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ABSTRACT: The present paper reports the results of experimental work undertaken using the 
brackish-water amphipod Gammarus duebeni duebeni and the transuranium nuclide americium- 
241. Data on the accumulation of this actinide showed that the larger fraction of the total body 
burden is associated with the exoskeleton. It was found that the body burden remained constant in  
the range pH 8.0-6.5 even though the water concentrations changed markedly. It would thus appear 
that the concept of a concentration factor should be re-examined and it is proposed that a factor 
should be defined in terms of environmental and chemical parameters which represent the 
bioavailable fraction of the actinide. The effect of americium on survival and moulting was studied 
at two activity concentrations; the dose rates and absorbed doses under the experimental conditions 
employed have been estimated. The differences in survival rates between the control and irradiated 
groups were statistically analyzed and the significant difference at the higher concentration is 
bel ieved to be due to a synergism between physiological stress and radiotoxicity of americium 
rather than the chemical toxicity of the element. 

I N T R O D U C T I O N  

D u e  to t he  p r o b l e m s  a s s o c i a t e d  w i t h  t he  l o n g - t e r m  s to rage  of a c t i n i d e - c o n t a i n i n g  

was tes ,  as  w e l l  t he  i n c r e a s i n g  q u a n t i t i e s  of t h e s e  i so topes  w i t h i n  t he  n u c l e a r  fue l  cycle ,  

t he r e  is the  poss ib i l i t y  tha t  t he i r  i n v e n t o r i e s  w i t h i n  a q u a t i c  e c o s y s t e m s  cou ld  i n c r e a s e  
d u e  to the i r  r e l e a s e  in to  t he  e n v i r o n m e n t .  It is n o w  w e l l  a c c e p t e d  tha t  t h e s e  i so topes  can  

be  r e a d i l y  a c c u m u l a t e d  by  a q u a t i c  b io ta  a n d  a l t h o u g h  i n f o r m a t i o n  is a c c r u i n g  on  

e x i s t i n g  e n v i r o n m e n t a l  l e v e l s  in  wa te r ,  s e d i m e n t s  a n d  biota ,  k n o w l e d g e  of t he i r  k ine t i c s  

in  a q u a t i c  o r g a n i s m s  is scant .  
A n  e x p e r i m e n t a l  l abo ra to ry  programme s t u d y i n g  the  b e h a v i o u r  a n d  effects  of 

t r a n s u r a n i u m  n u c l i d e s  in e s t u a r i n e  a n d  coas ta l  w a t e r s  on  ce r t a i n  i n v e r t e b r a t e s  is b e i n g  
u n d e r t a k e n  w i t h  t he  f o l l o w i n g  a ims:  (1) d e v e l o p m e n t  of m e t h o d s  for d e t e r m i n a t i o n  of 
p h y s i c a l - c h e m i c a l  s ta tes  of a c t i n i d e s  in  e x p e r i m e n t a l  m e d i a ;  (2) a c c u m u l a t i o n  a n d  
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re ten t ion  in re la t ion  to env i ronmen ta l  factors; (3) s tudies  of a l pha - r a d i a t i on  effects and  
(4) es t imat ion  of a b s o r b e d  doses  to the spec ies  u n d e r  inves t iga t ion .  

The p resen t  p a p e r  reports  the  resul ts  of e x p e r i m e n t a l  work  u n d e r t a k e n  us ing  the 
b r ack i sh -wa te r  c rus tacean  G a m m a r u s  duebeni  and  the  t r ansu ran ium nuc l ide  amer i -  
cium-241. 

MATERIAL AND METHODS 

Spec imens  of the  b r ack i sh -wa te r  a m p h i p o d  Gammarus duebeni  duebeni  Li l jeborg  
were  co l lec ted  in the  l ake  "Kle iner  Kiel"  (connected  to the  wes te rn  Balt ic Sea) in  the  city 
of Kiel  and  m a i n t a i n e d  in  the  labora tory  for at  leas t  14 days  before  use.  

For each  u p t a k e  expe r imen t  n ine  ma le  Gammarus duebeni  at var ious  s tages  of the  
mou l t ing  cycle  and  al l  about  the  same  size were  p l a c e d  s epa ra t e ly  in per fora ted  p las t ic  
tubes  (d iamete r  3.2 cm, he igh t  6.0 cm) s u b m e r g e d  in 200 ml f i l te red  wa te r  (Seitz-f i l ter  
K 5). The  con tamina t ed  wa te r  had  b e e n  a l l owed  to age  for 8 days  pr ior  to the  start  of an 
exper iment .  After  the  add i t i on  of amer i c ium the m e d i u m  was  ad jus t ed  to p H  8.0. The 
expe r imen t s  were  pe r fo rmed  at 10 %o salinity,  16 A 1 ~ and  LD 12 : 12. Each gam-  
mar id  was  fed 5-10  adul t  ha rpac t i co id  copepods  once a week .  

Coun t ing  was  u n d e r t a k e n  wi th  NaI  (T1) crystals  hav ing  a g a m m a - r a y  de tec t ion  
eff iciency of 25 %. Samples  were  coun ted  for va r i ab le  t ime per iods  in  order  to ob ta in  
5000 counts  (count ing error  A 1.4 %). The expe r ime n t a l  p rocedure  is desc r ibed  in de ta i l  
in Mur ray  et  al. (1978). 

Exper iments  have  b e e n  u n d e r t a k e n  pa ra l l e l  to those  for accumula t ion  on the 
r ad ia t ion  effects of amer ic ium-241 on the survival  of juven i l e  Gammarus duebeni.  Nine  
spec imens  were  p l a c e d  in each  of th ree  expe r ime n t a l  conta iners  (total 27 gammar ids) .  
An  equa l  n u m b e r  se rved  as control.  Al l  spec imens  were  h a n d l e d  ident ica l ly .  In order  to 
avo id  b ias  in  the  a l loca t ion  of t rea tment ,  the 54 spec imens  pe r  expe r imen t  were  a l lo t ted  
to the  conta iners  us ing  r andom numbers .  As in the  u p t a k e  expe r imen t s  each  g a m m a r i d  
was  p l a c e d  in a pe r fo ra ted  plas t ic  tube  and  toge the r  wi th  the  other  e igh t  spec imens  was  
s u b m e r g e d  in 200 ml f i l te red  b rack i sh  wa te r  (10 %o S). The con tamina t ed  wa te r  h a d  
b e e n  a l l owed  to age  and  had  b e e n  ad jus t ed  to pH 8.0 i m m e d i a t e l y  after con tamina t ion  
and  a g a i n  before  the  add i t i on  of the  organisms.  Mor ta l i t ies  r ecorded  in each  of the  three  
beake r s  were  pooled .  

The resul ts  have  b e e n  a n a l y z e d  us ing  log-prob i t  t ransformation.  Means  and  stan- 
da rd  dev ia t ions  were  ca l cu la t ed  from the regress ion  equat ions .  Ana lys i s  of va r iance  
showed  cons ide rab le  consis tency of t ransformed da ta  wi th  the  l inea r  re la t ionsh ip  found. 
The logar i thms  of m e a n  survival  t imes  were  c o m p a r e d  by  S tuden t ' s  t-test after hav ing  
p roved  equa l i t y  of va r iances  by  means  of the  /V-test. This p rocedure  is a s impl i f i ed  
me thod  app rox ima t ing  the eva lua t ion  by  the m a x i m u m - l i k e l i h o o d  analys is  (cf. Kauf- 
mann,  1966). 

RESULTS 

A c c u m u l a t i o n  

The d e p e n d e n c e  of the  phys i ca l - chemica l  b e h a v i o u r  of ac t in ides  on p H  (Murray & 
Fukai ,  1975) in i t i a t ed  expe r imen t s  on the up t ake  of amer ic ium-241 by  Gammarus 
duebeni  d d at var ious  p H  va lues  in the  r ange  from 8.2-6.5. F igure  1 shows the up t ake  
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by spec imens  that  d id  not  exhib i t  moul t ing  dur ing  the e xpe r ime n t a l  pe r iod  of 100 days;  
m a x i m u m - m i n i m u m  va lues  are  given.  The  in i t ia l  u p t a k e  is r ap id  a n d  the  accumula t ed  
amount  thereaf te r  r emains  a lmost  constant .  The  pH was cont ro l led  twice  da i ly  from 
M o n d a y  to Fr iday  and  if necessa ry  adjus ted .  The in i t ia l  concent ra t ion  was  3.02/~Ci 1-1 
(0.55 ffCi 1 -~ on day  1). The  p H  va lues  chosen  were  8.0 and  7.3 for days  0-26 and  27-55, 
respect ive ly .  With in  this p H  range  the wa te r  act ivi ty  s tead i ly  dec rea sed  over  the  55 days.  
A further  dec rease  after day  55 to p H  6.5 l ed  to an  inc rease  in wa te r  ac t iv i ty  wi th  no 
v is ib le  change  in  the  accumula t ed  body  b u r d e n  of the  gammar ids .  On  day  71 the  p H  was  
r ead ju s t ed  to 7.3 as ea r l i e r  and  was  aga in  fo l lowed by  a s t eady  dec rease  in wa te r  act ivi ty  
unt i l  day  100 w h e n  the expe r imen t  was s topped.  The  changes  in wa te r  act ivi t ies  from 
days  0-55 are  cons ide red  to be  due  to the  adsorp t ion  of amer i c ium to the  con ta iner  wal l  
or to s e d i m e n t e d  par t i cu la te  mater ia l .  Under  the more  ac id  condi t ions  (pH 6.5) a 
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Fig. 4; Gammarus  duebeni .  Uptake of 241Am from aged water by 3 specimens that had moulted up to 
day 16. Closed circles and bars represent mean and range. Ecdyses are indicated by arrows 

desorpt ion process appears  to occur thereby increas ing  the water  activity. On increas ing  
the pH (7.3) aga in  a further sorption process takes place. 

The results would  appear  to indicate  that the body b u r d e n  of the organisms is not 
dependen t  on pH in  the range  8-6.5. In two specimens,  moul t ing  was actual ly observed �9 
dur ing  uptake  and  the exuviae were measured  immedia te ly  afterwards. It was found that 
56 and  85 % of total body activity (wet weight), respectively, was b o u n d  to the moults. 

The concentra t ion factor reached by  the indiv iduals  of Figure I which d i d n o t  moult  
dur ing  the course of the exper iment  was found to be 37 (wet weight  basis) r ang ing  from 
25-56 in  the per iod from days 12 to 16 at pH 8.0. The three specimens  which moul ted  
after reaching an  activity p la teau  on days 12-16 arrived at a h igher  concentra t ion factor 
of about  62 (Fig. 2). These results are in  ag reement  ~rith earl ier  f indings  of Murray et al. 
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(1978). Further, the absolute  body burden  after moult ing,  compared  with  those animals  
which  did not  moult,  was higher.  For example  b e t w e e n  days 54 and 58 the absolute  body 

bu rden  was 3.22 nCi  on ave rage  per  ind iv idua l  (weight ranges  for both groups 

100-140 mg) for moul ted  indiv iduals  and 1.28 nCi  for individuals  that  did not moult,  a 
difference of 2.5 times. Metabol ic  processes associated with  exoske le ton  formation may 

account  for this difference. 
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In gammar ids ,  dea th  often occurs at an  ecdys is  or short ly after  an  ecdys is  has  t a k e n  
p l ace  (cf. Hoppenhe i t ,  1969)~ thus mou l t ing  seems  to r ep resen t  a cr i t ical  s tep  in the  life of 
every  ind iv idua l .  If an  i nd iv idua l  does  not  have  a good  chance  of fur ther  survival  after 
mou l t ing  occurs, the  u p t a k e  of amer i c ium wi l l  be  less than  in an imals  wh ich  cont inue  to 
survive wi thout  difficult ies.  Al l  g a m m a r i d s  which  d ied  dur ing  the expe r imen t s  showed  a 
loss in ac t iv i ty  before  death .  

The  above  desc r ibed  expe r imen t  was  r e p e a t e d  wi th  an amer i c ium concent ra t ion  
about  10 t imes  lower  (0.033/~Ci 1-1 on day  1). F igure  3 presen ts  the  up t ake  in  6 spec imens  
and  the var ia t ion  in wa te r  activity.  The  two ind iv idua l s  which  mou l t ed  on days  20 and  
43, i nd i ca t ed  by  arrows, showed  no dev ia t ion  in u p t a k e  from those  wh ich  d id  not  moult .  
The  concent ra t ion  factor for days  13-17 was  found to be  78 on a ve ra ge  (range:  51-113), 
about  twice  that  found in the  first exper iment .  It should  be  no ted  that  the g a m m a r i d s  in 
the  second  expe r imen t  were  on ave rage  l igh te r  by  a factor of 0.8. Those spec imens  which  
mou l t ed  du r ing  the  first 16 days  after  the  start  of the  expe r imen t  (Fig. 4} r e a c h e d  a h ighe r  
body  b u r d e n  than  those  which  d id  not  moul t  or which  mou l t ed  after  this  pe r iod  (0.29 nCi  
as c o m p a r e d  wi th  0.19 nCi  pe r  s p e c i m e n  for days  48-51). The var ia t ion  in  wa te r  act ivi ty  
is s imi lar  to that  in the  p r e c e d i n g  exper imen t .  The observat ions  were  t e rmina t e d  on day  
74 due  to a defec t  in  the  t empera tu re -con t ro l l i ng  system. 

A thi rd  up t ake  expe r imen t  was  u n d e r t a k e n  to demons t ra te  w h e t h e r  an  inc rease  in 
p H  w o u l d  l e a d  to a change  in accumula t ion .  The up t ake  was  s tud ied  at a p H  of 8.2. A 
dec rease  in p H  to 8.0 after  37 days  d id  not resul t  in a change  of the  accumula t ed  amount  
of amer ic ium.  For days  49-53 the total  body  b u r d e n  was  0.31 nCi  pe r  s p e c i m e n  (range:  
0.21-0.38 nCi); that  is 1.6 t imes  more  than  in the  p r e c e d i n g  e xpe r ime n t  (0.19 nCi  pe r  
spec imen,  range :  0.15-0.24 nCi). It has  to be  t a k e n  into account  that  the  wa te r  act ivi ty  
was  s l ight ly  h i g h e r  in the  la t te r  expe r imen t  (0.012-0.039 and  0.013-0.052 /~Ci 1-1, 
respectively}.  In a fur ther  s tudy the  p H  was  kep t  constant  at  8.0 for 28 days  and  then  
ra i sed  to 8.2. No change  in  u p t a k e  was  observab le .  H ow e ve r  a dec rease  in the  amount  of 
a c c u m u l a t e d  amer i c ium dur ing  w e e k e n d s  fo l lowed by  an  inc rease  from M o n d a y  to 
F r iday  was  no t iced  in i nd iv idua l s  that  d id  not  moult  dur ing  the e xpe r ime n t a l  per iod.  

This p h e n o m e n o n  is demons t r a t ed  by  two examples  in F igure  5. F igure  6 shows the 
co r respond ing  dev ia t ions  in p H  before  da i ly  adjus tment .  Trends  are  i nd i ca t ed  by  do t t ed  
l ines.  In the  course of the  expe r imen t  devia t ions  from the chosen  p H  va lues  b e c a m e  
cont inuous ly  smal le r  and  the  saw- too thed  character is t ic  of curves of F igure  5 d i s a ppe a r -  
ed. From days  39 to 42 there  was  no m e a s u r a b l e  reduc t ion  of pH at an accuracy  of 
m e a s u r e m e n t  of p H  0.1. Since, never the less ,  a dec rease  in accumula t ed  act ivi ty  dur ing  
the w e e k e n d  and  an  increase  from M o n d a y  to Fr iday  (cf. Fig. 5) was  observed,  it is 
a s sumed  that  ra ther  smal l  changes  in p H  (less than  0.1) are ab le  to in f luence  the  amount  
of act ivi ty  adsorbed .  The conjec ture  that  an adsorp t ion  process  is r e spons ib le  is suppor-  
t ed  by  the observa t ion  that  only those spec imens  which  d id  not  moul t  exh ib i t ed  the  saw- 
too thed  character is t ic .  The  amer i c ium t a k e n  up by  the calc i fying ske le ton  fo l lowing 
ecdys is  seems  to be  more  s t rongly  assoc ia ted  wi th  the shell .  The p h e n o m e n o n  desc r ibed  
might ,  therefore,  be  e x p l a i n e d  on the bas is  of s imple  adsorpt ion.  The saw- too thed  
character is t ic  was  only found if the  pH d e v i a t e d  from ad jus t ed  va lues  of 8.0 or 8.2 in the  
nega t ive  direct ion.  Posi t ive dev ia t ions  were  of no inf luence.  
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Effect  o n  s u r v i v a l  

Two experiments  were performed to study the radiation effects of americium-241 on 
the survival of juveni le  G a m m a r u s  d u e b e n i .  

During the first experiment  the americ ium water activity ranged from 1.46-0.15 MCi 
1 -I (Fig. 7), equiva lent  to a metal  concentration of 450-46  ng  1 -I. Based on observations of 
the activity accumulated  by juveni le s  of the same s ize  (average we ight  of irradiated 
group 23 ___ 7 rag, 1 sigma) at an average activity of 0.15 MCi l -I (range: 0 .08-0.25 ~Ci I-I), 
the body burdens were est imated to be 3.1 nCi (range: 1.3-8.5 nCi), equivalent  to about 

I ng  Am. 
As can be s een  in Figure 7 the hydrogen ion concentration dropped from pH 8.0 (day 

0) to about pH 7.2 over the first five days. It then remained  reasonably constant until  day 
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33 after which  it dec r ea sed  ti l l  day  54. This dec rease  m a y  ind ica te  a change  in wa te r  
qual i ty  b rought  about  by, among  other  factors, the  amount  of food offered to ind iv idua l s  
l iv ing in smal l  vo lumes  of water .  The  g a m m a r i d s  were  fed twice  a w e e k  ti l l  day  50 wi th  
e i ther  commerc ia l ly  ava i l ab l e  fish food or spinach;  they  w e r e  then  g iven  food only once 
a week .  This change  in the f eed ing  cycle  after day  50 was  fo l lowed by  a s low increase  in  
pH unt i l  day  75. It can be  seen  by  compar i son  wi th  F igure  1 that  a s imi lar  t rend  in wa te r  
act ivi ty  occurs in the  two exper iments .  A dec rease  in p H  to a round  6.0-6.5 is accom- 
p a n i e d  by  an  increase  in  the  wa te r  activity.  

The s imul taneous  a p p e a r a n c e  of h igh  mor ta l i ty  and lowered  p H  in both  groups  
(Fig. 8) l eads  us to assume that  the  obse rved  effect on survival  is caused  by  a synerg i sm 
b e t w e e n  rad ia t ion  and phys io log ica l  stress due  to unfavourab le  expe r imen ta l  condi-  
tions. The  di f ference b e t w e e n  groups  was found to be  s ignif icant  at the  99 % level  (one- 
tai led).  The m e a n  survival  t imes  were  ca lcu la t ed  accord ing  to Sachs (1974, p. 88) to be  64 
and  72 days,  the  95 % conf idence  in terva ls  ex t end ing  from 66 to 75 and  58 to 68 days,  for 
the control  and  i r r ad ia t ed  groups,  respect ive ly .  

Mur ray  et al. (1978) obse rved  a cessa t ion  of moul t ing  in spec imens  exposed  to 
amer ic ium-243.  They  p roposed  that  this  migh t  be  due  to i r radiat ion.  The  p resen t  
expe r imen t s  show that  both  in control  and  i r r ad ia t ed  groups  moul t ing  rates,  as shown in 
F igure  9, were  iden t i ca l  unt i l  day  21; thereaf te r  a s l ight  difference in the ra tes  for the two 
groups  appears .  The ra te  for the  i r r ad ia t ed  group was somewha t  s lower  than  for the  
control  group.  After  days  49 and  54 no further  moul t ing  was obse rved  for the  dura t ion  of 
the  exper iment .  This cessa t ion  of moul t ing  in both  groups  is p robab ly ,  therefore,  
a sc r ibab le  to the gene ra l  expe r imen t a l  condit ions.  

In the  second  expe r imen t  the concent ra t ion  of amer i c ium r a n g e d  from 0.03 to 0.47 
#Ci 1-1 (Fig. 10). Twice a w e e k  the  g a m m a r i d s  were  fed 3 ha rpac t i co id  copepods;  once a 
for tnight  they  r ece ived  sp inach  ins t ead  of copepods .  In spi te  of the  c ha nge d  feed ing  
r e g i m e n  the pH d r o p p e d  from an in i t ia l  va lue  of 8.0 to 5.5. A g a i n  a dec rease  in p H  is 
a c c o m p a n i e d  by  an  increase  in wa te r  activity.  Differences in survival  (Fig. 11) are  not 
s ignif icant .  The  m e a n  survival  t imes  were  e s t ima ted  to be  75 and  90 days,  the  95 % 
conf idence  intervals  ex t end ing  from 63 to 82 and  71 to 98 days,  for the  control  and  
i r r ad ia t ed  groups,  respect ive ly .  The body  bu rdens  were  e s t ima ted  to be  0.37 nCi  (range: 
0.15-0.78 nCi). 

Observa t ion  of the  moul t ing  rates  y i e l d e d  a s imi lar  pa t t e rn  to that  ob ta ined  in the  
first expe r imen t  (cf. Fig. 9), the n u m b e r  of moults  pe r  spec imen  b e i n g  less in the  
i r r ad ia t ed  group.  

D o s i m e t r y  

Accura te  es t imates  of abso rbed  dose rate  or total  a b s o r b e d  dose d e p e n d  on a 
k n o w l e d g e  of the  prec i se  d is t r ibut ion  of the source of r ad ia t ion  in re la t ion  to poss ib le  
targets  and  its va r ia t ion  in t ime toge ther  wi th  an  appropr ia t e  poin t  source dose dis t r ibu-  
t ion function. In the p resen t  instance,  a l ack  of informat ion as to the  iden t i ty  of the ta rge t  
or ta rge ts  and  l imi ted  informat ion as to the di f ferent ia l  accumula t ion  and  d is t r ibu t ion  of 
amer ic ium-241 by  the amph ipods  necess i ta tes  var ious  s impl i fy ing  assumptions .  The 
accumula t ion  of amer ic ium-241 in al l  compar tments  wi th in  the a m p h i p o d  has  b e e n  
a s sumed  to have  the same t i m e - d e p e n d e n c y  as de t e rmine d  for whole  body  up t ake  by  
juveni les ,  i.e. 
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( -0.693t ) 
C(t) = Css 1 -  exp t~2 

where  C (t) is the concentra t ion  at t ime t; 
Cs~ ist the steady state concentrat ion;  and  
tl/2 is the t ime constant  of the accumula t ion  process, in  this case 1.4 days. The 

descript ion of the differential  d is t r ibut ion of the radionucl ide  wi th in  the amphipod  has 
b e e n  l imited to two compartments:  the exoskeleton with a uniform dis t r ibut ion of 
activity over the external  surface and  soft t issue with a uniform distr ibut ion of activity 
throughout  the volume.  The data re levant  to the dose calculat ions are summar ized  in  

Table  1. 

Table 1. Basic data for dose calculations 

Experiment I Experiment II 

Mean water concentration (pCi m1-1) 
Mean weight of amphipods (g) 
Estimated surface area of amphipods ( c m  2) 1 .6  
Weight (g) of exoskeleton (19 % of body weight) 4 .4  X 10  - 3  

Weight (g) of soft tissue (81% of body weight) 1.86 • 10 -2 
Estimated equilibrium body burden (pCi) 3.1 x 103 
Radioactivity (pCi) in exoskeleton (61% of body burden) 1.9 X 103 
Radioactivity (pCi) in soft tissue (39 % of body burden) 1.2 X 103 
Concentration of radioactivity in exoskeleton (pCi cm -2) 1.2 • 10  3 
Concentration of radioactivity in soft tissue (pCi g-l) 6.5 X 104 
Mean survival time (days) 64 

5.92 • 102 8.50 x 101 
(2.3 __ 0.7) • 10-2{2.5 __ 0.8) • 10 -2 

1.6 
4.8 x 10 - 3  

2.02 x 10 - 2  

3.7 x 10  2 
2.3 • 102 
1.44 X 102 
1.4 X 102 
7.1 X 103 
9O 

The absorbed dose rate and  the total absorbed dose have b e e n  calculated for two 
targets: firstly, cells in  the soft t issue effectively sur rounded  by an  inf ini te  source of 
uniformly dis t r ibuted americium-241,  and  secondly, the nuc leus  of an  ep idermal  cell 10 
~ n  diameter  ad jacent  to cuticle of thickness 5.8 ~an (this be ing  the est imated weigh ted  
m e a n  cuticle thickness for the whole body; measurement s  t aken  from fixed material).  It 
has b e e n  assumed that the nuc leus  is central ly s i tuated wi th in  the cell and  therefore 10.8 
/~m from the radioactivity adsorbed to the external  surface of the cuticle. 

Soft tissue 

The dose rate in an  effectively inf ini te  volume (ie. d imens ions  >> than  the range  of 
the radiation) of t issue uniformly con tamina ted  with radioactivity is 

Da (co) = 2.31 Ea Css prad h -1, 

where  E ,  is the m e a n  energy  of the a-part icles in  MeV 
and  Cs~ is the steady state concentra t ion in  pCi g-1. 

The total absorbed dose over the m e a n  survival  t ime is 

T~ ( - -0.693t  ) 
D~ (Ts) = So 2.31 Ea Css 1 - -exp  tl/2 X 24 dt. 
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These  express ions  give 

D~ (oo) = 0.77 rad  h -1 and  D~ (Ts) = 1150 t a d  

respec t ive ly  for expe r imen t  I, and  

D a(oo) = 0 . 0 8 r a d h  - l a n d D ~ ( T s )  = 1 7 8 r a d  

respec t ive ly  for expe r imen t  II. 

Epidermal cell nucleus 

For a -par t i c les  wi th  r anges  in t issue of the  order  of a few tens  of microns (prn) it  is 
c lear  that  the  d is t r ibu t ion  of the  source should  be  k n o w n  on this scale  for an  accura te  
es t imat ion  of r ad ia t ion  dose.  Since the  da t a  do not  have  this deg ree  of de ta i l  fur ther  
s impl i f ica t ion  of the  dos imet ry  mode l  is necessary .  As a first step, the  dose rate  at a poin t  
10.8 pm from an  effect ively inf ini te  p l ane  source can  be  cons idered ,  and  the dose ra te  is 
g iven  by:  

Da(h)  = T1"07 [ A l n  ( _ ~ ) + B ~  ( R 2 - - h  2) ]/~rad h -1 (pCi ca-2)  -1 

where  0 is the  dens i ty  of the  t issue,  he re  t a k e n  to be  1 g c m  -a, 

A = 8.6 x 102 MeV cm-1; / at  the  m e a n  ene rgy  of the  a -par t i c les  emi t t ed  by  
B = 1.02 x 108 MeV cm-a; J 241Am (5.57 MeV) 
R a = 4.02 X 10 -3 cm 

and  h = 1.08 X 10 -a cm in the  p resen t  examp le  (Woodhead,  1979). 

The total  dose  over  the  m e a n  survival  pe r iod  is g iven  by  

Ts ( ) 
D~ (h, Ts) = J" D~ (h) X 24 1 - e x p  -0.693_ t dt r ad  (pCi cm-2) -1. 

o tv2 

These  express ions  give 

D~ (1.08• 10 -3) = 2.43 r ad  h -t and  D~ (1.08x 10 -3, T~) = 3620 t a d  

for expe r imen t  I, and  

D~ (1 .08•  -3) = 0.28 r ad  h -1 and  D~ (1.08X 10 -3, Ts) -- 600 rad  

for expe r imen t  II. 

These  va lues  are  p r o b a b l y  r ea sonab le  es t imates  for the  rad ioac t iv i ty  a s sumed  to be  
uni formly  sp read  over  par ts  of the  exoske le ton  with  a r e la t ive ly  la rge  rad ius  of curvature  
(~> 0.Smm}, i.e. the  body  surface and  the l a te ra l  p la tes .  For par ts  of the  exoske le ton  wi th  a 
smal l  rad ius  of curvature  (~< 0.5 mm), i.e. the  legs,  a n t e n n a e  etc, these  va lues  p r o b a b l y  
r ep resen t  unde re s t ima te s  because  inc reas ing  curvature  increases  the  con tamina t ed  
surface a rea  wi th in  r ange  of the  target .  It is not  poss ib le  to gene ra t e  an ana ly t i ca l  
express ion  for the  dose ra te  at an  off-axis poin t  e n c l o d e d  ins ide  a long cy l indr ica l  source,  
bu t  an  ind ica t ion  of the  effect of inc reas ing  curvature  on the dose ra te  at a poin t  10.8/~m 
from the  con tamina ted  surface is ava i l ab l e  for a spher ica l  shel l  source s ince 
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D a (h, r) = - -  r { l} r - h  Aln  + ~ ( 2 r - h ) 2 - h  2 /~rad (pCi cm-2) -1 

fo r  2 r - - h ~ <  R a a n d  

Da (h, r) = -- 

4-- 

q 

~3- 

O 

o 

I-- 

for 2r-- h > R a 

1.07 r 
p r--h 

B h _  1 

{Woodhead, 1979). 
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Fig�9 12. Dose  ra te  at an  in terna l  poin t  10.8 ~an f rom the  surface of spher ica l  shel ls  of different  radii  
un i formly  con tamina ted  wi th  241Am at 1.2 X 103 pCi  cm -2 

As expected, the second expression reduces  to that for an  inf ini te  p lane  source, as g iven  
above, for r --~ oo. The der ived values  of the dose rate are plotted in  Figure 12, from which 
it can be seen  that the dose rate at a point  from the curved surface is always greater  than  
that at an  equ iva len t  point  from a p lane  surface�9 The dose rate at an  equ iva len t  point  for 
the cyl indrical  surface will  lie be tween  the extreme values  g iven  by the spherical  and  
p lane  cases because  the cyl inder  has curvature about  a s ingle  axis compared with three 
for the sphere. Thus est imates based  on a p lane  source configurat ion are only l ikely to 

Table  2. S u m m a r y  of dose rate and  total abso rbed  dose es t imates  

Exper imen t  I Exper imen t  II 

Dose rate to soft t issue f rom 
accumula t ed  radioact ivi ty 
Total ab so rbed  dose to soft t i ssue from accumula ted  
radioact ivi ty over  the m e a n  survival  per iod  

Dose rate  to ep ide rma l  cell nuc leus  from 
(a) radioact ivi ty on the exoske le ton  
(b) radioactivi ty in soft t issue 
(c) radioact ivi ty in the wa te r  
Total dose  rate from the three  sources  
Total  ab so rbed  dose to ep ide rma l  cell nuc leus  from 
the  three  sources  over  the  m e a n  survival  pe r iod  

0.77 rad h - t  0.08 rad  h - I  

1150 rad  178 rad  

2.43 rad  h -1 0.28 rad  h - t  
0.59 tad  h -1 0.06 rad  h -1 
1.68 • 1 0 - 3 r a d h - 1 2 . 4 1  • 1 0 - 4 r a d h  -1 
3.02 tad  h -1 0.34 rad  h -1 

4500 rad 740 rad 
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err s ignif icant ly on the low side for those appendages  with diameters  in  the range  40 /an  

to 100 Inn. 
The target  cell nuc leus  a l ready considered will  also be i r radiated by a-particles 

or ig inat ing in  the water  and  in the soft tissue. The required  expression is for the dose rate 

at 10.8 ~m from a thick p lane  source, ie. 

oo,  .07T[(A §  ,-A ln  ,,ci 

for the activity in  the water  and  for the activity in  soft t issue 

D~ tiss. (h, oo) -- D~ (oo) - D~ (h, oo) ffrad h -1 (pCi g-1)-1, 

where  •, A, B and  R a have the vaiues  used previously. The dose rate and  total dose to the 
ep idermal  ceII nuc leus  from activity in the water  are 

D a (h, oo) = 1.68 • 10 .3 rad h -1 and  D a (h, 0% Ts) = 2.50 rad 

for exper iment  I, and  

Da (h, oo) ---- 2.41 x 10 .4 rad h -1 and  D a (h, 0% Ts) ---- 0.51 rad 

for exper iment  II. 
Similarly, the dose rate and  total absorbed dose to the ep idermal  cell nuc ieus  from the 
activity in  the soft t issue are 

Da tiss. (h, o0) = 0.59 rad h -1 and D~ tiss. (h, 0% Ts ) = 873 rad 

for exper iment  I, and  

Da tiss. (h, oo) -- 0.06 rad h -1 and D a tiss. (h, ~, Ts) = 135 rad. 

The results of the calculat ions are summarized  in  Table  2. 

DISCUSSION 

Fowler et al. (1975) for p lu ton ium (4-6) gave the percentage  conta ined  in  moults  of 
the shrimp, Lysmata sedicaudata, as 92-100 and  as 70-100 in  the euphausi id ,  Mega- 
nyctiphanes norvegica (Fowler & Heyraud,  1976). In the lobster 89.5 % of the total body 
b u r d e n  of p lu ton ium was found to be associated with the calcified exoskeleton (Ward, 
1966). Similar h igh proportions were es tabl ished to be associated with the exoskeleton 
in  Cancerpagurus and  Lysmata sedicaudata in  uptake  exper iments  with the t ransuranic  
e lement  n e p t u n i u m  (Guary & Fowler, 1978). In Gammarus duebeni the percentage  fixed 
on the exoskeleton has b e e n  est imated to be 6 1 %  (range: 30-94 %). The measured  
activities of the exuviae (n -- 17) have b e e n  rela ted both to the activities of gammar ids  
on days before and  on days of moult.  The m e a n  value  is given. From these and the above- 
cited f indings  it has to be  concluded that the larger fraction of the total amer ic ium body 
b u r d e n  is associated with the exoskeleton. 

Al though at pH 6.5 an  increase in  water  activity due to desorption from the 
exper imenta l  system was seen  to occur, the body b u r d e n  of the gammar id  r ema ined  
unchanged .  It thus seems that the uptake mechan i sm by which Gammarus obtains the 
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major  par t  of its body  act iv i ty  must  b e  such ,a s to s t rong ly  protect  the  act ivi ty  assoc ia ted  
wi th  the  exoske l e ton  in the range, of  p I ~  8.0-6.5. Based  on the observa t ion  tha t  the  
amer i c ium body  b u r d e n  r ema ins  cons t an t  wi th  c h a n g i n g  env i ronmen ta l  condi t ions  it 
wou ld  a p p e a r  that  the  e s t ab l i shmen t  of a concent ra t ion  factor is mean ing les s .  Work  
u n d e r t a k e n  on poin t  1 (see introduct ion)  of the  p resen t  s tudy on the d e v e l o p m e n t  of 
me thods  to charac te r ize  ac t in ide  chemica l  spec ia t ion  has  further shown that  concent ra-  
t ion factors vary  grea t ly  (2 orders  of m a g n i t u d e  difference) d e p e n d i n g  on the source te rm 
of the  ac t in ides  (Murray et  al., 1979). The p resen t  authors  thus propose  that  the  concept  
of concent ra t ion  factors should  be  r e - e x a m i n e d  and  in future be  de f ined  for ac t in ides  in 
terms of env i ronmen ta l  and  chemica l  parameters .  The  resu l t ing  factor should  r ep resen t  
the b i o a v a i l a b l e  fract ion of these  e lements .  

Ward  (1966) obse rved  that  p lu ton ium is a ccumula t ed  in  the  lobster  at a ra ther  h igh  
rate  by  the ca lc i fy ing shell ,  a p h e n o m e n o n  that  was  also obse rved  for gammar ids .  
Mur ray  et  al. (1978) found h ighe r  up t ake  in spec imens  that  had  mou l t e d  i day  before  the  
start  of an expe r imen t  as c o m p a r e d  wi th  those which  h a d  b e e n  e xpose d  in a la te r  phase  
wi th in  the i r  mou l t ing  cycles. In the  p re sen t  work  it has  b e e n  shown that  u p t a k e  is r a p i d  
and  h ighe r  concent ra t ion  factors are r e ached  in juven i l e  spec imens .  

Wi th  the excep t ion  of a short  communica t ion  by  Pi t tock & Calk ins  (1973) the  authors  
are  not  aware  of any  p u b l i s h e d  ma te r i a l  on the  effects of amer i c ium on aqua t ic  
organisms.  A few references ,  however ,  are  g iven  by  Blaylock & Traba lka  (1978) and  Til l  
(1978) for p lu tonium.  In s tudies  on the effect of chemica l  toxici ty  on eggs  of carp and  
fa thead  minnows,  us ing  very  low specif ic  act ivi ty  p lu ton ium it was  found that  the  me ta l  
concent ra t ion  of 244pu necessa ry  to cause  a de le te r ious  effect had  to be many  orders  of 
m a g n i t u d e  g rea te r  (rag 1-1) than  the me ta l  concent ra t ion  of 238pu r equ i r ed  to ach ieve  a 
rad io toxic  effect (Till et  al., 1976). On the bas is  of these  f indings  we assume that  the  
effects obse rved  in the  p resen t  expe r imen t  are  ma in ly  due  to i r rad ia t ion  b y  5.57 M e V  a- 
par t ic les .  

Inves t iga t ions  car r ied  out by  H o p p e n h e i t  (1969, 1972, 1973) on Gammarus  duebeni  

us ing  acute  X- i r rad ia t ion  i nd i ca t ed  that  doses  b e l o w  1000 R6ntgen only p roduce  sub- 
le tha l  effects and  it was  found that  doses  of 220 R or lower  have  a " s t imula t ing"  effect 
d i s t i ngu i shab le  by  the h ighe r  survival  rate  of the  i r r ad ia t ed  spec imens .  It cannot  be  
e x c l u d e d  that  the  di f ference in survival  ra tes  in the  second  i r rad ia t ion  expe r imen t  m a y  
be  the  consequence  of a s imi lar  process.  Work  u n d e r t a k e n  by  Pi t tock & Calk ins  (1973) on 
pro tozoa  i r r ad ia t ed  wi th  amer ic ium-241 a l p h a  par t ic les  offers ev idence  that  d a m a g e  
from h igh  LET rad ia t ion  is po ten t i a l ly  r e p a i r a b l e .  

The dose rate  and  total  dose  va lues  g iven  in  Tab le  2 are, of course,  sub jec t  to many  
qual i f ica t ions  and  should  not  be  t a k e n  as any more  than  indica t ions  of the m a g n i t u d e s  of 
the  a b s o r b e d  doses  which  m a y  have  b e e n  accumula t ed  dur ing  the course of the  
exper iments .  The  grea tes t  improvemen t  in the  accuracy  of the  es t imates  could  be  g a i n e d  
from a be t t e r  k n o w l e d g e  of the  m a g n i t u d e  and  geomet ry  of the source of r ad ia t ion  
re la t ive  to specif ic  t a rge t  cells,  t i ssues  or organs.  However ,  s ince the grea te r  par t  of the  
body  b u r d e n  is a s soc ia ted  wi th  the  ex t r eme ly  complex  outer  surface of the exoske le ton  it 
wi l l  not  be  easy  to m a k e  la rge  improvemen t s  in the  accuracy  of the es t imates .  

In add i t i on  it should  be  no ted  that  the de t e rmina t ion  of the  b io log ica l ly  effective 
dose to the  soft t issue or the e p i d e r m a l  cel ls  requ i res  the  a b s o r b e d  doses  g iven  in Tab le  2 
to be  i nc r ea sed  by  a factor of 20 (the qua l i ty  factor r e c o m m e n d e d  by  ICRP for a- 
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pa r t i c l e s ) .  S u c h  a r e - e v a l u a t i o n  is n e c e s s a r y  if r e a s o n a b l e  c o m p a r i s o n s  a r e  to b e  m a d e  

b e t w e e n  t h e  r e s u l t s  p r e s e n t e d  h e r e  a n d  t h e  e f fec t s  n o t e d  a f t e r  X-  or  y - i r r ad i a t i on .  

T h e  c o n c e n t r a t i o n s  of 241Am u s e d  i n  t h e s e  e x p e r i m e n t s  a r e  s e v e r a l  o r d e r s  of m a g n i -  

t u d e  h i g h e r  t h a n  t h o s e  w h i c h  c o u l d  o c c u r  i n  t h e  m a r i n e  e n v i r o n m e n t  o n  t h e  g r o u n d s  of 

p u b l i c  r a d i a t i o n  p r o t e c t i o n .  F u t u r e  s t u d i e s  wi l l  i n v e s t i g a t e  t h e  p o s s i b l e  e f fec t s  of 241A1~ 
c o n c e n t r a t i o n s  w h i c h  a r e  m o r e  r e l e v a n t  to  e n v i r o n m e n t a l  c o n c e r n s .  
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