a l sed im ents, p ro v id in g  th a t 
a llow ance  is m ad e  fo r an y  sign ifican t changes in  the 
a m o u n ts  o f these  rad io n u c lid es w hich  are  released 
by B N F L  a t a  p a r tic u la r  tim e. A p a rt  from  the 
241 A m  co n te n t (pC i g -1  d ry  wt.) o f byssal th read s 
for R avenglass, w hich a p p ea r  to  be  s im ilar to  th o se  
observed  fo r W in d sca le  m ussels ( to ta l soft tissue) 
an d  N ew bigg in  sed im en t, th e  P u  b u rd e n s  in d ica te  a 
m o re  read ily  av ailab le  d irec t so u rce  o f P u  th a n  for 
Am. F re sh  B N F L  effluent, w hich  h as n o t been 
m ixed w ith  th e  reg iona l re servo ir o f A m  a n d  P u  
p re sen t in sed im ents, is o n e  p o ssib le  source, 
especially  M ag n o x  fuel deb ris su sp en d ed  in th e  
w a ter co lum n, a lth o u g h  th e  am o u n ts  p re sen t a re  
sm all. In  1977, H a m ilto n  (1981) obse rv ed  an  en rich 
m en t o f P u  re la tiv e  to  A m  in  p a r tic u la te  debris 
co llected  from  th e  sea  surface w hich co inc ided  w ith 
increased  releases o f u ra n iu m  by  B N F L , in  th e  
p e rio d  1971-6, o f 3000 k g U  y r ._1 (1977— 5268 kg

U, 1 9 7 8 -1 0 9 3 6  k g  U , a n d  1 9 7 9 -6 0 0 0  kg U). 
H a m ilto n  an d  C lark e  (1984) d e te rm in ed  a  lag-tim e 
fo r t ra n s p o r t  o f P u  a n d  A m  from  Sellafield to  
R aven g lass/N ew b ig g in  o f c. 1 yr., hence  an  increase 
in P u  in m ussels from  R avenglass in 1979 m ay 
reflect th e  1978 releases o f u ra n iu m  by B N F L .

In  sam p lin g  m ussels a t  N ew biggin , tim e an d  
sp a tia l v a riab ility  h as been  red u ced  to  a  m in im um  
b y  selection  o f  anim als: a t  th e  sam e tim e o f  th e  year; 
a t  s im ila r stages of th e  C o n d itio n  Index; o f  sizes 
betw een  5 a n d  7.5 cm . A n im als rem o v ed  from  the 
sam e a re a  w ere ran d o m ly  d iv ided  in to  tw o  g roups, 
o n e  being  used  fo r to ta l soft tissue analysis a n d  the 
o th e r fo r th e  d issec tion  o f in d iv id u a l o rgans. T o ta l 
soft tissue o f  m ussels collected  a t N ew bigg in  an d  
W in d sca le  a p p ea r  to  reflect the c o m p o s itio n  of 
loca l sed im en t, b u t th is is n o t  observed  fo r ind iv i
d u a l tissues a n d  o rg a n s  from  m ussels sam p led  a t 
N ew biggin . I f  a llow ance  is m ad e  for b io log ical 
v a riab ility  (c. 30 %) be tw een  m ussels, th e  tren d  of 
re la tive  e n rich m en t in  P u  a n d /o r  re la tiv e  dep le tio n  
in Am , fo r m o st tissues, suggests th a t  th e  m ussel 
d oes n o t d ifferen tia te  betw een  P u  a n d  Am , e ither 
b ecause it c an n o t, o r  b ecause  b o th  P u  a n d  A m  are  
n o t recognized  by b io log ical processes a n d  are 
trea ted  in  the  sam e m anner; a lth o u g h  n u m ero u s 
re p o rts  in d ica te  th a t  A m  is m o re  m ob ile  in  b io log i
cal system s th a n  P u . A n a lte rn a tiv e  h y p o thesis 
suggests th a t  th e  an im a l does n o t re ac t to  P u  o r  Am 
because b o th  a re  p re sen t o r  a sso c ia ted  w ith  p a r ti 
cu la te  deb ris w hich  w o u ld  be  d is tr ib u te d  th ro u g h 
o u t th e  b o d y  tissues o f th e  m ussel in a  ran d o m
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to ta l soft tissue fo r anim als sam pled near Sellafield and m uds from  Newbiggin for 1977-9. Solid circles: Newbiggin

m uds. Stars: W indscale shoreline m ussels (TS).

m an n e r a n d  be c o n tro lled  by th e  an im a l’s m acro - 
p h ag e-ly o so m e  system .

A sign ifican t so u rce  o f P u  resu ltin g  from  o x id a 
tio n  o f reduced  sed im en ts (P u 4 + - P u 6+) d u rin g  
tid a l sco u rin g  is n o t likely as field ev idence in d i
cates th a t P u  is re ta in ed  in  th e  a n ae ro b ic  m u d s an d  
th e  asso c ia ted  floes, w hich  a re  fo rm ed d u rin g  tida l 
d istu rb an ces . S an d  c o u ld  c o n stitu te  a  sou rce  of 
P u 6 + , since a  larg e  vo lum e o f sa n d y  sed im en t w ith  
o n ly  trace  q u a n titie s  o f P u  a n d  A m  is invo lved  in 
tid a l d is tu rbance.

C om position o f  aerial dispersed debris fro m  B N F L

D a ta  a re  n o t  av ailab le  for th e  physical an d  
chem ical c o m p o s itio n  o f rad io n u c lid es w hich are  
re leased  in to  th e  a tm o sp h e re  from  th e  B N F L  
stacks; n e ith e r is th e re  an y  in fo rm a tio n  on  the 
c o n tr ib u tio n  to  g ro u n d  d ep o sitio n  w hich is derived

from  genera l w ind  b lo w n  d eb ris  o ff  th e  B N F L  site, 
fo r exam ple  from  th e  u n co v ered  M a g n o x  fuel 
sto ra g e  po n d s. In  th e  vicin ity  o f th e  s ite  th e re  will be 
an  a d d itio n a l so u rce  o f rad io n u c lid es derived  from  
m arin e  aeroso ls , especially  from  th e  off-shore 
reg ion  w here  th e  B N F L  effluent is d isch arg ed  in to  
th e  sea. In  several tran sec ts  C a m b ra y  a n d  E ak in s 
(1982) re p o rt  th e  c o n ce n tra tio n s  o f P u  a n d  Am 
p resen t in soil profiles tak e n  to  a  d e p th  of 15 cm. 
N e a r  th e  sea -sh o re  th e  re la tive  ab u n d an c es  o f Pu  
an d  A m  rad io n u c lid e s a re  s im ilar to  th o se  fo r local 
m arin e  sed im ents, b u t  passin g  in lan d , a n d  u p  to  a 
d istance  o f 10-20  km , th e  ab u n d an c e  o f 24'A m  
re la tiv e  to  238 + 239 + 240p u  decreases u n til th e  
dep o sited  ae ro so l reflects a  c o m p o s itio n  w hich  is 
sim ilar to  th a t  fo r genera l g lo b al fa llo u t deb ris of 
th e  U K , w hich is ch arac te rized  by  h ig h er levels of 
P u  th a n  Am . S im ilarly  a n  ex am in a tio n  o f d a ta  for 
th e  c o m p o s itio n  o f sea  sp ray , desc rib ed  b y  E ak in s
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et al. (1982), show s a  sm all dep le tio n  in the 
a b u n d an c e  of 241 A m  re la tiv e  to  P u  a t th e  co as t near 
Sellafield, a n d  w ith  increas in g  d is tan ce  from  B N F L  
th e  co m p o sitio n  a lso  becom es s im ilar to  th a t  for 
average  m arin e  sed im en ts o f th e  region. T h e  n u m 
b e r o f  a to m s o r  p a rtic les  o f  A m  o r P u  m -3  o f a ir 
decreases w ith  d is tan ce  from  th e  sou rce , if p a r tic u 
la te  deb ris is p resen t, a lth o u g h  iso la ted  sam ples of 
soil can  c o n ta in  m uch  h ig h er c o n ce n tra tio n s  o f P u  
an d  A m  p resu m ab ly  resu ltin g  from  th e  presence  of 
p a rticu la te  debris. G o rh a m  (1958) conclu d ed  th a t 
a lm o st all th e  so d iu m  an d  ch lo ride  ions in  C u m 
b rian  ta rn s  (a ltitu d e  15-275 m ) is derived  from  
sea sp ray ; th ere fo re  rad io n u c lid e s derived  from  
B N F L  w ould  be  expec ted  to  be  p re sen t a t  least up 
to  50 k m  in la n d  a n d  possib ly  acro ss  th e  w ho le  of 
n o rth e rn  E n g land . T h ere fo re  w hile a lm o st a ll o f  the  
P u  a n d  A m  d ep o sited  in  C u m b ria  is derived  from  
g lo b al fa llo u t deb ris th e re  is a need to  de te rm in e  
w he th er p a rticu la te  d eb ris  does p e n e tra te  fu rth er 
in lan d  th a n  c u rre n t estim a tes  ind ica te . R esearch  
on  th is to p ic  is cu rre n tly  being  u n d e rta k e n  using 
m ed ia  w hich  co n ce n tra te  rad io n u c lid es, such as 
b o tto m  d eposits  o f lakes a n d  selective b io log ical 
accum ula to rs .

H o t P articles

T h e  d iscussion  h as c en tred  so  far o n  identify ing 
featu res w hich  illu s tra te  th e  c o h e re n t o r  sep a ra te  
b e h av io u r o f  A m  from  P u , in  geochem ical a n d  
b io log ical system s w hich involves stud ies o f  co n 
servative  o r  n o n -co n serv a tiv e  species o f  Am  o r  Pu. 
T h e  m eth o d s in  co m m o n  use  are  often  a rb itra ry , for 
exam ple  th e  p rocess o f  filtra tio n  is essen tia lly  
co n ce rn ed  w ith  th e  se p a ra tio n  o f so lids from  
liqu ids, w hich  is d e te rm in ed  by  th e  p o re  size o f the 
m ate ria l used fo r filtra tio n , how ever, th e  p ro p e rties  
of th e  residue c o n tro ls  w h a t is p assed  th ro u g h  the 
filter p a p e r  a n d  hence  th e  accu m u la tin g  residue  can  
influence th e  sep a ra tio n . T h e  co m m o n ly  used  0.45 
¿tm filter (o p e ra tin g  efficiently) a llow s a  co n sid e r
ab le  n u m b er o f p a rtic les th ro u g h .

In  o rd e r  to  o vercom e so m e o f th e  a rte fac ts  o f 
se p a ra tin g  co n se rv a tiv e  from  n o n -co n serv a tiv e  
species in th e  la b o ra to ry , m easu rem en ts  a re  m ade  
d irec tly  on  n a tu ra l sam ples as described  by H am il
to n  a n d  C lifton  (1981). T h ere  is, how ever, n o  c lear 
d e fin itio n  o f a  h o t pa rtic le , especially  in  re la tio n  to  
h a za rd s  from  io n iz ing  ra d ia tio n ; as th e  a u to ra d io 
g rap h ic  exp o su re  tim e increases, th e  n u m b er o f  h o t 
particles a lso  increases. E x p o su re  tim es o f betw een 
1 hr. a n d  600 days a re  used, w h ich  identify  a  h o t 
p a rtic le  as asso c ia ted  w ith  a  level o f rad io ac tiv ity  
h av in g  a  sm all vo lum e, w h ich  is consid erab ly  
h igher th a n  th a t  from  su rro u n d in g  areas. I t  is 
u su a lly  difficult to  d e te rm in e  th e  c o m p o s itio n  o f an

ind iv idua l h o t partic le , o r  th e  tru e  size o f pa rtic les 
w ith  a  M P D  o f <  5 ¿on; how ever, it  is assum ed  th a t 
fo r sm alle r partic les, so lids a re  less im p o rta n t th a n  
so lu tio n  processes. In  th e  C u m b ria n  reg ion , a lp h a - 
active  h o t pa rtic les u su a lly  acc o u n t fo r a t  least 10 % 
o f th e  to ta l  ra d io ac tiv ity  o f  a sam ple , b u t  this m ay  
n o t be tru e  fo r g am m a-ac tiv e  partic les, especially  
th o se  found  in sedim ents.

B e ta -g am m a h o t p a rtic les a re  illu s tra ted  in  fig. 8, 
from  a sed im ent profile o f th e  Esk estuary , C um bria , 
w here th e  fo llow ing  featu res a re  observed:

(a) T h e  ra d io ac tiv ity  is p re sen t in  well-defined 
layers w hich  reflect th e  a n n u a l releases o f ra d io 
nuclides by  B N F L  (H am ilto n  a n d  C larke , 1984).

1 9 7 0

S c a l e  1 c m

F i g . 8 .  B eta/gam m a au to rad io g rap h  of a silt core taken 
from  the Esk E stuary  (sedim entation rate  o f  3.5 c m - 1 yrs.) 
using K odak  Industrex  C X -ray film. (W hite areas 
represent regions o f high radioactivity.) N ote: T he zones 
o f high radioactiv ity  can  be related to  deposition  of 
sedim ents betw een M ay and  O ctober; in the winter 
m onths relatively little rad ioactiv ity  is retained in the 
sediments. Pre-1970 sedim ents d o  no t appear to contain 

m any beta/gam m a h o t particles.
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T h e  zones o f low er activ ity  rep re sen t d ep o sitio n  of 
sed im en t d u rin g  th e  w in ter w hen th e re  is less 
re te n tio n  o f ra d io ac tiv e  deb ris because o f th e  
d o m in an ce  o f h igh  energy  co n d itio n s. T h e  zones of 
high rad io ac tiv ity , to w ard s  th e  to p  o f th e  sed im en t 
co re  reflect th e  presence  o f h igher c o n ce n tra tio n s  of 
sho rt-lived  rad io n u c lid es (95Z r, 95N b , 106Ru) 
w hich obscu res th e  h o t particles.

(b) M o st o f th e  137Cs activ ity  in th e  co re  is 
asso c ia ted  w ith  d iscrete  particles; 4 0 -6 0 %  o f  the 
137Cs c an  b e  rem o v ed  by acid  leach in g  w hich 
reflects th e  p a r tia l  d isso lu tio n  o f particles. H ence  as 
th e  137C s activ ity  is a lso  a sso c ia ted  w ith  o th e r 
gam m a em itte rs  ch ara c te ris tic  o f  B N F L  effluent, 
th e  particles e ither rep resen t o rig inal B N F L  effluent 
as re leased , th e  fo rm atio n  o f p a rticu la te  m a tte r  
w hen th e  effluent en te rs  th e  sea , o r  th e  presence 
o f M ag n o x  fuel debris. T h e  d is tr ib u tio n  o f ra d io 
activ ity  th ro u g h o u t th e  co re  is n o t co m p a tib le  w ith 
th e  a d so rp tio n  o f  137Cs, w h ich  is p resen t in  the 
w a ter o f  th e  river E sk , as n o n -co n serv a tiv e  species 
on  c lay  m inerals. I t  is th ere fo re  co n clu d ed  th a t  th e  
re ten tio n  o f  B N F L  effluent in  th e  E sk  is influenced 
by  th e  n a tu re  o f  th e  B N F L  sou rce  term , in  p a r tic u 
la r  th e  p resence  o f so lid  phases. H ow ever, m o st of 
th e  137C s re leased  by B N F L  is t ra n sp o r te d  as 
co n serva tive  species in seaw ate r a n d  can  be  traced  
as fa r afield  as G re en la n d  a n d  th e  Baltic.

(c) I t  is observed  th a t  th e  n u m b e r  a n d  sh a p e  of 
h o t p a rtic les  ten d  to  c h an g e  w ith  d e p th  in th e  
sed im en t (H am ilto n , 1981; H a m ilto n  a n d  C lark e , 
1984). A n g u la r shapes a re  p resen t a t  th e  sea /w ater 
in te rface  a n d  a t  th e  surface o f th e  sed im en t, b u t 
d isa p p ea r w ith  increas in g  d e p th , w here  they  are  
rep laced  by ro u n d e d  form s. T h is p ro b a b ly  reflects a 
genera l so lu tio n  process w hich  occu rs  p rin c ip a lly  
n e a r th e  sed im en t surface, w hich is sub ject to  m an y  
p erio d s o f  d is tu rb an c e  an d  redox  recycling  and  
w eathering , th ro u g h o u t th e  year.

A lp h a  p a rtic le  a u to ra d io g ra p h y , illu stra tin g  
v a rio u s types*  o f a lp h a  h o t p a rtic les a re  sh o w n  in 
fig. 9. In  situ  exposures for 2 hrs. a t N ew biggin , using 
th e  d ielectric  d e te c to r C R 39, h ave  iden tified  th e  
p resence  o f a  few h o t particles; so m e  o f th e  m o re  
co m m o n  types reco rd ed  a re  as follows:

(n) ‘G o lf  b a lls’, defined as very h o t particles 
w here th e  d e te c to r h as been  to ta lly  b u rn e d  ou t.

(b) H o t p a rtic le s  w ith  w ell-defined form s 
generally  ta b u la r  in  n a tu re , an d  w hich a re  believed 
to  rep re sen t fresh B N F L  debris.

(c) V ery sm all h o t partic les, (1 -5  p m  M P D ) 
w hich a re  on ly  ju s t  visible above  th e  diffuse b a c k 
g ro u n d  levels.

(d ) P a rtic les  w ith  a  w ell-defined form , in d ica tin g

* This study only concerns hot particles with a M PD 
of >  1 /¿m.

th a t th ey  a re  e ith e r fragm en ts o f la rg e r o rig ina l 
d eb ris  o r co m p o site  partic les, p a r t  o f  w hich  is 
inactive.

(e) B io log ical deb ris rep resen ts  so m e  o f th e  m o st 
rad io ac tiv e  types o f m ac ro  h o t p a rtic le  fo u n d  in  the 
E sk. A lth o u g h  still sub ject to  stu d y , it  is c lear th a t 
frag m en ts  o f  byssal th read , a n d  especially  the 
te rm in a l caps, a t  all stages o f d e g rad a tio n  d o  give 
rise  to  m an y  o f th e  m a c ro -h o t pa rtic les fo u n d  o n  the 
surface o f E sk  sed im ent. O th e r ev idence ind ica tes 
th a t  th e  a lp h a -ac tiv ity  assoc ia ted  w ith  th e  byssal 
th rea d s  is on ly  superficial, th ere fo re  th e  specific 
a lp h a -ac tiv ity  o f th e  tan n e d  su rface p ro te in  of the 
th rea d s  w ill be very high.

T h is p a p e r  d o es n o t co n sider th e  q u estio n  of 
w h e th er o r  n o t a  h o t partic le , if  in haled , co n stitu tes  
a  risk  o f lu n g  cancer. F o r  m em bers o f th e  general 
pu b lic  w ith in  th e  C u m b ria n  reg ion , n o  in fo rm a tio n  
is av a ilab le  for in ta k e  a n d  re te n tio n  o f  su ch  p a r 
ticles. F o r  th e  sak e  o f com ple teness th e ir co n ce n tra 
tio n s a n d  p a rtic le  sizes sh o u ld  be  d e te rm in ed  
tog e th e r. C o n sid e rab le  gaps exist in o u r  know ledge 
co n ce rn in g  in h a la tio n  of p a rticu la te  debris; a t 
p resen t it  is n o t possib le  to  specify ra te s  o f transfer 
o f a irb o rn e  p a rticu la te  d eb ris  from  th e  e n v iro n 
m en t to  th e  h u m an  lung. M u c h  o f th e  h igh ly  
ra d io ac tiv e  deb ris p re sen t in  th e  reg ion , especially  
b io log ical debris, is unlikely  to  becom e a irb o rn e  
unless surfaces o f  sed im en t a re  dry . T h e  size o f  the 
h o t pa rtic les ran g e  from  su b -m icro n  to  a t  least a few 
m m  M P D . T h e  m o st likely sites for th e  g en era tio n  
o f  h o t p a rtic les (in to  th e  air) w o u ld  b e  from  m ud  
flats a n d  veg eta tio n  ra th e r  th a n  h igh-energy  
reg ions such  as th o se  asso c ia ted  w ith  th e  surf-zone 
o f san d y  foreshores. O f p a r tic u la r  in te res t is the 
ex ten t to  w hich  large  h o t p a rtic les a re  tra p p e d  in 
th e  n aso -p h ary n g a l cavity , a  site  k n o w n  to  be 
sensitive  for th e  in d u c tio n  of can cers  (i.e. w o o d 
w orkers). A t p resen t th e  IC R P  L u n g  M o d e l does 
n o t co n sid er th e  n a sa l-p h a ry n g a l a rea s for th e  site 
o f in d u c tio n  o f cancers as a  resu lt o f ex p o su re  to  
io n iz ing  ra d ia tio n , b u t it is recognized  th a t  the 
tissues a re  sensitive  to  dam age.

R ad io a c tiv ity  o f  hot particles

At th e ir p resen t s tag e  o f d ev elo p m en t th e  tech 
n iq u es used in  th is w o rk  do  n o t p e rm it an  accu ra te  
e stim a tio n  o f th e  size o f  su b m icro n  h o t  particles. 
H ow ever, if a  sam ple  c o n ta in s  d isc re te  so u rces of 
h igh ly  rad io ac tiv e  su b m icro n  p a rtic les em ittin g  
a lp h a  partic les, th e ir presence w o u ld  easily  be 
identified. In  th e  C R -39  e tch in g  tech n iq u e  (H am il
to n  an d  C lifton  1981 ) a  c. 5 M eV  a lp h a  will give rise 
to  trac k s  c. 10 p m  in to ta l leng th , hence  a  <  1 p m  
p a rtic le  will give rise to  a  h o t p a rtic le  w ith  a 
m ax im um  d iam e te r (for th e  ex trem e en d s o f the
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A lp h a  p a r t i c l e  t r a c k s

e g  2 3 9 P U  5 .1  M e V -  2 4 2 C m  6 .1  M eV U & Th S e r i e s  4 M e V - 8 .8 M e V

a  B N FL  D E B R IS  b  N A T U R A L  P A R T IC L E

F ig . 10. D iagram s illustrating  features o f a-track  length 
p roduced in CR.39 for: (a) B N F L  particle (Pu,Am,Cm); 

(£>) N atu ra l particle (U +  T h  decay series).

tracks) o f c. 20 ,um w hich  w o u ld  c learly  be  identified 
as illu s tra ted  in  fig. 10.

An illu s tra tio n  o f one class of h o t p a rtic le  (‘golf 
ba lls’) p re sen t in  su sp en d ed  p a rticu la te  d eb ris  in 51 
a liq u o ts  of seaw ate r collected  th ro u g h o u t one tidal 
cycle in  th e  E sk  is given in  fig. 11, a n d  show s th a t  th e  
ra d io ac tiv ity  of a  few p artic les a p p ro ac h es  th e  c.
0.6 pC i level identified  by N R D C . D a ta  given in  
T ab le  IV  co m p are  the  a lpha-ac tiv ity  o f h o t particles 
rem o v ed  fro m  th e  surface  o f sed im en t as d e te r
m ined  by Z n S  sc in tilla tio n  co u n tin g  a n d  surface 
b a rrie r  a lp h a -p artic le  sp ec tro m etry ; except fo r the

p a rtic le  w ith  th e  h ighest activ ity , th e  ag reem en t 
betw een  b o th  techn iques is good.

T h e  ro u tin e  m eth o d s d ep loyed  so  fa r on ly  serve 
to  identify  o n e  class o f  h o t partic le , nam ely  those  
w hich have levels o f  ra d io ac tiv ity  fa r in  excess o f  the  
b a ck g ro u n d  levels (diffuse activity). H ow ever, by 
using  a u to ra d io g ra p h ic  ex p o su re  tim es o f up  to  
600 days th e  genera l p ic tu re  (h o t particle: diffuse 
activity) does n o t change, hence it  is co n clu d ed  th a t 
iso la ted  p a rtic les c o n ta in in g  >  1 pC i a re  p ro b ab ly  
ra re . U s in g  th e  d a ta  o f M a irs  a n d  N a ir  (1979) a  c. 
10 p C i p a rtic le  o f  fresh u n p rocessed  M ag n o x  fuel 
w hich h as coo led  for be tw een  one an d  ten  years will 
have  a M P D  o f c. 8 p m , w hereas rep rocessed  fuel 
m a te ria l (99.9 % P u  a n d  U  rem oved) will h ave  an  
activ ity  o f  c. 0.1 pC i. H ence  it  can  be  co n clu d ed  th a t 
w hile ackn o w led g in g  u n certa in tie s  in  th e  m easu re 
m en ts, in th e  E sk reg ion  a t least, p a rtic les o f  fresh 
M a g n o x  fuel o r  fresh B N F L  effluent a re  p resen t. In  
m a in ta in in g  a  co rre c t perspec tive  w hich links h o t 
p a rtic les a n d  possib le  effects a ris in g  from  ionizing  
ra d ia tio n  it sh o u ld  be  n o te d  th a t  Few s a n d  H en- 
shaw  (1981) fo u n d  sm all c lusters o f a lp h a-ac tiv e  
partic les, co n ta in in g  be tw een  IO - 4  and  10 “ 1 pC i of 
activ ity , in th e  h u m an  lu n g  o f n o n -o ccu p a tio n a lly  
exposed  people . T h e  a lp h a -p artic le  activ ity  arises 
b ecause  of th e  p resu m ed  presence  o f com m o n  
accesso ry  m inerals o f igneous rocks, such  as zircon , 
w hich are  u b iq u ito u s  in  m o st soils. D a ta  a re  given 
in  T ab le  V for th e  U , T h , a n d  Z r  c o n te n t o f  som e

T ab le IV. T o ta l  « a c t i v i t y ,  23  ̂
p a r t i c l e s  a n a ly s e d  in

+ 240_ 238_P u , Pu +
s i t u .

241 242 , Am, Cm and 243 + 244Cm a c t:i v i t i e s (pCi g " 'd ry  w t)  f o r  h o t

Sample

S u r fa c e  b a r r i e r  m easu rem en ts  pCi 8"'

T o ta l  A c t iv i t y  
N o. ZnS pCi g ' T o ta l  A c t i v i t y 239 + 240„ Pu 238Pu ♦ 2A1Am(1) 2 4 2 .Cm 243 + 2 4 4 .Cm

121 1 .9 0 4 .8 2 3 .3 3 .3 0 .2 0 .0 2

141 0 .3 2 0 .3 8 0 .1 4 0 .1 1 0 .1 0 .0 3

131 0 .4 3 0 .6 3 0 .3 1 < 0.32 < 0 .1 < 0.01

128 0 .8 2 0 .8 9 0 .5 9 0 .3 0 ND ND

109 0 .0 6 8 0 .0 6 0 .0 4 0 .0 2 ND ND

94 0 .5 9 0 .5 3 0 .3 8 0 .1 5 ND ND

(ND -  N ot d e t e c t e d )

238 241
(1 )  U s in g  a  s u r f a c e  b a r r i e r  d e t e c t o r  and w ith o u t  c h e m ic a l s e p a r a t i o n ;  e n e r g ie s  from  Pu and Am c a n n o t 

b e  r e s o lv e d .

F i g . 9  {opposite). T rack  lengths c. 10 pm . A ‘G olf balls’ w here the detector is sa tu ra ted . B H ighly radioactive particles, 
often tab u la r in shape, which are  considered to  represent fragm ents o f M agnox fuel debris. C <  1 ¿im highly radioactive 
particles. D  L arge particles w ith well-defined form; often found adhering  to  sand  grains. E  (i) C ross section o f the 
digestive trac t of the m ussel (Ravenglass) show ing the presence o f discrete h o t particles in the lumen. Exposure time 166 
days. Activity o f particles c. 0 .0 0 0 6  pCi. (ii) M acro Particles (D ark  field illum ination), (iii) Byssus o f M ytilu s edulis 
illustrating th reads and  caps, (iv) H igher m agnification o f a  p o rtion  o f byssal thread , (v) Very high activity  byssal thread, 
(vi) D egraded byssal cap. (vii) F resh byssal cap  illustrating  stellate structure, (viii-x) Byssal caps illustrating  various

stages o f degradation .
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F ig . 11. Activity and partic le  size o f h o t particles, detected in CR.39, for a  series of sam ples filtered (0.22 /im) from  

seaw ater th ro u g h o u t a  tidal cycle, Esk E stuary , Cum bria.

h u m a n  tissues (H am ilto n , 1979) w hich  sh o w  an 
en h an cem en t in U  a n d  Z r  in  lu n g  a n d  lym ph  nodes 
w hich m ay  su p p o r t th e  o b se rv a tio n s o f F ew s and  
H en sh aw  (1981), a lth o u g h  it sh o u ld  be  n o te d  th a t  in 
recen t years Z r has b een  w idely used in v arious 
d e o d o ra n t aeroso ls.

Conclusions

1. An e x am in a tio n  o f th e  re la tive  a b u n d an c e  of 
P u  a n d  A m  in  sed im en ts a n d  tissues o f  th e  m ussel 
a lo n g  th e  C u m b ria n  co as t an d  n e a rsh o re  sed im ents 
in d ica tes  changes in  c o m p o s itio n  w ith  d istance  
from  th e  source. T h e  observed  tren d s  a re  c o n 
sidered  m o re  likely  to  reflect th o se  re la te d  to  
g eochem ical a n d  b io log ical p rocesses ra th e r  th an  
variab ility  in co m p o s itio n  o f P u  a n d  A m  in th e  fresh 
effluent.

2. T h e  g am m a-d o se  ra te  from  co arse  g rained  
san d s o f th e  Sellafield fo resh o re  has been  used a s  an  
index o f rad io n u c lid e  em issions to  th e  m arine  
e n v iro n m en t. H ow ever, th e  d irec tio n  o f m ovem en t 
o f th e  sed im en t is n o t c o n stan t, a lth o u g h  m ovem en t

to  th e  n o r th  a n d  so u th  o f Sellafield h as b een  sim ilar 
in  recen t years.

3. T h e  B N F L  effluent d isch arg ed  in to  th e  sea 
c o n ta in s  so lid  debris, so m e  o f w hich  h as c h a ra c te r
istics co m p a tib le  w ith  re la tive ly  u n a lte re d  M agnox  
fuel.

4. In  th e  E sk, so m e  h o t p a rtic les have activ ities 
w hich are  s im ila r to  th o se  iden tified  by N R D C  as 
b e in g  o f concern ; m o re  recen t m easu rem en ts, using 
d ifferen t techn iques, have  sh o w n  th a t  h igh  activ ity

T a b le  V .  The c o n c e n t r a t i o n  o f  U, T h , Z r  (jjg  g 'w e t w t) 
i n  some human t i s s u e s  (f ro m  H a m il to n ,1979)

O rgan U Th Z r

B lood  (w hole) 0 .0 0 0 8 ± 0 .0001 0 .0 0 2  ± 0 .0 0 0 4 0 .0 2

L iv e r 0 .0 0 0 3 - 0 .0 3

Lung 0 .001 0 .0 1 0 .0 6

Lymph Nodes 0 .0 1  ± 0 .002 0 .2  ± 0 .1 0 .3

M uscle 0 .0 0 0 2 ± 0 .001 - 0 .0 2

Bone 0 .0 0 7 <0.04 <0.1
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p artic les w ith  a  M P D  o f <  1 /im  a re  a lso  p resen t. 
T he activ ity  o f  th e  p a rtic les found  in th e  E sk 
are  s im ilar to  th o se  fo u n d  in  th e  lu n g  o f n o n - 
o ccu p a tio n a lly  exposed  ind iv iduals.

5. H o t p a rtic les h av e  a lso  been  o b se rv ed  w hich  
co nsist of deb ris from  th e  byssus o f th e  m ussel an d  
co n ta in  P u  a n d  A m  w hich is believed to  be  derived 
from  seaw ater. W ith  e ro sio n  o f byssal deb ris in  th e  
m arin e  en v iro n m en t, th e  activ ity  o f these particles 
is likely to  decrease  rap id ly  as th e  surface coatings 
a re  w o rn  aw ay; if  M ag n o x  p artic les a re  p resen t, 
so lu tio n  o f th e  u ra n iu m  is likely to  resu lt in  th e  
p ro d u c tio n  of p a rtic les w ith  a  m uch  h igher specific 
rad io activ ity . A  single (c. 1 x 3  u m )  partic le , if 
c o a ted  w ith  a  single layer o f 241 A m  (close pack ing) 
w ould  c o n ta in  c. 8 x  IO6 h y d ra te d  A m  nucle i an d  
w ould  give rise to  a  c. 0.01 pC i p a rtic le  w hose 
activ ity  is a  fac to r o f  a b o u t 60 below  th e  N R D C  
value.

6. In  th e  E sk  sed im en ts v a rio u s g am m a  a n d  b e ta  
p a rtic le  (137Cs) em itte rs  a re  p resen t in  h o t particles; 
hence it is n o t accep tab le  to  co n sid er th e  ra d io 
activ ity  o f these sed im en ts sim ply  in term s of 
a d so rp tio n  by  co n serva tive  species o f rad io n u c lid es 
o n  to  m ineral debris.

7. An ex am in atio n  o f th e  co m p o s itio n  o f Pu(a) +  
A m  in m ussels co llected  n e a r W indscale  ind icates 
th a t w hile  to ta l  soft tissues c o n ta in  P u  a n d  A m  in 
am o u n ts  w hich  a re  sim ila r to  th o se  fo u n d  in 
fine-grained  silts, th o se  sam pled  som e 14 km  from  
the B N F L  ou tfa ll a t  N ew biggin  show  a  re la tive  
en rich m en t in  P u , a n d  a  re la tiv e  d ep le tio n  in  Am, 
w hich possib ly  in d ica tes  a  d ifferen t so u rce  fo r these 
tw o rad ionuclides. T h is m ay  reflect in d iscrim in a te  
u p tak e  by th e  m ussel o f fine-g ra ined  p a rticu la te  
deb ris w hich  is p re sen t in B N F L  effluent a n d  has 
been rap id ly  tra n sp o rte d  in  th e  sea  to  th e  E sk  from  
Sellafield (W indscale).

8. T he co m p o s itio n  of th e  sou rce  te rm  does exert 
a n  influence on  th e  d is tr ib u tio n  o f rad io n u c lid es 
w hich  a re  re leased  in to  th e  Ir ish  Sea by  B N F L . T he 
effluent does co n ta in  so lid  d eb ris , som e o f w h ich  is 
tra n sp o rte d  to  th e  E sk  e s tu a ry  a n d  is fo u n d  in  
sedim ents. A  rad io n u c lid e  such  as I37Cs is d is
persed  over very  larg e  d istances sim ply  because in 
th e  o p en  sea  m o st o f  it  is p re sen t in a  co n serva tive  
form . H ow ever so m e o f th e  137C s is a lso  assoc ia ted  
w ith  p a rticu la te  fo rm s a n d  is p re sen t as a  consti
tu e n t o f th e  sed im ent. W hen  using  m odels to  
ev a lu a te  th e  tra n s p o r t  o f  rad io n u c lid es re leased  by 
B N F L  in to  th e  m arin e  en v iro n m en t th e re  m ay  be 
a need  to  define m o re  precisely  th e ir d is tr ib u tio n  
betw een  co n serva tive  a n d  n o n -co n serv a tiv e  phases 
w ith  respect to  re la tiv e  ab u n d an c es  in th e  source  
term . Such  features m ay  be im p o r ta n t w hen using 
general o p en -o cean  m odels to  p red ic t tran sfers  for 
th e  n ea r-sh o re  en v iro n m en t, especially  follow ing

acc iden tal o r u n u su a l releases o f  rad ionuclides. 
F ro m  th e  ev idence availab le, fo r th e  E sk, it  ap p ears  
th a t, once d ep o sited  in sedim ents, th e re  is little  
su b seq u en t m ig ra tio n  o f rad io n u c lid e s assoc iated  
w ith  h o t particles. C learly , u n til sam ples o f  B N F L  
effluent can  be  exam ined , th e re  a re  som e a rea s of 
d o u b t co n ce rn in g  an y  ev a lu a tio n  o f th e  t ra n sp o rt  
o f  rad io n u c lid e s o ff  th e  C u m b ria n  co ast. T h ere  is 
little  ev idence to  in d ica te  th a t  such  s tud ies will 
identify  an  u n u su a l h a za rd  from  ion izing  ra d ia tio n  
b u t th ey  a re  likely to  im p ro v e  o u r  u n d e rs tan d in g  of 
geochem ical an d  b io lo g ical p rocesses w hich c o n 
tro l th e  obse rv ed  d is tr ib u tio n  o f rad io n u c lid e s in 
co asta l w a ters  w hich  receive effluent from  th e  
rep ro cessin g  o f  u ra n iu m  fuel.

F uture research requirem ents

T h e  n a tu re  o f h o t p a rtic les  re leased  by B N F L , 
un d e r n o rm a l w o rk in g  co n d itio n s  has n o t been 
ad eq u a te ly  ch arac te rized  so far. T h eir re levance  as 
a significant c o m p o n e n t in th e  tran sfer of ra d io 
nuclides to  m an  h as n o t been  ev a lu a ted  for 
C u m b ria , a n d  deserves fu rth e r study . C h an g es in 
th e  c rite ria  used in  dose assessm ent, fo r exam ple  a 
change  in th e  gu t tran sfer fac to r for P u , o r the 
selection  o f d ifferen t c ritica l g ro u p s  fo r an  ev a lu a 
tio n  o f n o n -o c cu p a tio n  ex p o su re  (see H u n t, 1983), 
m ay  in d ica te  a  need  to  d e te rm in e  th e  p a th w ay s 
w hereby  h o t p a rtic les c an  en te r  m an . In  p red ic tive  
ev a lu a tio n , an d  in  m o d ellin g  th e  p a th w ay s of 
rad io n u c lid e  to  m an , m o re  a tte n tio n  sh o u ld  be 
d irec ted  to w ard s  th e  p resence  o f h o t  p a rtic les an d  
th e ir av ailab ility  to  m an , b y  tak in g  in to  acco u n t 
changes in  th e ir c o m p o s itio n  a n d  form s from  the 
p o in t o f  d isch arg e  to  ev en tu a l sites o f d ep o sitio n  
w hich sh o u ld  include  d a ta  on  th e  d irec tio n  of 
m o v em en t for n e a rsh o re  sed im en ts o ff  th e  C u m 
b ria n  coast.

Acknowledgements. T his w ork form s p a r t o f the environ
m ental radioactiv ity  p rogram m e of the In stitu te  for 
M arine E nvironm ental R esearch, a  com ponent body of 
the N atu ra l E nvironm ent Research C ouncil, and  was 
supported  in p art by funds p rovided by the Com m ission 
of the E uropean  Com m unities, C on trac t BIO-B-438-81- 
U K . I express m y sincere thanks to R. J. Clifton, R. S. 
C am bray, P. J. M oore, R. J. P en trea th , D . F . Jefferies, 
G. J. H u n t, R. S. A therton , H . Longley, and  J. V ennart for 
useful discussions. T he opinions expressed in this paper 
are  those o f the au th o r only. J. M. M iller o f the N ER C , 
In stitu te  o f G eological Sciences p rovided sam ples of 
bo tto m  sedim ents from  the Irish Sea and  H . E. Stevens 
provided technical assistance.

R E F E R E N C E S

A therton, R. S. (1979) British N uclear Fuels Ltd., H ealth
and Safety D irectorate . Annual Report on Radioactive



194 E .  I .  H A M I L T O N

Discharges and M onitoring o f  the Environment, 1978, 
p. 11. Risley, W arring ton , UK.

 (1980) Ibid. 1979, p. 11.
 (1981) Ibid. 1980, p. 11.
Bayne, B. L. (1976) M arine M ussels: Their Ecology and 

Physiology. Int. Bio. P rog. 10. New Y ork, C am bridge 
U niversity  Press, pp. 506.

C am bray, R. S., and Eakins, J. D . (1982) N ature, 300, 
46-8.

C am plin , W. C., D urance, J. A., and Jefferies, D . F. (1982) 
A marine compartment model fo r  collective close assess
ment o f  liquid radioactive effluents. Sizewell Inqu iry  
Series N o 4. M A FF/S17 Lowestoft, U K .

Clifton, R. J., Stevens, H . E., and H am ilton , E. I. (1983) 
Concentration and depuration o f  some radionuclides 
present in a chronically exposed population o f  mussels 
(M ytilus edulis). M ar. Ecol. P rog. Ser. 11, 245-56.

D urbin , P. W. (1973) In  M etabolism  and biological effects 
o f  the transplutonium elements (H. C. H odge, J. N. 
S tannard , and J. B. H ursh , eds.) 739-896. Springer 
Verlag, Berlin.

Eakins, J. D., Lally, A. E., B urton , P. J., K ilw orth , D . R., 
and Pratley, F. A. (1982) Studies o f  Environmental 
R adioactivity in Cumbria. P t 5. (AERE-R10127), 
H M SO , London.

Fews, A. P., and  H enshaw , D . L. (1981) Analysis o f  
uranium fragm ents found  in the human lung. In Int. 
Conf. on Solid S ta te  N uclear Track Detectors. Bristol, 
U K .

G E S A M P  D ent N o. 19 (1983) A n  oceanographic model fo r  
the dispersion o f  wastes disposed o f  in the deep sea. 
IAEA, Vienna.

G orham , E. (1958) Phil. Trans. R. Soc. Lond. Ser. B, 241, 
147-78.

G rea t B ritain -Parliam ent (1960) Radioactive Substances 
A ct I960. H M SO , L ondon , 28 pp.

H am ilton , E. I. (1979) T he Chemical Elements and M an. 
C. C. T hom as Pub. Springfield. Illinois USA, 386-94.

 (1980) M ar. Ecol. Prog. Ser. 2, 61-73.
 (1981) N ature  290, 690-3.
 and C larke, K. R. (1985) Sedim entation  h isto ry  of

the Esk estuary , C um bria  U K : th e  app lication  o f radio- 
chronological m ethods. Sei. Total Environ. 35, 325-86.

 and  Clifton, R. J. (1980) M ar. Ecol. Prog. Ser. 3,
267-77.

---------------(1981) Int. J . Appl. Rad. Isotopes. 32, 313-24.
H etherington, J. A. (1976) Radioactivity in surface and 

coastal waters o f  the British Isles, 1974. Tech. R ept. F R L  
11, pp. 35.

 (1978) In Environmental T oxic ity  o f  Aquatic Radio
nuclides: M odels and M echanisms (M . W. M iller and

J. N . S tannard , eds.) A nn A rbor Science Pub. Inc. 
M ich., 81-106.

Howells, H . (1977) British N uclear Fuels Ltd., Windscale 
and Calder W orks, H ealth  and Safety  Department. 
Radioactive waste disposal and associated monitoring 
data 1971- 1976.

H u n t, G . J. (1979) Radioactivity in surface and coastal 
waters o f  the British Isles, 1977. A quat. Environ. 
M onit. Rep., M A F F  D irect. Fish. Res. Low estoft (3), 
36 pp.

 (1980) Ibid. 1978 (4), 37 pp.
 (1981) Ibid. 1979 (6), 32 pp.
 (1982) Ibid. 1982 (8), 35 pp.
 (1983) Ibid. 1981 (9), 36 pp.
In ternational C om m ission on Radiological P rotection  

(1972) T he metabolism o f  compounds o f  plutonium and 
other actinides. P ergam on Press, O xford  (IC R P , Pub. 
19).

------------------------------(1980) Biological effects o f  inhaled
radionuclides (IC R P, Pub. 31).

----------------------------- (1981) Limits fo r  intakes o f  radio
nuclides by workers. Part I  (IC R P, P ub. 30 P a rt 1).

M airs, J. H., and  N air, S. (1979) T he inventories o f  
actinide and fission product arisings in spent nuclear 

fuel: results fro m  the R ice Code. C entral. Elect. Gen. 
Board. Res. Div. Berkeley N uclear Labs. RD /B /N 4579, 
UK.

M itchell, N . T . (1967) Radioactivity in surface and coastal 
waters o f  the British Isles. Tech. Rept. F R L  1, pp. 36.

 (1968) Ibid. 1967. Tech. Rept. F R L  2, pp. 41.
 (1969) Ibid. 1968. Tech. Rept. F R L  5, pp. 39.
 (1971a) Ibid. 1969. Tech. Rept. F R L  7, pp. 33.
 (19716) Ibid. 1970. Tech. Rept. F R L  8, pp. 34.
 (1973) Ibid. 1971. Tech. Rept. F R L  9, pp. 35.
 (1975) Ibid. 1972-3. Tech. Rept. F R L  10, pp. 40.
 (1977a) Ibid. 1976, P a r t 1. T he Irish Sea and its

environs. Tech. Rept. F R L  13, 15 pp.
 (19776) Ibid. 1975. Tech. Rept. F R L  12, 32 pp.
N atio n a l R adiological P ro tec tio n  B oard and  the C om 

m issariat à  l’Energie A tom ique (1979) M ethodology fo r  
evaluating the radiological consequences o f  radioactive 
effluents released in normal operations. Jo in t rep o rt for 
C om m ission of the E uropean  Com m unities. CEC, 
Luxem bourg. D oc. V /3865/79-EN , 292 pp.

P en trea th , R. J., L ovett, M . B., H arvey, B. R., and  Ibbett, 
R. D . (1979) In  Biological Implications o f  Radionuclides 
Released fro m  Nuclear Industries Vol. I I  IAEA. 
SM -237/1, 227-45.

T am plin , A. R., and C ochran, T . B. (1974) Radiation  
Standards fo r  H ot Particles. W ashington DC: N atu ra l 
Resources Defense Council.


