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ABSTRACT 

TILL, John E., S .  V .  KAYE, J. R. TRABALKA. 
1976. 
t o  t h e  Developing Embryos o f  F ish.  
Oak Ridge Nat iona l  Laboratory ,  Oak Ridge, 
Tenn. 187 pp. 

The T o x i c i t y  o f  Uranium and Pluton ium 
ORNL 5160. 

The r a d i o l o g i c a l  and chemical t o x i c i t y  o f  p lu ton ium and uranium 

t o  the  develop ing embryos o f  f i s h  was i n v e s t i g a t e d  us ing  eggs f rom carp, 

Qprinus carpio,  and fa thead minnows, PimephuZes promeZas. 

f e r t i l i z e d  eggs were developed i n  s o l u t i o n s  c o n t a i n i n g  h igh  s p e c i f i c  

a c t i v i t y  2 3 8 ~ u  o r  2 3 2 ~  o r  low s p e c i f i c  a c t i v i t y  2 4 4 ~ u ,  2 3 5 ~ ,  o r  238u 

F resh ly  

Q u a n t i t a t i v e  t e s t s  t o  determine t h e  p e n e t r a t i o n  o f  these elements through 

the  cho r ion  i n d i c a t e d  t h a t  p lu ton ium accumulated i n  the  conten ts  o f  carp 

eggs reach ing  a maximum concen t ra t i on  f a c t o r  o f  approx imate ly  3.0 a t  

ha tch ing .  Autoradiographs of 16 1-1 egg sec t i ons  showed t h a t  p lu ton ium 

was u n i f o r m l y  d i s t r i b u t e d  i n  the egg volume. Uranium l o c a l i z e d  i n  the  

y o l k  m a t e r i a l ,  and t h e  concen t ra t i on  f a c t o r  i n  the  y o l k  sac remained 

cons tan t  d u r i n g  development a t  approx imate ly  3.3. Doses from 238Pu 

which a f f e c t e d  h a t c h a b i l i t y  o f  t h e  eggs were es t imated t o  be 1.6 x 

10 rads and 9.7 x 10 rads f o r  C. cmpio  and P. promelas, r e s p e c t i v e l y ;  

doses f rom 232U were 1.3 x 10 rads f o r  C. carpi0 and 2.7 x 10 rads 

f o r  P. promelas. A g rea te r  number o f  abnormal l a r v a e  than i n  c o n t r o l  

groups was produced by 238Pu doses o f  4.3 x 10 rads t o  carp and 5.7 x 

10 rads t o  fa thead minnows; 3.2 x 10 rads and 2.7 x 10 rads were 

es t imated  f rom 232U. 

hatch. Th is  m o r t a l i t y  may have been the  r e s u l t  of  chemical t o x i c i t y  

4 3 

4 3 

3 

2 3 2 

Eggs t h a t  were incubated  i n  20 ppm 244Pu d i d  n o t  
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of p l u t o n i u m .  Concentrations of  60 ppm of 235U and 238U d i d  not a f f ec t  

egg hatching. 

Based on these data ,  concentrations i n  fish eggs were calculated 

for representative concentrations of uranium and p lu ton ium i n  natural 

waters and the  corresponding dose levels  are  below those levels  a t  which 

observable e f f e c t s  begin t o  occur. 
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CHAPTER I 

INTRODUCTION 

D e f i n i t i o n  o f  the  Problem 

Very l i t t l e  exper imenta l  data a re  a v a i l a b l e  i n  the  l i t e r a t u r e  

concern ing the  e f f e c t s  t h a t  p lu ton ium and uranium have on aqua t i c  b i o t a .  

Metabol i c  and environmental  t r a n s p o r t  p r o p e r t i e s  o f  these elements have 

been o f  g r e a t  i n t e r e s t  t o  s c i e n t i s t s  f o r  a number o f  years.  Research 

t o  assess t h e  impact o f  p lu ton ium and uranium i n  t e r r e s t r i a l  and aqua t i c  

ecosystems must proceed concomitant w i t h  the  development o f  t he  nuc lea r  

i n d u s t r y .  

T h i s  research focuses on one type o f  aqua t i c  b i o t a ,  t h e  f i s h  egg. 

S p e c i f i c a l l y ,  t h e  problem i s  ( a )  t o  develop a means o f  de termin ing  the  

r e l a t i v e  t o x i c i t y  of p lu ton ium and uranium i n  aqua t i c  ecosystems and t o  

eva lua te  f i s h  eggs as such an i n d i c a t o r  o f  t o x i c i t y ;  and ( b )  t o  use t h i s  

i n f o r m a t i o n  t o  compare the  r a d i o t o x i c i t y  o f  var ious  p lu ton ium and uranium 

n u c l i d e s  i n  aqua t i c  systems. 

P luton ium i n  t h e  Aquat ic  Environment 

The behavior  and e f f e c t s  o f  p lu ton ium i n  the  environment have 

been o f  g r e a t  i n t e r e s t  and in tense  s tudy  s ince  p lu ton ium was f i r s t  i s o -  

l a t e d  as an element i n  1941. 

have d e a l t  s p e c i f i c a l l y  w i t h  the  metabol ic ,  environmental  , and chemical 

p r o p e r t i e s  o f  p lutonium.’  92’3’4’5’6 These e f f o r t s  a re  r a p i d l y  making 

Several  recen t  p u b l i c a t i o n s  and symposia 
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p lu ton ium one o f  t h e  most e x t e n s i v e l y  s tud ied  and w e l l  documented o f  t he  

radioelements.  However, much more in format  on i s  needed be fore  science 

can determine c o n c l u s i v e l y  t h e  t o t a l  e f fec t  t h a t  p lu ton ium has on man 

and o t h e r  b i o t a .  

P luton ium does n o t  occur n a t u r a l l y ;  the  p lu ton ium t h a t  i s  cur-  

r e n t l y  on t h e  sur face  of the  e a r t h  has come from f o u r  major  sources. 

Nuclear  weapons t e s t i n g  

10 kCi o f  238Pu.7 The 

bu ted  17 kCi o f  238Pu. 8 

con t r i bu ted  approx imate ly  320 kCi o f  239Pu and 

oss o f  a SNAP 9A s a t e l l i t e  power source d i s t r i -  

Nuclear  weapons acc idents  l e f t  some p lu ton ium 

a t  va r ious  s i t e s .  F i n a l l y ,  t he  nuc lear  f u e l  c y c l e  annua l ly  re leases  

smal l  q u a n t i t i e s  o f  p lu ton ium t o  t h e  environment. Hanson d i v i d e d  9 

these sources i n t o  two categor  

te rmino logy  r e f e r s  t o  man's ab 

expansion o f  nuc lea r  power and 

es, c o n t r o l l e d  and uncon t ro l l ed ;  t he  

l i t y  t o  con ta in  p lu ton ium. With the  

the  impending development o f  t he  breeder 

r e a c t o r ,  p lu ton ium w i l l  con t inue t o  be produced i n  l a r g e  q u a n t i t i e s  and 

may p o t e n t i a l l y  e n t e r  the  biosphere.  

P luton ium enters  the  aqua t i c  ecosystem through t h e  biogeochemical 

c y c l e  f o r  bo th  c o n t r o l l e d  and u n c o n t r o l l e d  re leases.  

system may be d i v i d e d  i n t o  t h e  bas i c  components t h a t  a re  i l l u s t r a t e d  i n  

An aqua t i c  eco- 

F igu re  1. The i n i t i a l  e n t r y  of p lu ton ium i n t o  t h i s  ecosystem may occur  

through c o n t r o l l e d  o r  u n c o n t r o l l e d  re leases  t o  t h e  atmosphere o r  water ,  

o r  through u n c o n t r o l l e d  re leases  t o  s o i l  o r  bedrock f rom storage s i t e s .  

C o n t r o l l e d  re leases  t o  t h e  atmosphere are  t y p i c a l l y  very  smal l ;  however, 

t h e  c o n t r o l l e d  d isposa l  o f  l a r g e  q u a n t i t i e s  o f  p lu ton ium i n  water  as 

r a d i o a c t i v e  waste, p a r t i c u l a r l y  i n t o  the  ocean, i s  n o t  uncommon. Some 

areas o f  t h e  Nor th  Sea con ta in  p lu ton ium a t  measured concent ra t ions  
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F igu re  1. Components of an Aquat ic  Ecosystem 

o f  5-15 t imes h i g h e r  than i n  the  Nor th  A t l a n t i c . ”  The d isposa l  o f  p l u -  

tonium o f f  t h e  E n g l i s h  Coast a t  a r a t e  of 1 . 2 ~ 1 0  c u r i e s  p e r  y e a r  has 

been r e p o r t e d  by Heather ing ton  e t  a l .  l1 Also, r e c e n t  measurements have 

shown t h a t  p lu ton ium may m ig ra te  from d isposa l  areas through h y d r o l o g i -  

c a l  format ions. 

3 

12 

The l i ’ t e r a t u r e  con ta ins  very l i t t l e  i n f o r m a t i o n  on the  e f f e c t s  o f  

p lu ton ium on a q u a t i c  b i o t a .  Also, t h e  chemical behav io r  o f  p lu ton ium 

i n  a q u a t i c  systems i s  s t i l l  n o t  w e l l  understood. The e c o l o g i c a l  aspects 

o f  p lu ton ium i n  aqua t i c  environments a re  reviewed i n  a paper by 

N ~ s h k i n . ’ ~ ’ ~ ~  I n  h i s  r e p o r t  Noshkin p o i n t s  ou t  t h a t  e s s e n t i a l l y  a l l  

pub l i shed  work has been concerned w i t h  f a l l o u t  l e v e l s  o f  p lu ton ium i n  
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the  marine environment; he suggests t h a t  these da ta  should be used con- 

s e r v a t i v e l y  t o  assess t h e  d i s t r i b u t i o n  and behavior  o f  p lu ton ium t h a t  

en te rs  t h e  marine environment f rom sources o the r  than f a l l o u t .  Noshkin 

a l s o  shows t h a t  f a l l o u t  239Pu c o n t r i b u t e s  more than f a l l o u t  

137Cs t o  t h e  a r t i f i c i a l  r a d i a t i o n  exposure o f  many marine species.  

o r  

I n  o rde r  t o  f u r t h e r  i n v e s t i g a t e  the  e f f e c t s  o f  p lu ton ium i n  the  

environment, a s tudy o f  t h e  f i s h  embryo, a h i g h l y  r a d i o s e n s i t i v e  repre-  

s e n t a t i v e  o f  t h e  aqua t i c  b i o t a ,  has been se lec ted  f o r  t h i s  research. 

The S i g n i f i c a n c e  of Research on H igh  S p e c i f i c  A c t i v i t y  Uranium 

As d iscussed i n  the  prev ious  sec t ion ,  the  need f o r  f u r t h e r  

research on p lu ton ium has been w e l l  es tab l i shed.  Since t h e  d iscovery  

o f  uranium i n  1789 and p a r t i c u l a r l y  i n  t h e  l a s t  h a l f  century ,  ex tens ive  

knowledge about i t s  b i o l o g i c a l  , environmental  and chemical p r o p e r t i e s  

has been accumulated. A lso,  w i t h  the  c u r r e n t  i n t e r e s t  i n  nuc lear  

energy, uranium has become one of t he  bes t  understood and documented 

elements i n  the  p e r i o d i c  tab le .  However, l e s s  i s  known about i t s  tox -  

i c i t y  than o t h e r  aspects and the  reason f o r  a d d i t i o n a l  research on 

uranium, p a r t i c u l a r l y  h i g h  s p e c i f i c  a c t i v i t y  uranium, w i l l  be d iscussed 

i n  depth i n  t h i s  sec t ion .  

Th is  au thor  has eva lua ted  the  r a d i o l o g i c a l  impact o f  uranium 

used i n  t h e  thor ium f u e l  cyc le .  The r e s u l t s  o f  these s tud ies  have been 

r e p o r t e d  i n  t h e  l i t e r a t u r e  15y16’17y18 and w i l l  be reviewed. 

pated use o f  r e c y c l e  233U as a f i s s i l e  m a t e r i a l  t o  supplement 235U i n  

t h e  nuc lea r  f u e l  c y c l e  has been demonstrated t o  be bo th  economical and 

The a n t i c i -  

n 
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f e a s i b l e .  Also,  t h e  breeding p o t e n t i a l  o f  233U f u e l s  r e q u i r e  t h a t  t h i s  

19 ¶ 20 ¶ 21 source o f  energy be u t i l i z e d  t o  i t s  f u l l e s t  ex ten t .  

F igu re  2 i l l u s t r a t e s  the  High Temperature Gas-Cooled Reactor 

(HTGR) f u e l  c y c l e  which uses thor ium as the  f e r t i l e  m a t e r i a l .  Neutron 

cap tu re  i n  232Th and be ta  emission o f  233Th and 233Pa l e a d  t o  t h e  pro-  

d u c t i o n  o f  233U which i s  separated du r ing  reprocess ing,  then r e f a b r i c a t e d  

and r e c y c l e d  back t o  the  r e a c t o r  t o  compose approx imate ly  37% o f  the  

f u e l  elements. 

Because 238U and 235U have very long r a d i o a c t i v e  h a l f  l i v e s  and 

consequent ly very low s p e c i f i c  a c t i v i t i e s ,  t he  maximum perm iss ib le  con- 

c e n t r a t i o n  (MPC) values es tab l i shed  by the  I n t e r n a t i o n a l  Commission on 

Rad io log i ca l  P r o t e c t i o n  (ICRP) are determined by chemical t o x i c i t y  

r a t h e r  than by the  e f f e c t s  o f  r a d i a t i o n .  

t h e  s h o r t e r  l i v e d  uranium iso topes  ( ¶ ¶ 9 

240U) a r e  determined by r a d i o b i o l o g i c a l  e f fec ts .  2 s 2 2  The c r i t i c a l  organ 

Corresponding MPC values f o r  
230u 232u 233u 23411 23611, and 

f o r  l onger  l i v e d  iso topes  i s  the  k idney w h i l e  the  bone i s  the  c r i t i c a l  

organ f o r  s h o r t e r  l i v e d  iso topes .  
23ZU Uranium-233 f u e l  may con ta in  up t o  approx imate ly  1200 ppm 

2 33u which s i g n i f i c a n t l y  increases the  r a d i o t o x i c i t y  o f  a u n i t  mass o f  

f u e l .  The r a d i o l o g i c a l  importance o f  232U i n  233U f u e l  was i l l u s t r a t e d  

by  t h i s  au thor  i n  a comparison o f  the  p o t e n t i a l  r a d i o l o g i c a l  impact 

r e s u l t i n g  f rom t h e  re lease  o f  e q u i v a l e n t  masses o f  233U HTGR f u e l  and 

L i q u i d  Meta l  Fast  Breeder Reactor (LMFBR) p lu ton ium f u e l  i n t o  the  env i -  

ronmen t. '16 The equi  1 i b r i  um r e c y c l e  atom f r a c t i o n  and a c t i  v i  ty  assumed 
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c 
t o  be p resen t  i n  one gram o f  r e c y c l e d  H 

Tab le  l b  shows t h e  i s o t o p i c  composi t ion 

p lu ton ium f u e l .  24 

GR f u e l  a re  l i s t e d  

and a c t i v i t y  o f  one 

23 n Table l a .  

gram o f  LMFBR 

The s tudy  was made by comparing the  r a d i o l o g i c a l  impact i n  terms 

o f  dose t o  man and o t h e r  b i o t a  r e s u l t i n g  from e q u i v a l e n t  masses o f  HTGR 

fue l  and LMFBR fue l  which a re  assumed t o  be re leased t o  t h e  environment. 

The INREMZ5,  B IORADZ6 , AIRDOSZ7 , and TERMODZ8 computer codes developed 

by  t h e  Ana lys i s  and Assessments Sect ion,  Environmental Sciences D i v i s i o n ,  

o f  t h e  Oak Ridge Na t iona l  Labora tory  were used f o r  t h i s  comparison. 

r e s u l t s  o f  t h a t  s tudy  a re  summarized i n  t h e  f o l l o w i n g  paragraphs. 

Tab le  2 shows es t imated 50-year dose commitments f o r  t o t a l  body, 

bone, l i v e r  and kidneys f o r  i n g e s t i o n  o f  one microgram o f  f u e l  ob ta ined 

by t h e  INREM code. P lu ton ium f u e l  c o n t r i b u t e s  t h e  maximum dose t o  bone, 

320 mrem/pg. The uranium/plutonium dose r a t i o  i s  0.31; t h a t  i s ,  uranium 

g i ves  31% as much dose as t h e  plutonium. 

f u e l  types a re  very  s i m i l a r  (U/Pu = 0.95). 

c o n t r i b u t e s  90% o r  more o f  t he  dose t o  the  t o t a l  body, bone, and kidneys. 

The dose from p lu ton ium fue l  i s  more even ly  d i v i d e d  between 238Pu, 239Pu, 

240Pu, and 241Pu. 

The 

Total-body doses f o r  t he  two 

Uranium-232 i n  HTGR f u e l  

The i n g e s t i o n  pathway r e s u l t s  f rom consumption o f  food produc ts  

contaminated w i t h  uranium o r  p lu ton ium o r i g i n a l l y  depos i ted  on t h e  t e r -  

r e s t r i a l  sur face .  It i s  recognized, however, t h a t  t h i s  pathway o f  

exposure would n o t  be the  c r i t i c a l  exposure pathway when re leases  a r e  

t o  t h e  atmosphere. 

shutdown o f  a nuc lea r  f a c i l i t y  o r  i n  a n a l y s i s  o f  long- te rm impacts. 

I n g e s t i o n  may be t h e  dominant exposure f o l l o w i n g  



Table l a .  Assumed A c t i v i t y  o f  Uranium 
Isotopes i n  1.0 Gram o f  2 3 3 U  

Beginning Equi 1 i b r i  um 
Iso tope Recycle Recycle 

Atom F r a c t i o n  Atom F r a c t i o n  

Beg i n n i  ng 
Recycle Act.  

( c i  1 

I 

I 

Equi 1 i b r i  um 
Recycle Act.  

(Ci  1 

Uranium Fuel 

2 3 2 u  <o. 001 00 0.00100 
2 3 3 u  0.919 0.612 
2 3 4 u  0.0735 0.243 
2.3511 0.00568 0.0802 
2 3 6 u  0.000245 0.0630 

<2.14 x 
8.74 x 1 0 - ~  
4.55 x 1 0 - ~  
1.22 x 
1.56 x lo'* 

2.14 x 
5.82 x 10-3 
1.51 x 10-3 
1.72 x 1 0 - ~  
3.99 x 

Table l b .  Assumed A c t i v i t y  o f  
P luton ium Isotopes i n  1 .0  Gram 

o f  LMFBR Fue l2"  

Atom A c t i v i t y  
I so tope  F r a c t i o n  ( c i  1 

P l u t o n i  um Fuel 
I 

36Pu 4.2 x 10" 2.24 x 10-5 
38Pu 0.012 2.09 x l o - '  

239Pu 0.647 3.97 x l o - 2  
2 4  OPU 0.245 5.55 x 
241Pu 0.058 6.52 x 10' 
242Pu 0.038 1.48 x 1 0 4  
244Pu 1.8 x 1 0 - ~  3.48 x 
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Tab le  2. Comparison o f  Est imated Doses from I n g e s t i o n  o f  1 . O  pg 
o f  Recycled 2 3 3 U  Fuel o r  LMFBR Plutonium Fuel Using INREM 

~ 

50-Y ea r  Dose Commi tmen t (mrem) 

T o t a l  
Body Bone L i v e r  Kidneys 

Recycled 233U Fuel 7.0 x 10’ 9.9 x l o 1  7.0 x 10’ 1.1 x 10’ 

LMFBR Pu Fuel 1 7.4 x 10’ 3.2 x 10’ 3.5 x l o 1  3.3 x 10 

U/Pu Dose R a t i o  0.95 0.31 0.20 0.34 

To e s t i m a t e  environmental  dose l e v e l s ,  t h e  BIORAD computer code 

was used which c a l c u l a t e s  i n t e r n a l  and ex te rna l  doses t o  a q u a t i c  p l a n t s ,  

i n v e r t e b r a t e s ,  f i sh ,  and t e r r e s t r i a l  animals dependent on a q u a t i c  food 

supp l i es .  I n  t h i s  code, t h e  uranium and p lu ton ium are assumed t o  be i n  

a s o l u b l e  chemical form. A comparison o f  uranium and p lu ton ium f u e l  was 

made by assuming t h a t  r a d i o n u c l i d e  concent ra t ions  i n  the  water  were p ro -  

p o r t i o n a l  t o  concent ra t ions  i n  t h e  f u e l .  A f u e l  concen t ra t i on  i n  water 

o f  lo-’ ’ pg/ml was assumed. Uranium-232 daughters o t h e r  than 228Th were 

n o t  i n c l u d e d  i n  t h e  t o t a l  dose c a l c u l a t i o n  s ince  these iso topes  cou ld  

n o t  be handled i n  t h e  BIORAD code when the  comparison was made. 

The es t imated i n t e r n a l  doses t o  b i o t a  f rom uranium and p lu ton ium 

f u e l  a r e  l i s t e d  i n  Table 3. The uranium dose was found t o  be 25% t o  65% 

o f  t h e  p lu ton ium dose even though p lu ton ium f u e l  was assumed t o  be 

p resen t  i n  much h i g h e r  concent ra t ions .  

t o  t h e  uranium dose i s  232U, which g ives  from 50% t o  90% o f  t h e  t o t a l .  

The most s i g n i f i c a n t  c o n t r i b u t o r  



Table 3. Comparison o f  Estimated Internal Dose Rate t o  
Biota from 2 3 3 U  HTGR Fuel and LMFBR Plutonium Fuel 

Dose Rate (mrad/year) Concentration 
Aquatic 
Plants Invertebrates F i s h  Muskrats 

i n  Water 
W / m l )  

233U HTGR Fuel 

Pu LMFBR Fuel I 

3.0 10-14 1 . 2  10-1 1.5 1.4 2.4 

6 .8  x 10-l’ 2.1 x 10-1 5.9 x 2.1 x 8 . 9  x 

U/Pu Dose Rate Ratio 0.59 0.25 0.65 0.27 
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Tab le  3 a l s o  l i s t s  t h e  U fue l /Pu f u e l  dose r a t i o s  and c l e a r l y  shows t h a t  

these two f u e l s  are s i m i l a r  t o  each o t h e r  when p o t e n t i a l  doses t o  b i o t a  

o t h e r  than man a r e  compared. 

Tab le  4 shows the  r e s u l t s  of  t he  comparison o f  es t imated  50-year 

dose commitments t o  man from 233U HTGR f u e l  and LMFBR p lu ton ium fue l  

which a re  assumed re leased t o  t h e  atmosphere a t  a re lease  r a t e  o f  

sec. 

i n h a l a t i o n  and i n g e s t i o n  o f  contaminated food. 

g/ 

Dose commitments are listed f o r  submersion in air, ground exposure, 

Table 4. Comparison o f  Est imated Dose Rate t o  Man From 
2 3 3 U  Fuel vs Pu Fuel Assuming g/sec Release Ra te  

2 3 3 U  Fuel Pu Fuel 
Exposure Pathway Dose Rate Percent Dose Rate U/Pu Dose 

o r  Organ (mrem/year) f rom 3 2 U  (mrem/year) Rate R a t i o  

Submersion i n  A i r  
7.3 2.1  70 2 T o t a l  Body 1.5 92 

Ground Exposure 
2 T o t a l  Body 2.0 92 1.2 1.7 IO 

I n  ha1 a t  i on 

T o t a l  Body 3.6 x 10-1 65 9.2 x 10 3.9 

Bone 6.9 x 10' 48 3.8 l o 3  1.8 

I n g e s t i o n  

T o t a l  Body 6.7 x 10-1 94 5.7 x 10-1 1.2 x l o o  
Bone 9.7 x 10 0 93 2.4 x 10 ' 4.0 x l o - '  
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Several aspects of the data i n  Table 4 are  important and should 

be summarized. F i r s t ,  when a l l  pathways are  considered, the plutonium 

fuel presents a grea te r  dose than uranium fuel by a fac tor  of approxi- 

mately 500. Bone i s  the c r i t i c a l  organ  fo r  both fuels.  Second, i f  

the ingestion pathway i s  the c r i t i c a l  pathway, as i n  the case of a 

f a c i l i t y  no longer releasing fuel t o  the atmosphere, bo th  fue ls  have 

s imi la r  radiological impact. Finally,  i t  i s  s ign i f icant  t ha t  232U is 

the primary contributor t o  the to ta l  dose from uranium fuel for  each 

organ. 

The TERMOD computer code estimates radionuclide intake t o  man 

th rough  ingestion of milk, beef, and crops. 

uranium moves through the food chain a t  a greater  ra te  than plutonium. 

T h i s  code indicated tha t  

From these data i t  was concluded tha t  high spec i f ic  a c t i v i t y  

uranium, par t icu lar ly  232U, must be regarded as having h i g h  radio- 

tox ic i ty .  

radiological impact of 232U and daughters in HTGR fuel was needed. 

A follow up study of 232U and daughters was completed which 

I t  was a l so  concluded tha t  a more thorough evaluation of the 

focused on three principal areas:  17’18 f i r s t ,  an assessment was made 

of the radiological impact of 232U and daughters r e l a t ive  t o  the other 

radionuclides which would comprise the airborne releases from a hypo- 

the t ica l  HTGR fuel reprocessing plant ;  second, the e f f ec t  on the 50-year 

dose commitment t o  bone from increasing the concentration of 232U in 

recycled 233U HTGR fuel was reviewed; t h i r d ,  the impact of 232U daughter 

b u i l d u p  i n  the environment on the dose commitment t o  bone resul t ing from 

inhalation or  ingestion of equal masses of LWR uranium fue l ,  HTGR uranium 

fue l ,  and LMFBR plutonium fuel was evaluated. Because the f i r s t  two 

n 
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areas a re  d i r ec t ly  re la ted t o  this study, they are  reviewed i n  the f o l -  

lowing paragraphs. 

The radiological impact was calculated for  232U and daughters 

i n  addition t o  f i ss ion  products and transuranium elements released 

from a hypothetical HTGR fuel reprocessing f a c i l i t y .  W i t h  the excep- 

t i on  of 1 4 C ,  theoret ical  source terms were computed using curies  per 

metric ton heavy metal ( C i / M T H M )  inventories a t  150 days a f t e r  removal 

from a reactor as reported by Blomeke e t  a l .  29 The 1 4 C  source term 

was assumed t o  be 5.0 x 10 Ci/year. The model plant reprocesses 

450 metric tons of heavy metal annually. Therefore the source term 

corresponds t o  11 .1  Ci /MTHM i f  one assumes a decontamination fac tor  

of  one for  14C.30 Carbon-14 i s  assumed t o  be released as 14C02. 

3 

Table 5 l i s t s  the 50-year dose commitments in mrem t o  to ta l  

body, bone, and lungs for par t iculates .  

order of magnitude. 

228Th and 224Ra in the source term i s  the decay of 232U; consequently, 

these three radionuclides are  combined in to  a s ingle  dose. 

i s  l i s t e d  in Table 5 as 232U*. 

t i c u l a t e  daughters other than 22%h and 224Ra i s  ins igni f icant .  

Doses are  shown i n  decreasing 

The only s ign i f icant  source for the par t icu la tes  

This dose 

The dose contribution from 232U par- 

Uranium-232* contributes 10% of the dose t o  the l u n g s ,  4% of 

the dose t o  the bone, and 4% of the dose t o  the to t a l  body. Although 

232U* ranks h i g h  i n  Table 5 (3rd f o r  lungs, 4th fo r  t o t a l  body, 6th 

fo r  bone) ,  i t  i s  concluded tha t  e f f luent  control su f f i c i en t  t o  keep 

doses from Sr and Cs a t  acceptable levels  a l so  provides sa t i s fac tory  
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Table 5. Ranking o f  S i g n i f i c a n t  P a r t i c u l a t e  Radionucl ides By 
Dosea t o  Reference Organs a t  1.5 M i les  f rom Stack 

~~ 

T o t a l  Body Bone Lungs 

Dose Dose Dose 
Rad ionuc l ide  (mrem) Rad ionuc l ide  (mrem) Rad ionuc l ide  (mrem) 

34cs 

37cs 

90sr 
2 32U*b 

06Ru 

4 4 ~ m  

Others 

To t a  1 

1.40 

0.93 

0.20 

0.11 

0.08 

0.05 

0.16 

2.93 

9.8 

37cs 1.3 

34cs 1.2 

238Pu 0.9 

2 4 4 ~ m  0.9 

0.6 23ZU*b 

Others 0.7 

15.4 

137cs 0.70 

34cs 0.62 

0.20 

0.20 

2 4 4 ~ m  0.05 

154Eu 0.04 

Others 0.15 

232,,*b 

1.96 

aDoses a re  50-year dose commi tments. 

bThe dose from 232U i n c l u d e s  the  dose from 228Th and 224Ra daughters. 
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posit ion of 232U* i n  Table 5 indicates  potent ia l  s ignif icance f o r  

exposure from these par t icu la tes .  The posit ion of 232U* a l so  suggests 

t h a t  a more thorough evaluation of these radionuclides,  espec ia l ly  

long-term effects ,  may be necessary. 

A breakdown of percentage of the dose from each component i n  

232U* i s  summarized as follows. 

e n t i r e l y  t o  exposure from 232U (50%) and 224Ra (45%).  

contr ibutes  64% of the dose t o  bone; 2 3 2 U ,  20%; and 228Th, 16%. 

dose t o  lung i s  more evenly divided between 2321J (35.3%) , 228Th (37.5%) 

and 224Ra ( 2 7 . 2 % ) .  

The dose t o  t o t a l  body i s  due almost 

Radium-224 

The 

The radiological impact for vo la t i l e  radionuclides -at  a distance 

of 1 .5  miles i s  summarized in Table 6. Doses a re  l i s t ed  i n  decreasing 

order of magnitude. Radon-220 accounts for  only 0.3% of the dose t o  

Table 6. Ranking of S igni f icant  Volat i le  Radionuclides by 
Dosea t o  Reference Organs a t  1.5 Miles from Stack 

Total Body Bone Lungs  

Dose Dose Dose 
Radionucl ide (mrem) Radionuclide (mrem) Radionuclide (mrem) 

3H 16.0 4c 16.0 3H 16.0 
4c 12.0 3H 11.0 85 Kr 16.0 

85Kr 7.7 8 5 K r  9.4 4c 5.2 

0.7 220Rn 2.1 12g1 1.4 
0.6 0.8 

2.8 220Rn 2.1 1291 2 . 2  1 2gI 
131 I 

220R, 0 .3  131 I 1311 

Total 39.2 42.1 41.3 

a Doses a re  50-year dose commitments. 
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the  lungs.  

f rom i n h a l a t i o n  o f  t h e  daughter, 21 'Pb. 

I n  each case, more than 99.9% o f  t he  "ORn dose r e s u l t s  

F igu re  3 shows t h e  e f f e c t  of i nc reas ing  the  concent ra t ion  of 

232U i n  recyc led  233U HTGR fue l  on the  50-year dose commitment t o  bone. 

The dose commitment i s  c a l c u l a t e d  assuming 10- l '  g o f  f u e l  t h a t  has been 

separated a t  a reprocess ing  p l a n t  i s  inhaled.  The lower  curve i s  the  

dose commitment f o r  HTGR f u e l  a t  90 days f o l l o w i n g  separat ion.  The 

upper curve i s  t he  dose commitment f o r  HTGR f u e l  a t  10 years f o l l o w i n g  

separat ion.  

cates the  dose commitment f rom i n h a l a t i o n  o f  

LMFBR f u e l ;  t h e  lower  broken l i n e  i s  dose from i n h a l a t i o n  o f  10- 

233U f u e l  w i t h  no 232U. 

t i c i p a t e d  232U concen t ra t i on  o f  1200 ppm a t  e q u i l i b r i u m  recyc le .  

The broken h o r i z o n t a l  l i n e  near the  top  o f  the  graph i n d i -  

g o f  f r e s h l y  separated 
1 2  

g o f  

The v e r t i c a l  broken l i n e  marks the  maximum an- 

Inc reas ing  the  concen t ra t i on  o f  232U from 0 ppm t o  ,1200 ppm causes 

t h e  50-year dose commitment t o  bone t o  increase by a f a c t o r  o f  approx i -  

mate ly  35 f o r  90 day-o ld f u e l  and a f a c t o r  o f  approx imate ly  185 f o r  f u e l  

w i t h  232U and daughters a t  e q u i l i b r i u m .  

drawn f rom t h i s  f i g u r e .  

Two bas ic  conclus ions may be 

F i r s t ,  as bu i l dup  t o  e q u i l i b r i u m  r e c y c l e  devel -  

ops and concen t ra t i on  o f  232U become g rea te r ,  o v e r a l l  r a d i o t o x i c i t y  o f  
2 3ZU 233U HTGR f u e l  increases s i g n i f i c a n t l y .  Second, the  bu i l dup  o f  

daughters i n  233U f u e l  a l s o  increases f u e l  t o x i c i t y  s i g n i f i c a n t l y  f o r  a 
23ZU g iven concen t ra t i on  o f  

The s i g n i f i c a n c e  o f  232U i n  HTGR f u e l  and i n  o the r  m a t e r i a l s  has 

been repo r ted  elsewhere i n  t h e  l i t e r a t u r e .  Wrenn31 a l so  s tud ied  the  

p o t e n t i a l  r e l a t i v e  t o x i c i t i e s  o f  uranium and p lu ton ium i n  LWR and HTGR 
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f u e l .  

t h a t  233U HTGR f u e l  w i t h  moderate concent ra t ions  o f  232U, f rom a tox i ' -  

c o l o g i c a l  s tandpo in t ,  represents  a new more t o x i c  type  o f  uranium. 

Al though t h a t  s tudy  was n o t  a comprehensive ana lys is ,  i t  concluded 

232u Ex terna l  exposure from gamma r a d i a t i o n  emi t ted  by the  

n 

daughters 212Pb, 212Bi ,  and 208T1 has been reviewed by Arnold32 f o r  

i n - p l a n t  operat ions.  Bu i ldup o f  232U daughters i n  233U f u e l  f o l l o w i n g  

separa t ion  a t  t he  reprocess ing  p l a n t  creates spec ia l  hand l ing  problems 

f o r  t he  nex t  s tep i n  the  f u e l  cyc le ,  f a b r i c a t i o n  i n t o  elements. Expo- 

sures can be c o n t r o l l e d  by f a b r i c a t i n g  the  elements soon a f t e r  separa- 

t i o n  o r  by i n c o r p o r a t i n g  remote f u e l  hand l ing  equipment i n t o  the  

f a c i l i t y  design. 

f u e l  may lead  t o  increased l e v e l s  o f  exposure d u r i n g  t h e  gaseous d i f -  

f u s i o n  process a l though these exposures s t i l l  do n o t  p resent  s i g n i f i c a n t  

I t  has been d e m ~ n s t r a t e d ~ ~  t h a t  232U i n  recyc led  LWR 

h e a l t h  hazards. 

I n  view o f  t h e  preceding d iscuss ion,  i t  was a n t i c i p a t e d  t h a t  the 

present  research t o  determine the  t o x i c i t y  o f  h igh  s p e c i f i c  a c t i v i t y  

uranium t o  one type o f  aqua t i c  organism, the  develop ing f i s h  egg, would 

c o n t r i b u t e  u s e f u l  da ta  t o  t h e  t o t a l  assessment o f  t he  thor ium f u e l  cyc le .  

Review o f  the  L i t e r a t u r e  

T h i s  1 i t e r a t u r e  rev iew focuses on exper imental  data which 

desc r ibe  the  e f f e c t s  o f  i o n i z i n g  r a d i a t i o n  on the  develop ing embryos 

o f  f i s h .  

t h e  exper imental  technique s i g n i f i c a n t l y  a f f e c t  t he  outcome o f  each 

The p a r t i c u l a r  r a d i o n u c l i d e  used, t he  mode o f  exposure, and 

study. There fore  t h i s  rev iew i s  d i v i d e d  i n t o  the  f o l l o w i n g  areas: 
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e f f e c t  of r a d i a t i o n  on a l l  aquatic biota;  exposure from external pene- 

t r a t i n g  r a d i a t i o n ;  exposure d u r i n g  development i n  radioactive solutions ; 

and exposure to  uranium or plutonium. A summary o f  the experimental 

data concludes t h i s  review. 

Several publications in the l i t e r a t u r e  review the e f f e c t s  of 

ionizing radiation on aquatic organisms. 

extensive,  well organized, and well documented reviews. 

prepared a summary of the e f f ec t s  o f  ionizing radiation on aquatic 

Poli karpov 34y35  has provided 
36 Ophel e t  a l .  

biota and made several spec i f ic  recommendations for fu ture  research 

needs. Templeton e t  a l .  37’38 have reviewed experimental s tud ies  which 

provided an assessment of the dose t o  aquatic organisms and extracted 

d a t a  from the 1 i t e r a tu re  on contamination of the aquat i  c envi ronment. 

Using this information Templeton predicted doses to  aquatic biota 

exposed t o  radionucl ides f o u n d  i n  nature. Woodhead3’ assessed the 

dose t o  developing f i sh  eggs due to  the accumulation of  rad ioac t iv i ty .  

A dosimetry model was presented i n  h is  paper which calculated the dose 

t o  eggs exposed t o  radioactive wastes which a re  disposed i n  the  ocean. 

More recently,  Kaye26 and Blaylock and Witherspoon4’ have discussed the 

dose t o  aquatic biota exposed to  radionuclides released i n  the nuclear 

fuel cycle and predicted tha t  there  would be no s ign i f i can t  e f f ec t s  

from this source; i t  was noted, however, t h a t  there was a lack of 

information in the l i t e r a t u r e  on the e f f ec t s  of low level exposures. 

Exposures from External Penetrating Radiation 

Chronic Exposure. Brown and Templeton4’ and  T e m p l e t ~ n ~ ~  exposed 

the eggs of brown trout (SaZrno t r u t t a )  and plaice (PZeuronectes pZatessa) 
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t o  ex te rna l  gamma r a d i a t i o n  a t  dose r a t e s  rang ing  from 0.035 R/day t o  

150 Rlday. These exper iments f a i l e d  t o  demonstrate a s i g n i f i c a n t  reduc- 

t i o n  i n  ha tch ing  o r  t h e  occurrence of  abnormal l a rvae .  However, t he  

use o f  a n t i b i o t i c s  and a low temperature regime may have created a pro-  

t e c t i v e  mechanism which af fected the  outcome o f  t h i s  study. 

exper iment by Donaldson and B ~ n h a m ~ ~  i n  which eggs o f  chinook salmon 

(Oncorhynchus tshwaytscha) and coho salmon (0. k isu tch)  were exposed t o  

0.5 R/day o f  6oCo gamma r a d i a t i o n  r e s u l t e d  i n  a s i g n i f i c a n t  d i f f e r e n c e  

between i r r a d i a t e d  eggs and c o n t r o l s  f o r  opercu la r  defects.  

ca to rs  o f  r a d i a t i o n  damage such as s u r v i  Val , growth, v e r t e b r a l  numbers, 

and sex r a t i o s  were observed a l though no d i s c e r n i b l e  d i f f e r e n c e s  cou ld  

be demonstrated. I n  another  ch ron ic  exposure exper iment,  Bonham and 

Dona1 d ~ o n ~ ~  exposed chinook salmon (Oncorhynchus tshwaytscha) t o  dose 

r a t e s  o f  0.5 R/day t o  50 R/day d u r i n g  t h e i r  2.5 month development per iod .  

A dose r a t e  o f  10 R/day markedly i n h i b i t e d  gonadal development up t o  the  

m ig ra to ry  stage. Bonham and Donaldson used a l a r g e  number o f  f i s h  and 

observed i r r a d i a t e d  o f f s p r i n g  over severa l  generat ions.  Abnormal i t ies  

o f  o f f s p r i n g  were inc reased by i nc reas ing  the  dose r a t e ;  low dose r a t e s  

appeared t o  have a b e n e f i c i a l  e f f e c t  as measured by a g r e a t e r  number 

o f  i r r a d i a t e d  s tock  r e t u r n i n g  t o  spawn than i n  the  c o n t r o l  s tock.  

long- term s t u d i e s  a re  very s i g n i f i c a n t  and inco rpo ra te  observat ions o f  

gene t i c  as w e l l  as somat ic damage. 

A s i m i l a r  

Other  i n d i -  

These< 

Acute Exposure. Most experiments e v a l u a t i n g  the e f f e c t s  o f  rad ia -  

t i o n  on t h e  eggs o f  f i s h  o r  aqua t i c  organisms have used acute exposure 

r a t h e r  than ch ron ic  exposure. Many s tud ies  have d e a l t  w i t h  the  s e n s i t i v i t y  
n 
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of embryos a t  d i f f e ren t  stages of development. Welander4’ exposed the 

eggs of  rainbow t rout  (SaZmo gairdneri) t o  x rays d u r i n g  d i f f e ren t  

embryonic stages of developmeht. Doses of 25 R t o  2570 R were used. 

Mor ta l i t i es ,  abnormalities, and re tardat ion i n  growth were observed 

among the hatched f ry .  The one-cell stage o f  development was deter- 

mined t o  have the highest rad iosens i t iv i ty .  Doses of 300 R t o  900 R 

were reported and  LD50 values for the f ive  other stages evaluated. 

noticeable re tardat ion of growth and length was reported a f t e r  38 R 

exposure d u r i n g  the early-eyed stage.  

study on t h i s  experiment yielded s imi la r  conclusions. 

A 

A more comprehensive follow-up 
46 

McGregor and N e ~ c o m b e ~ ~  i r rad ia ted  the germ c e l l s  of t r o u t  

(SaZmo gairdneri) t o  acute gamma radiation a t  doses of 25 rads to  

400 rads. A decreased mortali ty was noted w i t h  the lower doses i n d i -  

cat ing t h a t  a beneficial  e f f e c t  from radiation may ex i s t .  Doses from 

200 rads t o  400 rads resulted i n  increased mortali ty of the eggs. The 

harmful e f f e c t  t o  the sperm a t  higher doses was presumed t o  be gross 

chromosomal rearrangements; a valid explanation was n o t  offered for  

the beneficial  e f f ec t  of lower doses. N e ~ c o m b e ~ ~  reviewed t h i s  same 

1 ow 

n f e t a  

experiment and emphasized the need for  caution before equating 

doses o f  radiat ion to  human germ c e l l s  w i t h  apparent increase 

and infan t  mortal i ty .  

A d u l t  rainbow trout (SaZrno gairdneri) were i r r ad ia t ed  w t h  

x rays a t  total-body doses of 50 R t o  2500 R by Foster e t  a l .  49 The 

eggs and larvae were observed fo r  mor ta l i t i es  and abnormalities. 

Abnormalities increased w i t h  dose and survival of larvae decreased with 
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t h e  amount o f  exposure. 

i n  every  exposure group was s i g n i f i c a n t l y  h igher .  

i n f o r m a t i o n  and photographs which descr ibed rad ia t i on - induced  abnor- 

m a l i t i e s  i n  young larvae.  

Dur ing  the  f ry stage o f  development m o r t a l i t y  

Th is  r e p o r t  i n c l u d e d  

Rugh and C l u g ~ t o n ~ ~  s t u d i e d  t h e  e f f e c t s  o f  va r ious  l e v e l s  o f  

x r a d i a t i o n  on the  gametes and e a r l y  embryos o f  FunduZus heterocli tus.  

Exposure l e v e l s  o f  1000 R-200,000 R o f  182 kVp x rays a t  an exposure 

r a t e  o f  6000 R/min were used f o r  t he  experiment. 

b o t h  be fo re  and a f t e r  f e r t i l i z a t i o n .  

t i l i z a t i o n  d i d  n o t  develop f u l l y ,  b u t  exposures l e s s  than 50,000 R were 

n o t  evaluated. Eggs i r r a d i a t e d  d u r i n g  t h e  1-2 c e l l  stage o f  development 

were the  most s e n s i t i v e .  

was re ta rded.  I n  another s tudy  us ing  Fundulus heterocli tus embryos, 

So lberg5 l  demonstrated t h a t  eggs exposed t o  a dose o f  2,000 rads sev- 

e r a l  hours a f t e r  f e r t i l i z a t i o n  produced 100% deformed la rvae .  Th is  

experiment a l s o  eva lua ted  changes i n  r a d i o s e n s i t i v i t y  w i t h  m i t o t i c  

index. 

embryos was among t h e  e a r l i e s t  work r e p o r t e d  i n  t h e  l i t e r a t u r e  o f  t h i s  

type. 

Eggs were i r r a d i a t e d  

Those i r r a d i a t e d  p r i o r  t o  f e r -  

Under exposures o f  300 R-400 R, egg development 

So lbe rg ’ s  experiment o f  rad ia t i on - induced  damage t o  f i s h  

Bonham and Welander5’ demonstrated t h e  inc rease i n  r a d i o r e s i s -  

tance o f  f i s h  eggs w i t h  advancing embryonic development us ing  t h e  eggs 

o f  s i l v e r  salmon (Oncorhynchus k i su tch) .  

opment f rom zygote t o  la te -eyed stage were exposed t o  doses rang ing  

f rom 12 R t o  2,400 R. I t  was concluded from t h i s  research  t h a t  sensi-  

t i v i t y  o f  t h e  embryo t o  i o n i z i n g  r a d i a t i o n  decreases w i t h  advancing 

Twenty-three stages o f  devel-  

n 
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development. 

development stage. 

An LD50,150 as low as 16 R was shown f o r  t h e  e a r l y  one-ce l l  

However, these s c i e n t i s t s  were n o t  ab le  t o  show an 

a s s o c i a t i o n  o f  r a d i o s e n s i t i v i t y  w i t h  m i  t o t i c  index. Chinook salmon 

eggs (Oncorhynchus tshwaytscha) were exposed t o  x rays  a t  f o u r  devel-  

opmental stages i n  d u p l i c a t e  experiments, one a t  ambient temperature 

and one a t  two degrees ("C) above ambient t e m p e r a t ~ r e . ~ ~  An exposure 

o f  15 R d u r i n g  t h e  one-ce l l  stage a t  t he  h ighe r  temperature produced a 

s i g n i f i c a n t  i nc rease  i n  m o r t a l i t y .  T h i s  s tudy  i n d i c a t e d  t h e  ex i s tence  

o f  g r e a t e r  r a d i o s e n s i t i v i t y  a t  e a r l i e r  stages o f  development and a t  

h i g h e r  temperatures. 

Several papers by Ku l i kov  have repo r ted  the  e f f e c t  OT 6oCo gamma 

r a d i a t i o n  on t h e  embryos o f  tench (Tinea t i nea ) .  

ment54 a s i n g l e  e x t e r n a l  i r r a d i a t i o n  o f  t h e  r o e  d u r i n g  e a r l y  cleavage 

was used t o  demonstrate an LDIOO a t  ha tch  o f  400 R. 

p h o l o g i c a l  anomalies were apprec iab l y  inc reased a t  50 R f o r  embryos 

I n  the  f i r s t  expe r i -  

I n  a d d i t i o n ,  mor- 

i r r a d i a t e d  a t  t h e  f i r s t  cleavage. I n  a second studyti5 us ing  t h e  eggs 

o f  tench (Tinea t i n e a )  i t  was demonstrated t h a t  eggs r e c e i v i n g  25 R 

t o  50 R o f  6oCo r a d i a t i o n  d u r i n g  e a r l y  cleavage f o l l o w e d  by 4 kR of 

supplementary r a d i a t i o n  a f t e r  ha tch ing  showed a g r e a t e r  s u r v i v a l  r a t e  

than  c o n t r o l s .  

o f  a b e n e f i c i a l  e f f e c t  o f  low doses o f  r a d i a t i o n .  

exposed tench (Tinea t i n e a )  t o  6oCo r a d i a t i o n  d u r i n g  d i f f e r e n t  devel-  

The conc lus ion  o f  t h i s  r e p o r t  suggested the  presence 

K ~ l i k o v ~ ~  aga in  

opmental stages and observed t h e  e f f e c t  on t ime  o f  hatch, number 

ha tch ing ,  and abnorma l i t i es .  Based on the  number o f  l a r v a e  ha tch ing ,  

t h i s  exper iment showed t h e  most s e n s i t i v e  stage t o  i o n i z i n g  r a d i a t i o n  
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t o  be be fore  t h e  f i r s t  c e l l  d i v i s i o n .  

i r r a d i a t e d  a t  an exposure o f  250 R d u r i n g  e a r l y  cleavage had an inc reased 

m o r t a l i t y  r a t e  du r ing  t h e  development p e r i o d  a f t e r  hatch. 

Pre la rvae t h a t  hatched from eggs 

\ 

Belyaeva and Pokrovs k a ~ a ~ ~  exposed embryos o f  loach (Misgurnis 

fossiZis)  t o  ex te rna l  gamma r a d i a t i o n  d u r i n g  severa l  developmental 

stages. 

rearrangements, percentage of  m o r t a l i t i e s ,  and percentage o f  abnormal i -  

t i e s .  It was repo r ted  t h a t  an exposure as low as 50 R a t  the  t ime o f  

g r e a t e s t  s e n s i t i v i t y  was s u f f i c i e n t  t o  cause 30% m o r t a l i t y  and produce 

a s t a t i s t i c a l l y  h ighe r  number of abnormal i t ies .  

ducted a s i m i l a r  exper iment us ing  t h e  eggs o f  t he  parad ise  f i s h  (Macro- 

podus opercuZaris). 

dose o f  1000 R d u r i n g  developmental stages. Th is  l e v e l  o f  exposure was 

s u f f i c i e n t  t o  cause a suppression of m i t o t i c  a c t i v i t y .  

d u r i n g  t h e  f i r s t  s i x  hours of development prevented ha tch ing  i n  99% o f  

t h e  eggs. 

S e n s i t i v i t y  was es tab l  i shed by percentage o f  chromosomal 

A l l e n  and MulkayEi8 con- 

The eggs were exposed t o  x rays  a t  an exposure 

A dose o f  1000 R 

The e f f e c t  o f  f r a c t i o n a t e d  doses o f  x rays  on t h e  eggs o f  

FunduZus was s t u d i e d  by White.59 Embryos were a l lowed t o  develop t o  

t h e  2-16 c e l l  stage be fore  be ing  i r r a d i a t e d  w i t h  100 kVp x rays.  

F rac t i ona ted  exposures were admin is te red  once every 24 hours a t  l e v e l s  

o f  100 R, 250 R, 500 R, 1000 R, and 2000 R. The c r i t e r i a  f o r  r a d i a t i o n  

e f f e c t s  were t h e  r a t e  o f  development o f  each egg, s u r v i v a l  o f  t h e  

embryo, and hatch ing.  A l l  doses produced a r e t a r d a t i o n  i n  growth. 

No observable e f f e c t s  were noted on embryos i r r a d i a t e d  a t  100 R/day 



w h i l e  exposures g rea te r  than t h i s  caused an apprec iab le  r e d u c t i o n  i n  

t h e  number hatch ing.  

Another s tudy demonstrat ing the  v a r i a t i o n  i n  s e n s i t i v i t y  o f  

embryos w i t h  t ime o f  exposure was conducted by Frank.60 

(Qpr inus  carpio)  were f e r t i l i z e d  i n  t h e  l a b o r a t o r y  and exposed t o  

acu te  gamma r a d i a t i o n  a t  l e v e l s  of 500 rads t o  16,000 rads. 

summarizes t h e  f i n d i n g s  i n  t h i s  study. 

24 hours d i d  n o t  i n t e r f e r e  w i t h  ha tch ing  a l though 4000 rads o r  more 

caused gross abnorma l i t i es  i n  most la rvae.  A t  40 hours 16,000 rads 

had no e f f e c t  on h a t c h a b i l i t y ;  no s i g n i f i c a n t  inc rease i n  the  number 

o f  abnormal l a r v a e  was noted. The most r a d i o s e n s i t i v e  s tage o f  devel -  

opment was found t o  be 30 minutes a f t e r  f e r t i l i z a t i o n  when t h e  eggs 

were i n  t h e  zygote stage. A dose o f  500 rads a t  t h i s  t ime caused a 

reduced number o f  embryos t o  hatch. 

(Cyprinus carpio), Blay lock  and Griffi th61 repo r ted  t h a t  when eggs 

were exposed t o  500 rads 30 minutes a f t e r  f e r t i l i z a t i o n ,  a s i g n i f i -  

can t  r e d u c t i o n  was noted i n  the  number o f  embryos t h a t  hatched. 

dose o f  1000 rads a t  t h a t  s tage prevented ha tch ing  o f  t h e  eggs. 

Very l i t t l e  i n f o r m a t i o n  i s  found i n  t h e  l i t e r a t u r e  which 

Eggs o f  carp 

F igure  4 

A dose o f  16,000 rads a t  

I n  another s tudy  us ing  carp 

A 

reviews the  genet ic  and cy togenet ic  e f f e c t s  o f  r a d i a t i o n  on eggs of 

f i s h .  I n  a s tudy us ing  i r r a d i a t e d  eggs o f  Oryzias Zatipes,  Egami and 

Hyodo-Taguchi6* observed abnormal i t i e s  i n  the gonads o f  f i s h  t h a t  had 

been i r r a d i a t e d  a t  e i g h t  d i f f e r e n t  stages o f  development w i t h  doses 

o f  0.5 kR t o  2 kR o f  x rays.  

observed i n  f i s h  which had been i r r a d i a t e d  7-8 days a f t e r  f e r t i l i z a t i o n  

A g r e a t e r  number o f  s t e r i l e  t e s t e s  were 
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TIME AFTER FERTILIZATION WHEN IRRADIATED (hr) 

Figure 4. Effect of 6oCo Gamma Radiation on Eggs o f  Carp 
Irradiated at Different Stages of Development (Frank95) 
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than those i r rad ia ted  1-3 days a f t e r  f e r t i l i z a t i o n .  W ~ o d h e a d ~ ~  observed 

chromosome aberrations i n  i r rad ia ted  embryonic t i s sue  o f  Ameca spZendens 

and obtained a dose-response curve. 

was s imi la r  t o  tha t  found i n  mammalian systems. 

He noted tha t  chromosome damage 

A more general study o f  the e f f ec t s  of radiat ion on the embryos 

of f i sh  by Romashov e t  al . 64 evaluated three principal areas:  

body radiat ion damage t o  the gonads of carp (Qprinus carp io ) ;  diploid 

radiat ion gynogenesis; and persistence of radiation damage t o  chromo- 

somes i n  embryonic development. This study concluded t h a t  f i s h  display 

s tages  of rpdiation injury known f o r  other ver tebrates;  however, le thal  

doses a re  higher. 

whole 

Only two experiments reported i n  the l i t e r a t u r e  evaluated the 

e f f e c t s  of external radiation other than gama or  x rays. 

Hyodo-Taguchi e t  a1.65 exposed embryos of Oryzias Zatipes a t  four 

developmental stages t o  various doses of 2 MeV f a s t  neutrons and 

200 kVp x rays. Hatchabili ty,  mortal i ty ,  and abnormalities were 

observed. 

15 rads t o  7600 rads fo r  x rays. 

contained 2000 ppm penic i l l in .  

s ign i f i can t  e f f e c t  on hatchabi l i ty  a t  225 rads when the embryos were 

i r rad ia ted  d u r i n g  the 32 ce l l  stage.  More abnormalities were noted 

w i t h  f a s t  neutrons than x rays.when the embryos were i r rad ia ted  d u r i n g  

Doses ranged from 100 rads t o  8000 rads fo r  neutron and 

The cul ture  medium, changed da i ly ,  

The neutron exposures produced a 

the  germ-ring s tage (30 hours a f t e r  f e r t i l i z a t i o n )  and a t  the begin- 

n i n g  of blood c i rcu la t ion  (80 hours a f t e r  f e r t i l i z a t i o n ) .  

two types of radiat ion were used in the experiment, values fo r  r e l a t i v e  

Because 
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biological effect iveness  ( R B E )  were calculated u s i n g  median hatchabi l i ty  

n 

f o r  a comparison of effectiveness.  

s tage were reported as follows: 

Values of RBE of neutrons fo r  each 

stage I (5  hours) , 5.6; stage I 1  

(30 hours),  6.0; stage I11 (80 hours),  7.1;  and stage IV ( 6  days),  1 .7 .  

Blaylock e t  a1.61 exposed carp eggs (Cyprinus earpio) t o  acute 

beta radiation u s i n g  a plane d i s k  source tha t  contained 750 mCi o f  

9oSr-90Y. The dose r a t e  t o  the eggs was calculated t o  be 1.4 rads/second 

and i r rad ia t ion  was performed 30 minutes a f t e r  f e r t i l i z a t i o n .  A s igni f i -  

cant  e f f e c t ,  based on percent hatch, was observed a t  a dose of 370 rads. 

Simultaneous exposures were a1 so conducted with gamma radiation and 

a1 though no quant i ta t ive  RBE value was establ ished,  e f f ec t s  were noted 

a t  lower doses of beta radiation than gamma radiat ion.  

Exposure D u r i n g  Development i n  Radioactive Solutions 

A number of experiments are  reported i n  the l i t e r a t u r e  i n  which 

fish eggs were developed i n  concentrations of radioactive materials.  

T e m p l e t ~ n ~ ~  and Brown and Templeton41 exposed eggs of brown t rou t  

(SaZmo t m t t a )  and plaice (PZeuronectes pZatessa) t o  9oSr-90Y over 

concentrations ranging from pCi/ml t o  10-1 pCi/ml. Eggs were 

placed in to  the solution immediately a f t e r  f e r t i l i z a t i o n ;  hatchabi l i ty ,  

abnormal larvae,  and larval l e n g t h  were observed. The data indicated 

t h a t  nei ther  a consistent reduction i n  hatchings nor an increase i n  

the number of abnormal larvae could be demonstrated. During these 

experiments an t ib io t i c s  added t o  the water i n  which the plaice were 

developing may have affected the sorptive properties of the eggs and 

provided an a r t i  f i  cia1 protective mechanism. Strand e t  a1 . 66 exposed 
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t rou t  embryos (SaZmo gairdneri) t o  t r i t i a t e d  water during embryogenesis 

and observed an immune response d u r i n g  development and increased sus- 

c e p t i b i l i t y  of the larvae t o  disease following i r r ad ia t ion .  

F e d ~ r o v ~ ~  evaluated the e f f ec t s  of radioactive contamination 

on the l a t e r  stages of embryonic development using eggs of salmon a t  

the s ix th  s tage of development (approximately seven days pr ior  t o  

hatching).  

3 x loe7  pCi/ml t o  5 x 

from 6 x pCi/ml t o  2.5 x pCi/ml. In  t h i s  study Fedorov 

concluded t h a t  even i n  l a t e  stages o f  development, roe were suscept ible  

t o  radiat ion damage. 

and by Kulikov e t  a l . 5 4  who used 'OS, solutions h a v i n g  a g rea te r  con- 

centrat ion of a c t i v i t y ;  no s ign i f i can t  e f f ec t s  could be determined. 

Roe were placed in solut ions of 'OS, a t  concentrations of 

pCi/ml, and 137Cs a t  concentrations ranging  

42 Contradictory resu l t s  were reported by Temp1 eton 

An excel lent  experiment was reported by Fedorova68 in which the 

eggs and developing larvae of crusian carp (Carassius caraccius), the 

roach (RutiZus m t i Z u s )  , a1 burnum (AZbwnus aZbumzus) and s t r iped  perch 

(Acerina cemua) were used t o  study the e f f ec t s  of 1 4 C  as CH314COOH. 

The 1 4 C  a c t i v i t y  ranged from 2 x 

Embryos were placed in solut ions a t  the ear ly  cleavage stage (8-16 

blastomeres) and larvae were l e f t  t o  develop in the contaminated water. 

Viabi l i ty  of ova, hatching speed, rad ioac t iv i ty  of the larvae,  and 

abnormalities were measured. 

mor ta l i t i es  was noted in solut ions of 2 x lo-' pCi/ml t o  2 x 10-1 pCi/ml. 

Hatching speed of  1 4 C  contaminated eggs was s igni f icant ly  l e s s  t h a n  

controls .  Abnormal larvae were observed i n  alburnum, s t r iped  perch, 

pCi/ml t o  2 x 10-1 pCi/ml. 

A s ign i f i can t ly  greater  number of egg 

r 
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and roach. 

used by Polikarpov and Ivanov6' and Fedorova68 and f i ss ion  products 

investigated by Mikami e t  a l .  ,70 deaths and abnormalities were s i g n i f i -  

c a n t l y  l e s s  w i t h  14C.  T h i s  d i f f e r e n c e  was a t t r i b u t e d  t o  t h e  lower  

energy of the  beta radiat ion from 1 4 C  and a l so  suggested t h a t  the 

absorbed energy depends on the isotope used. 

Although the a c t i v i t y  concentration was greater  than t h a t  

Pol i karpov and Ivanov6' reported e f f ec t s  on developing kamsa 

spawn and rock bass. 

t i e s  resu l t ing  from 'OS, ( 2  x 

Hatchabili ty,  growth re ta rda t ion ,  and  abnormali- 

$i/ml t o  0 .2  pCi/ml) were observed. 

Abnormalities f e l l  i n t o  two groups: ver tebral ,  o r  bending o f  the spine; 

and  teratological  e f f ec t s  incl uding cyclopean or acephal i c e f f ec t s  and  

pigmentation of the eyes. A diagram showing the percentage of spawn 

which were abnormal, and the percentage dying in the ear ly  stages of 

development indicated t h a t  the most sens i t ive  e f f ec t s  observed were 

abnormal i t i e s .  

Ivanov71 conducted experiments on various species using several 

d i f f e r e n t  radionucl ides. Accumulation fac tors  were determined fo r  

89Sr, 9oSr-90Y , '' Y , 06Ru , 37Cs, 144Ce, 59Fe, and 35S. Radi onucl ides 

were divided in to  two groups, those t h a t  accumulate on the egg surface 

(Y,Ce,Fe), and those t h a t  loca l ize  i n  the t i s sue  of the embryo (Sr,Cs).  

I ~ a n o v ~ ~  a l so  used the eggs of a r t i f i c i a l l y  f e r t i l i z e d  narine f i sh  t o  

calculate  the accumulation fac tor  ( r a t i o  of the concentration in eggs 

t o  water) for the following radionuclides; 1 4 C ,  3 2 P y  35S, 54Mn, 59Fe, 
6oCo, 89Sr, 90Sr, 'OY, 'lY, 95Zr, 95Nb, ' 06Ru ,  137Csy 144Cey and 1 85w 

In  this study Ivanov concluded t h a t  most of the a c t i v i t y  was associated 

c 



31 

w i t h  t h e  egg membrane r a t h e r  than t h e  egg contents.  Adsorp t ion  o f  

r a d i o n u c l i d e s  on t h e  membrane was assumed t o  be independent o f  t h e  

a c t i v i t y  i n  t h e  c e l l  and a l s o  independent o f  t he  type o f  egg being 

used. 

by embryos i s  due t o  pass ive  d i f f u s i o n  through the  membrane. 

Ivanov concluded t h a t  uncharged complexes permeate the  egg membrane 

much more r e a d i l y  than charged complexes. There fore  t h e  degree o f  

permeation may be c o n t r o l l e d  by t h e  degree o f  h y d r o l y s i s  o r  po lymer i -  

z a t i o n  i n  t h e  environment. 

I t  was suggested t h a t  t h e  mechanism o f  uptake o f  r a d i o n u c l i d e s  

F i n a l l y ,  

T ~ y t s u g i n a ~ ~  i n v e s t i g a t e d  chromosome breaks d u r i n g  anaphase 

and telophase i n  eggs of r u f f  (Scorpaena porcus) deve lop ing  i n  s o l u t i o n s  

c o n t a i n i n g  9oSr-90Y.  It was concluded t h a t  concent ra t ions  as low as 
c 

lo - ’  uCi/ml produced more breaks than were observed i n  c o n t r o l  s o l u t i o n s .  

Most o f  t h e  experiments conducted by Russian s c i e n t i s t s  l ead  

t o  t h e  conc lus ion  t h a t  eggs o f  f i s h e s  are ex t remely  s e n s i t i v e  t o  expo- 

sure  from r a d i a t i o n .  T h i s  h i g h  s e n s i t i v i t y  has genera l l y  n o t  been 

observed by  o t h e r  experimenters. Trabal  ka74 repeated t h e  experiments 

conducted by  Po l i ka rpov  and I ~ a n o v ~ ~  u s i n g  a d i f f e r e n t  methodology i n  

an a t tempt  t o  observe t h e  e f f e c t s  o f  low concent ra t ions  o f  144Ce-144Pr 

on deve lop ing  eggs. 

head minnows (PirnephaZes prorneZas) i n  144Ce-144Pr a t  a concen t ra t i on  o f  

1.2 x p C i / m l .  No s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  between 

I n  h i s  s tudy  Traba lka  developed the  eggs o f  f a t -  

t h e  t r e a t e d  and c o n t r o l  groups c o u l d  be demonstrated. T h i s  experiment 

f7 was conducted under c a r e f u l l y  c o n t r o l l e d  environmental  c o n d i t i o n s  i n  

which an e n t i r e  community o f  organisms was exposed. 
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Exposure t o  Uranium o r  P l u t o n i u m  

There have been no data reported i n  the l i t e r a t u r e  on the e f f ec t s  

t ha t  uranium has on developing f i sh  eggs. Several experiments have been 

performed w i t h  plutonium; however, there i s  no information on the uptake 

of  p l u t o n i u m  by the egg contents. 

The most e x t e n s i v e  i n v e s t i g a t i o n  o f  p l u t o n i u m  was r e p o r t e d  by 

Patin e t  a l .76  I n  t h i s  experiment the accumulation of 239Pu(N03)4 

by l i v e  and  dead Misgumis f o s s i l i s  spawn was studied. 

developed i n  solut ions containing 239Pu(N03)4 a t  concentrations of 9 x 

loe5  pCi/ml and 9 x 

o f  p l u t o n i u m  was related to  two s e t s  of fac tors ;  the physiochemical 

form i n  which plutonium was present i n  the solution and the physio- 

logical s t a t e  o f  the egg. 

Eggs were 

pCi/ml. Patin suggested t h a t  the accumulation 

Also, i t  was concluded t h a t  in view of the 

impermeability of the spawn membrane to  components in the water medium, 

especial  l y  col l  oi  dal par t i  cl es ,  the p l  utoni um was most 1 i kely concen- 

t r a t ed  on the egg membrane. 

a c t i v i t y  w i t h  no tendency to  sa tura te .  

239Pu was eliminated from l i v e  spawn, primarily d u r i n g  the f i r s t  10 hours 

a f t e r  they were t ransferred t o  an uncontaminated solut ion.  

the data presented i n  t h a t  paper were useful in terms of bioaccumulation 

of 239Pu on f ish eggs, i t  was of limited use i n  providing any q u a n t i -  

t a t i v e  information on the d is t r ibu t ion  of plutonium inside the egg 

Dead Misguxnis fossiZis spawn accumulated 

Final ly ,  Patin demonstrated t h a t  

Although 

which i s  needed fo r  assessment o f  the radiological dose. 

Auerbach e t  a1.77 reported the r e su l t s  o f  some preliminary 

s tudies  t o  evaluate the e f f ec t s  o f  239Pu on carp ( Q p r i n u s  eaqvio) 
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eggs. 

no observable e f f ec t s  could be seen as determined by hatching or abnormal 

frequency. 

nectes pZatessa) from ac t in ide  wastes which were released in to  the 

ocean. 

under ident ical  laboratory conditions. I n  the f i r s t  case a concen- 

t r a t i o n  fac tor  of 5.8 a t  the time of hatching was observed, and i n  the 

second case a concentration fac tor  of 35 was reported a t  the time of 

hatching. 

concentration fac tors  was due t o  the phenomenon of surface adsorption 

of  the 239Pu on the egg membrane. 

f o r  the higher accumulation fac tor  i n  the second experiment was t h a t  

more bacter ia  were present. 

Summary 

A t  concentrations ranging from 5 x pCi/ml t o  5 x 10-1 pCi/ml 

W ~ o d h e a d ~ ~  estimated doses t o  the eggs of plaice (PZeuro- 

Two d i f f e ren t  whole egg concentration fac tors  were calculated 

I t  was suggested t h a t  the large difference between these two 

Another possible explanation offered 

This review of the l i t e r a t u r e  leads t o  several conclusions about 

knowledge of the  e f f ec t s  of radiation on developing f i s h  eggs. 

general some good d a t a  are avai lable  t h a t  discuss the e f f ec t s  of beta 

and gamma radioact ivi ty .  

o f  alpha emitt ing radionuclides and ,  i n  pa r t i cu la r ,  plutonium o r  

urani urn. 

I n  

There i s  almost no information on the e f f ec t s  

The dose for  which e f f ec t s  are  f i r s t  seen appears t o  vary consid- 

erably among s tudies  i n  the type of radiation used, and whether the 

exposure was from an external source or whether radioactive material 

was added t o  the solut ion i n  which the eggs were developing. 

census seems t o  be tha t  eggs are  most sens i t ive  d u r i n g  the period of 

The con- 
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time soon a f t e r  f e r t i  1 i z a t i  on and t h a t  r a d i o s e n s i t i v i t y  decreases as 

development proceeds. 

Wi th  t h e  except ion  o f  two papers by Ivanov 71’72 and one exper i -  

ment by W~odhead,~’ no at tempts have been made t o  eva lua te  the  pene- 

e f f e c t  

p l u t o n  

c a n t l y  

t r a t i o n  o f  t h e  egg membrane by rad ionuc l i des .  

da ta  t o  show the  f r a c t i o n  of a c t i v i t y  assoc ia ted  w i t h  the  egg conten ts  

and t h e  membrane o r  t h e  d i s t r i b u t i o n  o f  a lpha e m i t t i n g  rad ionuc l i des  

i nco rpo ra ted  i n t o  t h e  egg contents.  T h i s  i n fo rma t ion  i s  p a r t i c u l a r l y  

impor tan t  f o r  assessment of t h e  dose from alpha r a d i a t i o n  as w e l l  as 

f rom low-energy be ta  o r  gamma r a d i a t i o n .  

eva lua te  t h e  absorbed dose and r e s u l t s  were s imp ly  r e p o r t e d  as observed 

There a re  no q u a n t i t a t i v e  

O f ten  no at tempt was made t o  

as a f u n c t i o n  o f  s o l u t i o n  concent ra t ion .  

I t  was concluded from t h i s  rev iew t h a t  s tud ies  on the  e f f e c t s  o f  

um and uranium on deve lop ing  f i s h  eggs would c o n t r i b u t e  s i g n i f i -  

t o  the  knowledge and understanding o f  t he  impact these m a t e r i a l s  

have on c e r t a i n  b i o t a  i n  t h e  environment. 

Purpose o f  Th i s  Research 

T h i s  research  p r o j e c t  has cons is ted  o f  t h r e e  p r i n c i p a l  tasks.  

1. To determine t h e  behav io r  o f  p lu ton ium and uranium i n  

s o l u t i o n  when assoc ia ted  w i t h  t h e  deve lop ing  embryos o f  

f i s h .  

2. To determine t h e  r a d i o l o g i c a l  and chemical t o x i c i t y  o f  

p lu ton ium and uranium t o  developing embryos o f  f i s h .  
n 
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3.  To assess t h e  impact which p lu ton ium and uranium found i n  

t h e  n a t u r a l  environment may have on developing embryos 

o f  f i s h .  

P r e r e q u i s i t e s  f o r  t h e  study o f  the  behav io r  o f  p lu ton ium and 

uranium assoc ia ted  w i t h  the  developing embryos o f  f i s h  i n c l u d e  t h e  

f o l l o w i n g  areas o f  research; t h e  p e n e t r a t i o n  o f  p lu ton ium and uranium 

th rough t h e  chor ion ,  t h e  concen t ra t i on  and d i s t r i b u t i o n  o f  p lu ton ium 

and uranium i n  t h e  egg contents,  t h e  stage o f  development a t  which up- 

take  occurs, t h e  d i s t r i b u t i o n  of these elements i n  the  egg volume, and 

t h e  dose rece ived  by s e n s i t i v e  t i s s u e  w i t h i n  t h e  developing egg. 

A s tudy  o f  t he  s t a t e - o f - t h e - a r t  recommended t e s t i n g  f o r  env i ron-  

mental t r a n s p o r t  o f  t o x i c  substances suggested t h a t  the  h i e r a r c h y  f o r  

s p e c i f i c  t e s t i n g  f o l l o w  determinat ions  f o r  t o x i c i t y ,  pers is tence,  and 

d i ~ p e r s i o n . ~ ’  I n  o rde r  t o  determine the  r a d i o l o g i c a l  and chemical 

t o x i c i t y  o f  p lu ton ium and uranium t o  developing embryos o f  f i s h ,  i t  

was necessary t o  observe severa l  s p e c i f i c  e f f e c t s  t h a t  a re  caused by 

r a d i o a c t i v e  o r  chemical t o x i c a n t s .  E f f e c t s  on h a t c h a b i l i t y ,  abnormali- 

t i e s ,  and l a r v a l  s u r v i v a l  were observed t o  e s t a b l i s h  l i m i t s  o f  t o x i c i t y .  

The chemical t o x i c i t y  o f  p lu ton ium was o f  p a r t i c u l a r  i n t e r e s t  i n  t h i s  

s tudy  because s c i e n t i s t s  have n o t  been ab le  t o  demonstrate c o n c l u s i v e l y  

t h e  chemical t o x i c i t y  o f  t h i s  element. I n v e s t i g a t o r s  have r e p o r t e d  a 

d i f f e r e n c e  between morpho log ica l ,  h i s t o p a t h o l o g i c a l ,  and hematological  

f a c t o r s  which were produced when mammals were i n j e c t e d  w i t h  equal 

m i c r o c u r i e  quan t i  t i e s  o f  238Pu and 239Pu. 8oy81 Th is  d i f f e r e n c e  has 

been exp la ined  by the  mass d i s t r i b u t i o n  o f  238Pu and 239Pu; i t  has 
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a l s o  been suggested t h a t  chemical t o x i c i t y  may a l s o  c o n t r i b u t e  t o  t h e  

d i f fe rence8*  s ince  equal a c t i v i t i e s  imp ly  approximately 3000 t imes t h e  

q u a n t i t y  o f  p lu ton ium f o r  239Pu compared w i t h  238Pu. 

The t h i r d  o b j e c t i v e  i n  t h i s  s tudy  presents a p r a c t i c a l  a p p l i -  

c a t i o n  o f  t h e  exper imental  and t h e o r e t i c a l  f i n d i n g s  on t h e  biochemical 

behav io r  and t o x i c i t y  o f  p lu ton ium and uranium t o  developing embryos 

o f  f i s h .  T h i s  o b j e c t i v e  i s  accomplished us ing  da ta  r e p o r t e d  i n  t h e  

l i t e r a t u r e  on c o n t r o l l e d  and u n c o n t r o l l e d  re leases  o f  p lu ton ium and 

uranium t o  the  aqua t i c  environment. 
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CHAPTER I 1  

CHARACTERISTICS OF THE TEST SYSTEM 

F i s h  Eggs as an Aquat ic  Tes t  Organism 

apr inus  carpio (L innaeus) 

Reproduct ive BiologylEmbryology. 

o f  Qprinus carpio (L innaeus),  as a b i o l o g i c a l  t e s t  system was f i r s t  

r e p o r t e d  i n  t h e  l i t e r a t u r e  by B l a y l ~ c k . ~ ~  

r e p o r t e d  by B lay lock  was approximately 97% f o r  28,762 eggs t h a t  were 

f e r t i l i z e d .  

s t u d i e s ;  t h e  behav io r  o f  t h e  l a r v a e  i n  a contaminated stream was ob- 

served.84 However, such a t o x i c i t y  t e s t  i s  n o t  adaptable t o  s t u d i e s  of 

p lu ton ium and uranium due t o  the  l a r g e  exper imental  apparatus t h a t  i s  

needed and t h e  hazards t h a t  a re  i n v o l v e d  i n  work ing  w i t h  r a d i o a c t i v e  

i so topes  o f  these elements. 

The f e a s i b i l i t y  o f  us ing  eggs 

The percentage o f  ha tch  

Carp l a r v a e  have a l s o  been employed f o r  t o x i c o l o g i c a l  

The rep roduc t i ve  b i o l o g y  o f  C. carpio has been tho rough ly  

85,86387388 The male s t u d i e d  and i s  w e l l  documented i n  t h e  l i t e r a t u r e .  

carp  has a one-year sexual c y c l e  which may be d i v i d e d  i n t o  f i v e  pe r iods ,  

each p e r i o d  be ing  cha rac te r i zed  by a t y p i c a l  change i n  the  t e s t e s :  87 

1. 

2. 

3. 

4. 

5. 

The p e r i o d  j u s t  be fo re  spawning (4-5 weeks) 

The p e r i o d  o f  spawning (2-6 weeks) 

The p e r i o d  o f  regenera t i on  (2-3 weeks) 

The p e r i o d  o f  a c t i v e  spermatogenesis (5 -6  months) 

The p e r i o d  o f  slow spermatogenesis (2-3 months) 
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In eastern Tennessee, the f i r s t  period occurs during March or  April.  The 

i n i t i a t i o n  and the d u r a t i o n  of the spawning  period depend on weather and  

spawning ground conditions, i . e .  , lake leve ls ,  tu rb id i ty  of water, and 

water temperature. 

spawning. 

when very l i g h t  pressure i s  exerted on the abdominal walls. 

usually become sexually mature d u r i n g  t h e i r  t h i r d  o r  f o u r t h  year of age 

and ra re ly  maintain sexual maturity over ten years of age. 

Any change in these fac tors  may in te r rupt  and delay 

During the spawning period, mil t  i s  discharged from the males 

Males 

The sexual cycle of female carp a l so  l a s t s  one year. Oogenesis 

may be divided in to  f ive  periods which are  characterized by a change in 
87 the ovaries:  

1 .  

2. The period of spawning (2-6 weeks) 

3. The period of regeneration (up t o  3 months) 

4. The period of act ive oogenesis (3-4 months) 

5. The period of slow oogenesis ( u p  t o  3 months) 

The period just before spawning (3-4 weeks) 

As with the males, the period j u s t  before spawning usually occurs during 

March or April and  the spawning period i s  affected s ign i f i can t ly  by 

environmental conditions. Females reach sexual maturity approximately 

one year l a t e r  than males. 

extracted from the female by l i g h t l y  s t rok ing  the abdomen. 

dimorphism for females or males i s  not evident by external examination 

except during the spawning season. 

During the spawning  period, eggs can be 

Sexual 

Fecundity as re la ted  t o  length, weight, and age of female carp 

has been studied in Lake S t .  Lawrence, Ontario.85 Among the specimens 
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examined, egg p roduc t i on  v a r i e d  from 36,000 eggs i n  a th ree -yea r -o ld  

f i s h  o f  394 mm l e n g t h  t o  2,208,000 eggs i n  a s i x teen -yea r -o ld  f i s h  w i t h  

a l e n g t h  o f  851 mm. 

on Lake S t .  Lawrence are i l l u s t r a t e d  i n  F igure  5. 

The age composi t ion and f e c u n d i t y  f o r  spawning carp  

Spawning carp are  abundant i n  eas te rn  Tennessee d u r i n g  sp r ing .  

As temperatures i n  sha l low grassy embayments beg in  t o  exceed approx i -  

ma te l y  18" C y  carp  beg in  t o  m ig ra te  f rom the  deeper waters. The sex 

r a t i o  o f  males t o  females i n  spawning areas i s  r e p o r t e d  t o  be 1.8: 1. 

Dur ing  spawning, t h e  female i s  u s u a l l y  fo l lowed i n t o  sha l low areas by 

one o r  more males. Al though the  most a c t i v e  spawning was observed i n  

f looded grassy shores and i n l e t s ,  spawning occur red  i n  embayments which 

con ta ined  f l o a t i n g  wood and o t h e r  deb r i s .  Spawning was a l s o  r e p o r t e d  i n  

an open deep water  area o f  Watts Bar Lake on severa l  occasions. 

Maximum spawning a c t i v i t y  was seen when water  temperatures exceeded 22" c 

85 

89 

Females a r e  s t i m u l a t e d  by males as the  f i s h  swim t o g e t h e r  and 

b o t h  males and females move t h e i r  t a i l s  v i o l e n t l y  sp lash ing  t h e  water .  

The eggs a r e  re leased  and a re  then f e r t i l i z e d  by m i l t .  The t ime  o f  day 

which spawning occurs depends on.environmenta1 c o n d i t i o n s  such as over- 

n i g h t  temperature, r a i n f a l l ,  and l a k e  l e v e l s .  Dur ing  the  peak of t h e  

spawning pe r iod ,  a c t i v i t y  was observed from s u n r i s e  u n t i l  sunset.  

Because t h e  r a t i o  o f  males t o  females d u r i n g  spawning i s  n e a r l y  

2:1, males a re  much e a s i e r  t o  c o l l e c t  than females. 

u s u a l l y  expend t h e i r  eggs i n  a s h o r t e r  p e r i o d  than males expend t h e i r  

sperm. 

male then may seek another r i p e  female. 

I n  a d d i t i o n ,  females 

A f t e r  a female has completed spawning she leaves the  area; t he  
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I f  wa te r  c o n d i t i o n s  and water  l e v e l s  a re  favorable,  t h e  d u r a t i o n  

o f  t h e  spawning p e r i o d  may extend over severa l  months. 

observed i n  t h e  lakes  w i t h  warmer water  temperatures f i r s t .  The normal 

sequence o f  spawning i n  t h e  Oak Ridge Na t iona l  Labora tory  area i s  Watts 

Bar Lake, F o r t  Loudon Lake, Cherokee Lake, N o r r i s  Lake, Douglas Lake, 

Me l ton  H i l l  Lake and the  C l i n c h  R ive r  above Melton H i l l  Lake. I n  1975, 

spawning began i n  Watts Bar Lake on A p r i l  25, 1975 and extended th rough 

June. The peak p e r i o d  occur red  d u r i n g  May. 

i n c r e a s i n g l y  d i f f i c u l t  t o  c o l l e c t  r i p e  specimens. 

Spawning was 

A f t e r  t h i s  t ime  i t  became 

The embryological  development o f  t he  C. carpio egg and t h e  

s e n s i t i v i t y  o f  C. carpio eggs t o  va ry ing  environmental  c o n d i t i o n s  a re  

w e l l  documented i n  t h e  l i t e r a t u r e .  Because carp a r e  n o t  used 

as a p r imary  source o f  food i n  the  Un i ted  Sta tes ,  most o f  t h e  l i t e r a t u r e  

about carp  r e a r i n g  and p roduc t i on  comes from f o r e i g n  coun t r i es ,  p a r t i c u -  

l a r l y  i n  Eas tern  Europe and Asia. 

’ 92y93  

The most comprehensive rev iew o f  embryological  development o f  

ca rp  eggs was r e p o r t e d  by Verma. x90’94 

development which i n c l u d e d  photographs of each stage. 

Frankg5 p rov ided  a rev iew o f  egg 

Eggs o f  carp  a r e  

approx imate ly  1.9 mm i n  diameter a f t e r  water  hardening occurs. The 

u n f e r t i  1 i z e d  ovum i s  c e n t r o l e c i t h a l  , c o n t a i n i n g  yo1 k m a t e r i a l  accumu- 

l a t e d  i n  t h e  cen te r  o f  t h e  egg surrounded by a cushion o f  cytoplasni ic 

f l u i d .  The f i r s t  cleavage begins approx imate ly  30 minutes a f t e r  f e r t i l -  

i z a t i o n  and i s  merob las t i c .  

i n  h a l f  and i s  f o l l o w e d  by d i v i s i o n s  which g i v e  4, 8, 16, 32, 64 and 

128 c e l l s .  Each c e l l  i s  known as a blastomere; and as c e l l  d i v i s i o n  

The f i r s t  cleavage d i v i d e s  t h e  b l a s t o d i s k  
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progresses, blastomeres become i n c r e a s i n g l y  d i f f i c u l t  t o  d i s c e r n  and 

spread t o  t h e  oppos i te  s i d e  o f  t h e  y o l k .  

B l a s t u l a  f o l l o w s  and i s  cha rac te r i zed  by a ho l l ow  b a l l  o f  c e l l s  a t  one 

T h i s  marks t h e  end o f  cleavage. 

end o f  t h e  y o l k .  

The n e x t  stage o f  development i s  known as g a s t r u l a t i o n .  Dur ing  

t h i s  pe r iod ,  t h e  blastoderm begins t o  f l a t t e n  and spread over  the  y o l k ,  

fo rming  t h e  germ r i n g .  G a s t r u l a t i o n  i s  complete when t h e  germ r i n g  has 

closed. 

Subsequent development can be d i v i d e d  i n t o  a number o f  stages which a r e  

c h a r a c t e r i z e d  by t h e  fo rma t ion  of organs i n  the  embryo. C o l l e c t i v e l y ,  

t h i s  i s  known as organogenesis. Several key stages d u r i n g  t h i s  develop- 

mental p e r i o d  a re  presented i n  o rde r  of t h e i r  appearance: i n c r e a s i n g  

number o f  somites; f o rma t ion  o f  t h e  o p t i c  cup; f o rma t ion  o f  t h e  h e a r t ;  

mo t i  1 i ty  ; c i  r c u l  a t i  on ; hatching. 

The l e n g t h  o f  t ime  i t  takes an egg t o  ha tch  a f t e r  f e r t i l i z a t i o n  

Somites may be v i s i b l e  a long t h e  s p i n a l  chord a t  t h i s  t ime. 

96,97 , 98 

depends upon t h e  k i n d  o f  egg and t h e  environmental cond i t i ons ,  pa r -  

t i c u l a r l y  temperature. H igher  temperatures impede t h e  developmental 

process. Carp eggs t h a t  a re  incubated  a t  24" C hatch i n  approx imate ly  

72 hours. 

r e t a i n  a small  amount o f  y o l k  m a t e r i a l .  

The newly hatched l a r v a e  a r e  about 6-7 mm i n  l e n g t h  and 

F igu re  6 shows seven stages o f  development of carp eggs i ncu -  

b a t i n g  a t  24" C. 

t h e  t o p  o f  t h e  y o l k .  

2 hours, 8 c e l l s .  When t h e  embryo i s  16 hours o ld ,  o p t i c  cups a re  

appear ing and somi t e s  a re  v i s i b l e  a long the  notochord. Organogenesis 

A t  30 minutes t h e  b l a s t o d i s k  i s  beg inn ing  t o  appear a t  

A t  50 minutes the  b l a s t o d i s k  has two c e l l s  and a t  
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Figure 6. Embryonic Development o f  Carp Eggs 
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cont inues  and when the  egg i s  approximately 42 hours o l d  and pigmen- 

t a t i o n  o f  t h e  eyes and body begins. A t  68 hours, t he  l a r v a  i s  f u l l y  

developed and ready f o r  ha tch ing .  

Qprinus carpi0 Eggs as an Aquat ic  Tes t  Organism. Numerous 

t o x i c i t y  t e s t  systems would have been s u i t a b l e  f o r  conduct ing t h i s  

research. A comprehensive rev iew o f  some of t h e  t e s t  systems as a p p l i e d  

t o  chemical mutagens was pub1 i shed by Hol 1 aender. 99 There a r e  , however, 

severa l  d i s t i n c t  advantages t o  u s i n g  C. carpio eggs f o r  r a d i o l o g i c a l  and 

chemical t o x i c i t y  t e s t s .  Some of these advantages a re  summarized below: 

1. 

2. 

3.  

4. 

5. 

The f e c u n d i t y  of t h e  r i p e  female carp  i m p l i e s  a l a r g e  sample 

f rom which t e s t  organisms may be taken. 

The s h o r t  developmental p e r i o d  of C. carpio eggs pe rm i t s  

c o l l e c t i n g  t e s t  r e s u l t s  r a p i d l y .  

Approximately 100% f e r t i l i z a t i o n  occurs w i t h  l a b o r a t o r y  

spawning and g r e a t e r  than 97% hatch  of t he  eggs can be expected. 

Eggs may be exposed t o  t e s t  s o l u t i o n s  immediately a f t e r  

f e r t i l i z a t i o n  when t h e  embryo i s  most s e n s i t i v e  t o  r a d i o l o g i c a l  

o r  chemical mutagens. 

Carp a r e  found th roughout  most of t h e  wor ld ,  hav ing  been 

t r a n s p l a n t e d  e x t e n s i v e l y  ou ts ide  o f  t h e i r  n a t u r a l  range. 

Therefore,  t h e  r e s u l t s  o f  these experiments can be r e l a t e d  t o  

t h e  exposure of o t h e r  b i o t a  i n  aqua t i c  ecosystems. 

Several  disadvantages t o  C. carpio eggs as a t o x i c i t y  t e s t  system a r e  

t h e  f o l l o w i n g :  
n 



45 

1. A v a i l a b i l i t y  o f  eggs depends upon the  spawning season which 

l a s t s  approximately s i x  weeks. Experiments must be w e l l  

o rgan ized p r i o r  t o  conduct ing them. 

Carp must be ob ta ined from the  f i e l d .  

s t r a i n  o f  carp  o f  reproduc ing  age r e q u i r e s  l a r g e  s to rage  

poo ls  and expensive m a t e r i a l s .  

The s e n s i t i v i t y  o f  t he  t o x i c i t y  t e s t  depends upon t h e  t ype  of 

mutagen be ing  tes ted .  

m a t e r i a l s  t h a t  do n o t  r e a d i l y  pene t ra te  t h e  chor ion .  

2. M a i n t a i n i n g  a l a b o r a t o r y  

3.  

Eggs a re  re1  a t i  v e l y  i nsensi  t i  ve t o  

4. Labora tory  spawning i s  n o t  a n a t u r a l  process and may a f f e c t  

t h e  outcome o f  t o x i c i t y  t e s t s .  

PimephaZes prorneZas (Rafinesque) 

Rep roduc t  i ve B i  o l  ogylEmbryo1 ogy. The most s i g n i  f i can t  d i  s - 

advantage t o  us ing  C. carpio eggs f o r  t h i s  research was t h e  s h o r t  

spawning per iod .  The hazards assoc ia ted  w i t h  exper imental  research  on 

p l  u t o n i  um and u r a n i  um r e q u i r e  t h a t  experiments be conducted i n  s p e c i a l  l y  

des ignated  areas. A t  t h e  Oak Ridge Na t iona l  Labora tory  such space was 

a v a i l a b l e  a l though l i m i t e d .  For t h i s  reason and because t h e  C. carpio 

spawning season d u r i n g  1975 was r e l a t i v e l y  sho r t ,  an a d d i t i o n a l  t o x i c i t y  

t e s t  system was developed which used t h e  eggs o f  fa thead minnows, PirnephaZes 

promeZas (Raf inesque).  T h i s  t e s t  system p rov ided  a d d i t i o n a l  da ta  and 

a l lowed key experiments t o  be repeated us ing  another species o f  f i s h .  

The r e p r o d u c t i v e  b i o l o g y  o f  P. promeZas has been r e p o r t e d  i n  t h e  

l i t e r a t u r e  a l though t h i s  member o f  t h e  Cypr in idae f a m i l y  has n o t  been 

s t u d i e d  as e x t e n s i v e l y  as C. carpio. 74y100y101 I n f o r m a t i o n  cou ld  n o t  
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be found i n  the l i t e r a t u r e  which e x p l i c i t l y  descr ibed t h e  manner i n  

which eggs o f  P. promelas are  l a i d  and f e r t i l i z e d .  Therefore,  t h i s  

process i s  reviewed i n  t h e  f o l l o w i n g  paragraphs based upon t h i s  a u t h o r ' s  

observa t ions  d u r i n g  these experiments. 

I n  n a t u r a l  waters, t h e  male fa thead minnow loca tes  a s u i t a b l e  

n e s t i n g  s t e  which i s  u s u a l l y  on the  underside o f  f l o a t i n g  o b j e c t s  o r  

vegeta t ion .  lo' 

o f  p l a s t i c  p i p e  (7.0 cm I .D.) c u t  i n  h a l f  and approximately 7.6 cm i n  

l eng th .  

t h e  n e s t i n g  s i t e .  

Dur ing  t h e  t ime t h a t  t he  n e s t  i s  being prepared, t he  male fa thead con- 

t i n u o u s l y  brushes t h e  surface of t h e  n e s t  w i t h  h i s  head, dorsa l  f i n ,  and 

caudal f i n .  

eggs may be at tached. 

becomes dark and markings a re  d i s t i n c t i v e .  

t r u d e  from t h e  forehead. 

two v e r t i c a l  w h i t e  s t r i p e s  l o c a t e d  ahead o f  t h e  do rsa l  f i n .  

I n  l a b o r a t o r y  aquar ia,  a r t i f i c i a l  nes ts  were construc,ed 

Male fatheads which are ready f o r  spawning con t inuous ly  guard 

Other minnows t h a t  e n t e r  t h e  n e s t  are d r i v e n  away. 

T h i s  apparen t l y  ma in ta ins  a c lean su r face  on which t h e  

Whi le males are guarding nests,  t h e i r  c o l o r  

L i g h t  grey t u b e r c l e s  pro- 

The spawning male i s  a l s o  e a s i l y  i d e n t i f i e d  by 

When a female i s  ready t o  spawn, she en te rs  the  nest .  The male 

and female swim toge the r ,  t h e  male rubb ing  the  area o f  t h e  female j u s t  

behind t h e  p e l v i c  f i n  w i t h  h i s  p e l v i c  f i n s .  Eggs a r e  re leased  and 

f e r t i l i z e d  as t h e  p a i r  f l i p  t o  one s ide,  then back t o  t h e  v e r t i c a l  

p o s i t i o n  i n  a cont inuous motion. Eggs a re  a t tached t o  t h e  s u r f a c e  by an 

adhesive m a t e r i a l  on the  chor ion.  

cou ld  n o t  be a c c u r a t e l y  determined; however, i t  appears t h a t  i t  i s  most 

o f t e n  between one and f i v e .  

The number o f  eggs re leased each t ime 

Eggs are grouped toge the r  u s u a l l y  i n  rows 
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and o c c a s i o n a l l y  a re  l aye red  as many as t h r e e  eggs deep. When t h e  

female has expended her  supp ly  o f  eggs, she i s  f o rced  t o  l eave  t h e  n e s t  

by  t h e  male. 

t h e  do rsa l  and caudal f i n  g e n t l y  a g a i n s t  t h e  eggs. T h i s  l i k e l y  p revents  

Dur ing  t h e  development per iod ,  t h e  male cont inues  t o  rub  

damage t o  t h e  eggs by fungus. 

The embryology o f  P. promeZas eggs i s  very  s i m i l a r  t o  t h e  embryology 

o f  C. carpi0 eggs a l though development takes approximately 168 hours a t  

24" C.  Niazi" '  has pub l i shed  a d e t a i l e d  rev iew o f  t h e  embryology; 

however, i t  was necessary t o  produce a s e r i e s  o f  photographs t o  de te r -  

mine more p r e c i s e l y  t h e  age o f  f r e s h l y  f e r t i l i z e d  eggs i n  water  a t  

a temperature o f  25" C.  T h i s  " b i o l o g i c a l  c lock "  i s  i l l u s t r a t e d  in  

F i g u r e  7. 

development they were n o t  used f o r  t o x i c i t y  t e s t s  i f  they  cou ld  n o t  be 

Since eggs are most s e n s i t i v e  d u r i n g  t h e  e a r l y  stages of 

p laced  i n  t h e  t e s t  s o l u t i o n  be fo re  b l a s t u l a  was completed. 

Al though N i a z i  observed t h e  embryological  development o f  

P. promeZas eggs i n  d e t a i l ,  he made several  at tempts w i t h o u t  success t o  

o b t a i n  specimens f o r  obse rva t i on  by p l a c i n g  spawning males and females 

i n  aquar ia  i n  t h e  l a b o r a t o r y .  S t r i p p i n g  techniques were a l s o  unsuc- 

c e s s f u l  f o r  p r o v i d i n g  f e r t i l i z e d  eggs i n  l a r g e  q u a n t i t i e s  and a t  r e g u l a r  

i n t e r v a l s .  For  t h i s  research  an abundant supply o f  f r e s h l y  f e r t i l i z e d  

eggs was necessary. 

t o  e s t a b l i s h  s t a b l e  l a b o r a t o r y  environmental  c o n d i t i o n s  and a s u i  t a b l e  

techn ique f o r  r e t r i e v i n g  t h e  eggs and u s i n g  them i n  experiments w i t h o u t  

p h y s i c a l  i n j u r y .  T h i s  method w i l l  be reviewed i n  d e t a i l  i n  t h e  f o l -  

1 owing chapter.  

T h i s  supply was achieved a f t e r  cons ide rab le  e f f o r t  
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F igu re  7. Embryonic Development o f  Fathead Minnow Eggs 

n 
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PimephaZes promelas Eggs as an Aquat ic  Tes t  Organism. 

advantages t o  us ing  P. promeZas eggs f o r  r a d i o l o g i c a l  and chemical 

t o x i c i t y  t e s t s  a r e  summarized be l  ow: 

The 

1. Eggs can be ob ta ined i n  t h e  l a b o r a t o r y  by normal spawning 

o f  males and females throughout t h e  year .  

2. The s h o r t  developmental p e r i o d  o f  P. promeZas perm i t s  r a p i d  

t e s t  r e s u l  t s .  

A r e l a t i v e l y  h i g h  percent  ha tch  o f  eggs can be obtained. 

The smal l  s i z e  o f  t h e  a d u l t  fa thead minnow i s  optimum f o r  

conduct ing  l a b o r a t o r y  experiments w i t h o u t  t h e  need f o r  

ex tens i ve  space o r  h o l d i n g  f a c i l i t i e s .  

Fathead minnows a r e  found th roughout  most o f  t h e  U n i t e d  

Sta tes ,  t ransp lan ted  e x t e n s i v e l y  o u t s i d e  t h e i r  o r i g i n a l  

range. There fore  , t h e  r e s u l t s  o f  these experiments can 

be r e l a t e d  t o  t h e  exposure o f  o t h e r  b i o t a  i n  a q u a t i c  

ecosys terns. 

3. 

4. 

5. 

Several  o f  t h e  disadvantages t o  us ing  P. promeZas eggs f o r  

r a d i o l o g i c a l  and chemical t o x i c i t y  t e s t s  a re  a l s o  l i s t e d  below. 

1. Eggs a r e  u s u a l l y  i n t o  t h e  e a r l y  developmental stages 

b e f o r e  they  can be p laced i n  t h e  t e s t  s o l u t i o n .  

The number o f  eggs l a i d  a t  one spawning v a r i e s  s i g n i f i c a n t l y  

and o f t e n  may n o t  be s u f f i c i e n t l y  l a r g e  f o r  exper imental  

use. 

2. 

3. The fa thead minnow i s  a n e s t  b u i l d e r ;  t he re fo re ,  develop- 

ment of eggs t h a t  a re  p laced i n  the  t e s t  s o l u t i o n  may 

be a f f e c t e d  by the  absence of t he  male. 
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4. The small s i ze  of P. promelas eggs makes quant i ta t ive  

experiments t o  determine membrane penetration by plutonium 

and uranium d i f f i c u l t  t o  perform. 

Summary 

The reproductive biology and embryology of C. carpio and 

P. promeZas have been reviewed from the l i t e r a t u r e  and observations by 

th i s  author. There are s ign i f icant  advantages t o  u s i n g  eggs of these 

t e l eos t s  as  a t e s t  organism t o  determine the tox ic i ty  of plutonium and 

uranium t o  aquatic biota.  

Frequency o f  Abnormal C. carpio and P. promelas Larvae Hatched Under 

Control 1 ed Condi t i o n s  

In order t o  evaluate radiation-induced e f f ec t s  i n  f ish eggs, 

i t  was important t o  determine i n i t i a l l y  baseline data on the s t a t i s t i c s  

of abnormal hatchings occurring in the presence of natural background 

radiat ion.  Frankg5 observed four abnormal C. carpio larvae among a 

t o t a l  of 1,592 larvae tha t  hatched under control conditions. Only 

embryos w i t h  gross malformations such as curvature of the spinal column 

were recognized as abnormals. Therefore, l e s s  conspicuous teratological  

e f f ec t s  may have been present such as malformations involving the eyes 

which were reported by McGregor and Newcombe. 47 

Trabal ka74 found four  basic types of abnormal i t i e s  among 

P. promeZas larvae. 

curvature of the spinal column, usually associated with a severe "hunch- 

The most frequent abnormality was a dorsoventral 

back" deformation. A second spinal abnormal i t y  was l a t e ra l  curvature of 

the spinal column. Non-spinal teratological  e f f ec t s  were abdominal 
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twins , and incompletely developed caudal f i n s .  Trabal ka reported finding 

seven abnormal larvae among 2,573 specimens col lected.  Six of the 

abnormalities involved spinal curvature. 

During the present experiment only gross abnormalities involving 

curvature of the spinal column were observed. 

primarily t o  the complex nature of conducting the experiments inside a 

This may have been due 

glove box. 

Mechanism fo r  Plutonium and Uranium Penetration of the Chorion 

As previously mentioned, there  a re  no d a t a  in the l i t e r a t u r e  t h a t  

suggest the extent  t o  which plutonium or uranium in solution penetrate 

the chorion of a developing f i s h  egg. 

values fo r  membrane penetration by spec i f ic  elements. 68 Considerable 

Only one a u t h o r  has reported 

data  a re  avai lable ,  however, on the diffusion t h r o u g h  the chorion of 

cer ta in  elements essent ia l  in egg development. 

The chorion of C. carpi0 and P. promelas eggs i s  a mechanical 

s t ruc tu re  produced a t  laying. Eggs usually take on additional water 

a f t e r  they a re  la id  and  f e r t i l i z e d  and then undergo a process of hardening. 

The chorion i s  considered to  be impermeable t o  colloidal pa r t i c l e s  a n d  

large molecules. Water continues t o  pass t h r o u g h  the membrane in b o t h  

d i rec t ions  throughout development. Ions o f  calcium and sodium are  

absorbed from the medium d u r i n g  development of f i s h  eggs so t h a t  upon 

hatching, the f ina l  concentration o f  these elements i n  the  eggs i s  

several times greater  t h a n  the i n i t i a l  concentration. lo2  The toughened 

chorion a l so  permits the passage of oxygen ammonia, hydrogen, and hydroxyl 

ions in to  the egg. 

phosphate a re  l o s t  t o  the environment during development. 

O n  the other hand,  carbon dioxide, potassium and 
103 



52 

Because o f  t h e  complex chemical behav io r  o f  both p lu ton ium and 

uranium, i t  was d i f f i c u l t  t o  p r e d i c t  t he  q u a n t i t y  o f  these m a t e r i a l s  

t h a t  would pass through t h e  chor ion.  Complex i o n s  o f  these elements a re  

cons ide rab ly  l a r g e r  than t h e  i ons  o f  t h e  i n o r g a n i c  s a l t s  discussed 

above. 

would be used i n  me tabo l i c  processes. Therefore,  p r i o r  t o  conduct ing 

these experiments, i t  was thought t h a t  p lu ton ium and uranium would be 

absorbed by the  egg a t  approximately the  f r a c t i o n s  l i s t e d  by the  I n t e r -  

n a t i o n a l  Commission on Rad io log i ca l  P r o t e c t i o n  f o r  abso rp t i on  through 

Also,  i t  cannot be r e a d i l y  assumed t h a t  p lu ton ium o r  uranium 

t h e  GI t r a c t  o f  human beings. These f r a c t i o n s  are 3 x f o r  p lu ton ium 

and lo- ’  f o r  uranium. 104 

The mechanism by which cho r ion  p e n e t r a t i o n  occurs i s  n o t  known. 

However, Ivanov suggested t r a n s p o r t  was by pass ive  d i f f u s i o n .  He a l s o  

r e p o r t e d  t h a t  adso rp t i on  o f  r a d i o n u c l i d e s  on the  c e l l  membrane was 

independent o f  a c t i v i t y  i n  t h e  embryo and a l s o  independent o f  t h e  t y p e  
72 o f  egg. 

Radionucl ides --..__- Used i n  T h i s  Study 

l i r a n i  um 

Uranium-232. Uranium-232 was se lec ted  f o r  use i n  t h i s  s tudy  

because o f  i t s  p o t e n t i a l  s i g n i f i c a n c e  i n  the  tho r ium f u e l  c y c l e  as 

discussed i n  Chapter I ,  and because t h i s  i s o t o p e  o f  uranium possesses 

h i g h  s p e c i f i c  a c t i v i t y  r e l a t i v e  t o  o t h e r  alpha e m i t t i n g  uranium i so topes  

(21.2 C i /g ) .  

232U a re  r a d i  o l  o g i  c a l  r a t h e r  than chemical . 
T h i s  l a t t e r  p roper t y  i m p l i e s  t h a t  t h e  e f f e c t s  produced by 
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Uranium-232 i s  produced i n  t h e  tho r ium f u e l  c y c l e  f rom neut ron  

i n t e r a c t i o n s  w i t h  230Th, 232Th, and 233U ( F i g u r e  8). 

231Th f a s t  neu t ron  r e a c t i o n  w i t h  a t h r e s h o l d  energy cross s e c t i o n  

o f  0.004 b and t h e  233U (n ,  2n) 232U f a s t  neu t ron  r e a c t i o n  w i t h  a 

The 232Th (n,  2n) 

t h r e s h o l d  energy cross s e c t i o n  o f  0.002 b a r e  n o t  as s i g n i f i c a n t  as 

the  230Th (n, y )  r a d i a t i v e  capture  r e a c t i o n .  lo5 This  i n t e r a c t i o n  

has a thermal neut ron  cross s e c t i o n  o f  23.2 b. lo5 Therefore,  t h e  
2 32,, c o n t e n t  o f  230Th i n  tho r ium o r e  a f f e c t s  t h e  concen t ra t i on  of  

which i s  u l t i m a t e l y  mixed w i t h  o t h e r  uranium iso topes  i n  t h e  f u e l .  

Na tu ra l  t ho r ium c o n s i s t s  o f  232Th; however, i t  may c o n t a i n  

smal l  amounts o f  230Th, a daughter o f  234U. 

232Th range between 0.01 ppm i n  t y p i c a l '  t h o r i t e - v e i n  o r e  t o  100 ppm, 

which i s  an upper l i m i t  f o r  raw m a t e r i a l  thor ium f o r  commercial HTGR's. 

These l e v e l s  o f  230Th r e s u l t  i n  232U concent ra t ions  a t  e q u i l i b r i u m  
106 r e c y c l e  o f  360 ppm t o  1160 ppm. 

Est imates o f  230Th i n  

106 

The 232U decay cha in  i s  a member o f  t h e  4n o r  t ho r ium s e r i e s .  I n  

t h i s  decay cha in  t h e r e  i s  no l o n g - l i v e d  "s topp ing"  n u c l i d e  such as 

e x i s t s  i n  o t h e r  a c t i n i d e  decay chains.  

e f f e c t i v e  absorbed energy pe r  d i s i n t e g r a t i o n ,  CEF(RBE)n, o f  232U i s  h i g h  

when compared t o  o t h e r  r a d i o n u c l i d e  chains.  

232U, 72 years,  and t h e  f a c t  t h a t  t h e r e  i s  no "s topp ing"  r a d i o n u c l i d e  i n  

t h e  cha in  r e s u l t  i n  a r a p i d  in -growth  o f  daughters a f t e r  232U i s  i n i t i a l l y  

i s o l a t e d .  Therefore,  t h e  b u i l d - u p  o f  e x t e r n a l  exposure f rom p e n e t r a t i n g  

r a d i a t i o n  must be considered i n  t h e  design o f  any experiment u s i n g  

Th is  p r o p e r t y  i m p l i e s  t h a t  t he  

The moderate h a l f - l i f e  of 

232" 
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The 232U for these experiments was obtained from the Oak Ridge 

National Laboratory. The isotope was o r ig ina l ly  produced a t  ORNL i n  

1962 by i r r ad ia t ions  of 231Pa borrowed from Great Br i ta in . lo7  The mass 

spectrum of the or iginal  batch and the mass spectrum calculated fo r  1975 

a re  l i s t e d  below. 

1962 1975 
I sotope Atom % Atom % 

99.2430 99.1450 
0.7209 0.8162 
0.0083 0.0094 

23ZU 
233u 
234u 
235u 0.0014 0.001 6 

0.001 3 0.001 5 
0.0236 0.0294 

2 36” 
238u 

The or ig ina l  batch of 232U had not been used f o r  several years  before 

t h i s  experiment. 

232U from i t s  daughters. 

Therefore i t  was necessary t o  chemica 

T h i s  provided a radiochemical 

2 3 2 U .  Five milligrams of 232U as U02(N03)2 i n  a volume 

l y  separate  the 

y’pure  sample of 

of two mi l l i -  

l i t e r s  were received on April 21, 1975. The unshielded exposure r a t e  on 

the bottom of the vial  was 460 mR/hour. This basic stock solut ion was 

shielded i n  a lead p i g .  Because this  radionuclide i s  considered t o  be 

of very high rad io toxic i ty  ( c l a s s  1 )  according t o  the Oak Ridge National 

Laboratory Health Physics Manual, lo8 a1 1 experiments involving 2321J had 

t o  be conducted i n  spec ia l ly  designated alpha i so la t ion  f a c i l i t i e s .  

Uranium-233. Uranium-233 was selected as  a t r a c e r  t o  determine 

the penetration of uranium t h r o u g h  the chorion and the d i s t r ibu t ion  of 

uranium i n  the egg contents. This isotope of uranium i s  considered t o  

have moderate radiotox c i t y  r a the r  than very h i g h  radiotox c i t y  characterized 
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by  232U. 

e f f i c i e n c y  f i l t e r s  i s  adequate f o r  exper iments w i t h  

A good chemical l a b o r a t o r y  w i t h  a hood equipped w i t h  h i g h  
233" 108 

A sample o f  240 mg o f  233U as U308 was r e c e i v e d  on February 19, 

1975 f o r  use i n  ?:his exper iment .  Mass spcct rum a n a l y s i s  determined t h a t  

i t  c o n s i s t e d  o f  t h e  f o l l o w i n g  i so topes .  

I sotope 
23ZU 

Atom % 
0.0008 

99.5400 
0.1840 
0.0620 
0.01 30 
0.2030 

233u 
2 34u 
235u 
236u 
238u 

The o r i g i n a l  sample, U308, was conver ted  t o  U02(N03)2 and a d j u s t e d  t o  a 

volume o f  two m i l l i l i t e r s .  

Uranium-233, an a lpha e m i t t e r ,  i s  a member o f  t h e  neptunium or 4n 

+ 1 s e r i e s  and, l i k e  t h e  o t h e r  members o f  t h i s  s e r i e s ,  must be a r t i -  

f i c i a l l y  produced. 

f e r t i l e  232Th th rough neu t ron  cap tu re  and success ive  be ta  decays o f  

233Th and 233Pa. 

T h i s  sample o f  h i g h  p u r i t y  233U was produced f rom 

Uranium-235, 238. I n  o r d e r  t o  determine t h e  chemical t o x i c i t y  o f  

uranium t o  deve lop ing  embryos, 235U and 238U were s e l e c t e d  as t e s t  

r a d i o n u c l i d e s .  

any observed e f f e c t s  t o  b i o t a  which had been exposed t o  235U and 

a r e  due t o  chemical t o x i c i t y .  The re fo re  by comparing t h e  e f f e c t s  f rom 

232U t o  235U o r  238U, one can determine t h e  d i f f e r e n c e  between chemical 

t o x i c i t y  and r a d i o l o g i c a l  t o x i c i t y .  

The low s p e c i f i c  a c t i v i t y  o f  these i s o t o p e s  i m p l i e s  t h a t  

238" 

n 
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The i s o t o p i c  composi t ion o f  t h e  235U and 238U used i n  t h i s  

exper iment as determined by mass spectrum a n a l y s i s  i s  l i s t e d  below. 
235u 2 38" 

I so tope  Atom % Iso tope Atom % 
<o. 0001 
<o. 0001 

233" 
234u 

<o. 0001 
0.0290 

233" 
2 34u 

235u 99.91 20 235" 0.001 1 
<o. 0001 
99.9990 

236u 0.01 60 2 36u 

23BU 0.041 4 238u 

Approx imate ly  200 mg o f  each i so tope  as U308 was rece ived  on 

February 19, 1975. T h i s  was conver ted t o  U02(N03)* and ad jus ted  t o  a 

volume o f  two m i l l i l i t e r s .  The Oak Ridge Nat iona l  Labora tory  Hea l th  

Phys ics Manual l i s t s  bo th  235U and 238U as c lass  4 i so topes  hav ing 

s l i g h t  r a d i o t o x i c i t y ; l o 8  a good chemical l a b o r a t o r y  i s  adequate f o r  
235u or 238u exper iments i n v o l v i n g  

Both 235U and 238U decay by alpha emiss ion and are n a t u r a l l y  

o c c u r r i n g  rad ionuc l i des .  The h igh  enrichment f o r  these samples was 

ob ta ined  by e lec t romagne t i c  mass separa t ion .  

P1 u t o n i  um 

P1 utonium-238. Radiochemical ly  pure 238Pu possesses i d e a l  

phys i ca l  p r o p e r t i e s  t o  determine the  e f f e c t s  f rom p l u t o n i  um r a d i o -  

a c t i v i t y  t o  develop ing f i s h  embryos. Th is  i so tope  o f  p lu ton ium has 

r e l a t i v e l y  h i g h  s p e c i f i c  a c t i v i t y ,  17.1 Ci /g,  and may be ob ta ined a t  

reasonable c o s t  and h i g h  i s o t o p i c  p u r i t y .  

238Pu i s  very  s i m i l a r  t o  the  s p e c i f i c  a c t i v i t y  of  232U. 

The s p e c i f i c  a c t i v i t y  o f  

Th is  p roper t y  

pe rm i t s  a comparison o f  t h e  r a d i o l o g i c a l  e f f e c t s  o f  t h e  two elements 

w i t h o u t  a s i g n i f i c a n t  d i f f e r e n c e  between the  masses i nvo lved .  
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Plutonium-238 i s  a member of the 4n + 2 or  uranium decay chain. 

The decay of 238Pu i s  "blocked" a f t e r  alpha emission by the f i r s t  

n 

5 daughter, 2 3 4 U ,  which has a long ha l f - l i f e ,  2.47 x 10 years (Figure s a ) .  

Five milligrams of 238Pu as Pu02 were i n i t i a l l y  obtained f o r  these 

experiments and converted t o  P u ( N O ~ ) ~ .  

sample i s  l i s t e d  below. 

The i so topic  composition o f  this  

I sotope Atom % 
238Pu 97.380 
239Pu 1.670 
240Pu 0.887 
*41PLl <O. 040 

242Pu 0.022 
244Pu <o. 001 

The Oak Ridge National Laboratory Health Phy i c s  Man 1 l i s t s  
108 238Pu as a c lass  1 radionuclide having very h i g h  radiotoxici ty .  

Therefore experiments w i t h  238Pu must be conducted i n  special  ly  designed 

alpha i so la t ion  f a c i l i t i e s .  

P1 utonium-244. The chemical t ox ic i ty  of plutonium has not been 

demonstrated because very long-lived isotopes o f  this  element are ra re  

and extremely d i f f i c u l t  t o  produce. Only one plutonium isotope, 244PU , 
7 has a su f f i c i en t ly  long h a l f - l i f e ,  8.3 x 10 years ,  which i s  needed t o  

conclusively determine the chemical tox ic i ty  of plutonium. 

A r e l a t ive ly  pure sample o f  244Pu was acquired f o r  this experi- 

ment i n  order t o  invest igate  the chemical t ox ic i ty  o f  plutonium t o  

aquat ic  biota.  This material was or ig ina l ly  a by-product from the 

production of approximately f ive  kilograms of 244Cm from 239Pu.109 

the most e f f i c i e n t  production, the conversion of 239Pu t o  244Cm was made 

For 
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i n  severa l  stages. 

was produced by successive neut ron  captures.  

F i r s t ,  239Pu was enr iched t o  240Pu. Second, 242Pu 

Th i rd ,  t h e  242Pu was 

f a b r i c a t e d  i n t o  t a r g e t s  and p laced i n  the  o u t e r  housing h i g h  f l u x  r e g i o n  

o f  a r e a c t o r  a t  t h e  Savannah R i v e r  P lan t .  The r e s u l t i n g  plutonium, 

americium, and cur ium were separated chemica l l y .  The p lu ton ium recovered 

had a 244Pu con ten t  o f  approx imate ly  25%. 

en r i ched  t o  more than 98% (atom) by e lec t romagnet ic  mass separa t i on  

Th is  sample was f u r t h e r  

110,111 ( c a l u t r o n )  . 
I s o t o p i c  composi t ion of t h e  244Pu i s  l i s t e d  below w i t h  t h e  

corresponding r a d i o a c t i v i t y  f o r  1 mg o f  sample. 

A c t i v i t y  i n  1 mg 
o f  Sample 

I so tope  Atom % (11 C i )  
238Pu 0.003 1.7 x 10-1 (a) . .  
239Pu 0.001 1 .8  x l o e 2  ( a )  

40P u 0.305 7.0 x 10-1 (a) 

242Pu 1.050 4.0 x (a) 

T o t a l  0.95 pCi/mg (a) 

241 Pu 0.074 7.3 x l o 1  ( 6 - )  

44Pu 98.570 1.7 x ( a ) 

Plutonium-244 i s  a member o f  t he  4n o r  t ho r ium s e r i e s .  The 

r a d i o a c t i v e  decay i s  i l l u s t r a t e d  i n  F igu re  9b. 

244Pu i n i t i a l l y  rece ived  as Pu02 were used i n  these experiments. The 

chemical form was conver ted  t o  P u ( N O ~ ) ~  by d i s s o l v i n g  t h e  s o l i d  i n  

concent ra ted  n i  tri c acid.  The t o t a l  r a d i o a c t i v i t y  assoc ia ted  w i t h  one 

mg o f  t h e  244Pu sample i s  s t i l l  r e l a t i v e l y  h i g h  due t o  t h e  presence o f  

Approximatfily 65 mg o f  

h i g h  s p e c i f i c  a c t i v i t y  i m p u r i t y  i so topes .  

a c t i v i t y  assoc ia ted  w i t h  t h e  sample r e s u l t s  f rom 240Pu (74%) and 238Pu 

Most o f  t he  alpha r a d i o -  
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(18%). Plutonium-244 c o n t r i b u t e s  l e s s  than 2% o f  the t o t a l  a lpha a c t i v i t y .  

The s p e c i f i c  a c t i v i t y  o f  t he  244Pu sample used i n  these exper iments (9.5 x 

C i /g )  i s  a f a c t o r  o f  64 t imes lower  than the  s p e c i f i c  a c t i v i t y  o f  

f i s s i l e  239Pu (6.13 x lo- ’  C i /g ) ,  the  most abundant and impor tan t  p lu ton ium 

i s o t o p e  i n  the  nuc lear  f u e l  cyc le .  

Table 7 summarizes some phys i ca l  and chemical p r o p e r t i e s  of t he  

uranium and p lu ton ium isotopes as w e l l  as t h e i r  p r o t e c t i o n  c r i t e r i a .  

Chemical Form o f  P luton ium and Uranium f o r  Th is  Study ’ 

The most common chemical forms o f  uranium and p lu ton ium found i n  

t h e  l i t e r a t u r e  on b i o l o g i c a l  s tud ies  i nc lude  ox ides,  n i t r a t e s ,  f l u o r i d e s ,  

ch lo r i des ,  and c i t r a t e s . ’  I t  was necessary t o  consider  t h e  f o l l o w i n g  

phys i ka l  and chemical p r o p e r t i e s  i n  o rder  t o  s e l e c t  the  bes t  chemical 

f o rm- fo r  t h i s  study. 

1. Valence s t a t e  and chemical form o f  p lu ton ium and uranium 

i n  na tu ra l .  ecosystems. 

2. Hydronium i o n  concent ra t ion  s i m i l a r  t o  environmental  waters .  

3. 

4. T o x i c i t y  o f  the anion. 

5. 

Al though the  chemis t ry  o f  p lu ton ium i n  l a b o r a t o r y  concent ra t ions  

H ighes t  s o l u b i l i t y  poss ib le  f o r  bo th  elements. 

Chemica1,form t h a t  i s  compat ib le  f o r  bo th  elements. 

has been w e l l  documented i n  t h e  l i t e r a t u r e ,  6 y 1 1 4 y 1 1 5 y 1 1 6  the  most l i k e l y  

chemical form and valence s t a t e s  o f  p lu ton ium i n  the  environment have 

n o t  been w e l l  es tab l i shed.  The most l i k e l y  forms o f  re lease  t o  t h e  

mixed Pu-U oxide, s i l i c a t e s ,  and l i q u i d s  o f  va r ious  environment a re  Pu02 , 
types. A i  rborne p a r t  c l e s  d e p o s i t i n g  near t h e i r  sources would be expected 





63 

t o  be coarse and r e l a t i v e l y  i n e r t ,  w h i l e  those d e p o s i t i n g  remote ly  would 

be more r e a c t i v e . ’ l 7  The major d i f f i c u l t y  i n  s t u d y i n g  environmental  

l e v e l s  o f  p lu ton ium i s  i t s  very  low concen t ra t i on  i n  t e r r e s t r i a l  and 

a q u a t i c  media. T y p i c a l  concen t ra t i on  i n  ocean water  and f r e s h  wa te r  i s  
118 approx imate ly  IO-1 ppm. 

The chemical form and valence s t a t e  o f  p lu ton ium i n  n a t u r a l  

waters  has been s t u d i e d  by B o n d i e t t i  e t  a l .  ’I9, S i l v e r  120Y1z1y and 

Rozze l l  and Andelman. 22 A1 though conc lus i ve  de terminat ions  o f  valence 

s t a t e  have n o t  been repor ted ,  i t  i s  g e n e r a l l y  accepted t h a t ,  because o f  

i n t e n s e  h y d r o l y s i s  and s t r o n g  complexing tendency, p lu ton ium ( I V )  shou ld  

dominate i n  n a t u r a l  water systems. 

P1 utonium ( I V )  forms e x c e p t i o n a l l y  s t r o n g  complexes w i t h  t h e  

c i t r a t e  ion. ’14 P lu ton ium c i t r a t e  has good s o l u b i l i t y  i n  water  and t h e  

pH a t  which h y d r o l y s i s  occurs i s  g r e a t e r  than pH = 8. 123 There fore  

exper iments w i t h  Pu(1V) - c i t r a t e  a t  pH % 7.0 may be performed w i t h o u t  

h y d r o l y s i s .  If plu ton ium remains i n  s o l u t i o n  as a c i t r a t e  complex, t h e  

g r e a t e s t  t o x i c  e f f e c t  shou ld  be observed because t h e  s o l u b l  

more l i k e l y  t o  pass th rough t h e  egg chor ion .  

The t o x i c i t y  o f  t h e  c i t r a t e  complexing an ion  t o  deve 

form i s  

op ing  embryos 

has n o t  been r e p o r t e d  i n  t h e  l i t e r a t u r e .  

t h i s  t h e s i s .  

T h i s  i s  discussed l a t e r  i n  

The c o l l o i d a l  p r o p e r t i e s  o f  Pu(1V) - c i t r a t e  i n  d i l u t e  aqueous 

s o l u t i o n s  have been examined by Lindenbaum and W e s t f a l l .  124 T h e i r  s tudy  

was conducted t o  c l a r i f y  t h e  c o n f l i c t i n g  r e p o r t s  i n  the  l i t e r a t u r e  on 

t i s s u e  d i s t r i b u t i o n  o f  p lu ton ium when the  same chemical fo rm was be ing  
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tested.  A common method was es tab l  i shed f o r  p repar ing  u l  t r a f i  1 t e r a b l  e 

p lu ton ium c i t r a t e  t h a t  cou ld  be ad jus ted  t o  a n e u t r a l  pH f o r  use i n  

b i o 1 og i ca 1 ex pe r  i men t s  . 
The chemis t ry  o f  uranium has been t h e  s u b j e c t  o f  ex tens i ve  

research  f o r  many years  and t h e r e  are many comprehensive reviews on 
2 34u uranium chemistry.  25 ” 2 6 y  27 ” 28 Three i sotopes o f  u r a n i  um , Y 

235U, and 238U, are found i n  nature.  I n  n a t u r a l  waters, t h e  chemical 

p r o p e r t i e s  o f  uranium favor t h e  U ( V I )  valence s t a t e ,  and UOZ2+ complexes 

w i t h  carbonate and s u l f a t e  are predominant. lZ9 Uranium i s  p resent  a t  a 

concen t ra t i on  o f  approx imate ly  3 x 
118 i n  f r e s h  water. 

ppm i n  ocean water  and 1 x l o e 3  ppm 

The u rany l  i o n  forms s t r o n g  complexes w i t h  the  c i t r a t e  i on .  
2+ Uranyl  c i t r a t e  i s  s o l u b l e  i n  water  a t  n e u t r a l  pH and most o f  t he  U02 

remains complexed, p rov ided  excess c i t r a t e  i s  p resent  i n  s o l u t i o n .  130 

As w i t h  plutonium, t h e  h i g h e s t  t o x i c i t y  f rom uranium t o  f i s h  eggs shou ld  

be observed when t h e  uranium remains i n  s o l u t i o n .  T h i s  p h y s i c a l  fo rm 

assures maximum t r a n s p o r t  through the  membrane. 

I n  view o f  t h e  above f i n d i n g s ,  t h e  chemical fo rm and valence 

s t a t e  o f  p lu ton ium and uranium se lec ted  f o r  t h i s  study were t h e  f o l l o w i n g :  

Valence 
Chemical Form E 1 emen t S t a t e  pH 

Plutonium I V  7.5 Pu( IV)  - C i t r a t e  

l l r a n i  um V I  7.5 U(VI )02  - C i t r a t e  

n 
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CHAPTER I11 

MATERIALS AND METHODS 

Exper imental  Faci  1 i t i e s  

A l l  exper imental  work f o r  t h i s  research was conducted a t  t he  

Oak Ridge Na t iona l  Laboratory,  Oak Ridge, Tennessee, and employed 

f a c i l i t i e s  and m a t e r i a l s  o f  t h e  Environmental Sciences D i v i s i o n .  

Rad ionuc l ides  Having Very High R a d i o t o x i c i t y  

Among t h e  r a d i o n u c l i d e s  used i n  t h i s  study, 238Pu and 232U a re  

cons idered t o  have very  h i g h  r a d i o t o x i c i t y .  ' 0 8  Experiments w i t h  i s o -  

topes i n  t h i s  t o x i c i t y  c l a s s  must be c a r r i e d  o u t  i n  a "Type A" h igh- 

l e v e l  l a b o r a t o r y  c o n s i s t i n g  o f  g love  boxes o r  h o t  c e l l  f a c i l i t i e s  

spec i  f i  c a l  l y  cons t ruc ted  f o r  hand1 i ng such mater i  a1 s .  The use o f  

i n  an unsh ie lded area i s  permi t ted ,  p rov ided  s i g n i f i c a n t  daughter b u i l d -  

up has n o t  occur red  and p e n e t r a t i n g  r a d i a t i o n  dose r a t e s  are n o t  exces- 

s i ve .  

232u 

L i m i t e d  space was a v a i l a b l e  i n  g love  boxes opera ted  by the  

Environmental Sciences D i v i s i o n  i n  t h e  Alpha I s o l a t i o n  F a c i l i t y ,  

B u i l d i n g  3508, a t  ORNL. 

f o o t "  g love  box. and one s tandard  " t h r e e  foo t , "  were a v a i l a b l e .  

s tock  s o l u t i o n s  were prepared and main ta ined i n  t h e  smal l  g love  box. 

T o x i c i t y  and p e n e t r a t i o n  t e s t s  were conducted i n  approx imate ly  two- 

t h i r d s  o f  t h e  l a r g e  g love  box. 

P o r t i o n s  o f  two g love  boxes, one s tandard  " s i x  

Bas ic  
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Operat iona l  procedures f o r  B u i l d i n g  3508 are o u t l i n e d  i n  ORNL/  

TM-3938. 13’ T h i s  manual descr ibes  p r o t e c t i v e  c l o t h i n g ,  personal  moni- 

t o r i n g ,  l i m i t e d  access areas, and bag-in/bag-out techniques r e q u i r e d  

f o r  hand1 i n g  hazardous r a d i o a c t i v e  m a t e r i a l s .  A thorough problem 

s a f e t y  summary must be submi t ted  and approved b e f o r e  experiments may 

be conducted i n  B u i l d i n g  3508. Only personnel who have been t r a i n e d  

i n  p roper  g love  box techniques are p e r m i t t e d  t o  per fo rm experiments i n  

B u i l d i n g  3508. T h i s  au thor  began g love  box t r a i n i n g  on February 10, 

1975 and cont inued t h i s  t r a i n i n g  through A p r i l .  On May 1, 1975 com- 

p l e t i o n  o f  t h e  glove box t r a i n i n g  was c e r t i f i e d  (Appendix A) .  Although 

two persons must be present  f o r  bag-in/bag-out opera t ions ,  c e r t i f i c a t i o n  

p e r m i t t e d  t h e  au tho r  t o  cont inue experiments on weekends and weeknights 

w i t h o u t  ass is tance from superv i so ry  personnel .  Mater i  a1 s can be p u t  

i n t o  t h e  box th rough a s p h i n c t e r  p o r t  w i t h o u t  a complete bag- in pro-  

cedure. F igu re  10 shows t h e  l a r g e  g love  box and s p h i n c t e r  p o r t .  

Experiments w i t h  Pu were a l s o  c a r r i e d  o u t  i n  a glove box i n  

B u i l d i n g  3508 because of t h e  presence of ve ry  h i g h  t o x i c i t y  i m p u r i t y  

i so topes .  

w i t h  i so topes  o t h e r  than 232U, 2 3 8 P ~ ,  and 244Pu in t h e  g love  box t o  

It was a l s o  d e s i r a b l e  t o  conduct as many t e s t s  as p o s s i b l e  

min imize  d i f f e r e n c e s  i n  environmental c o n d i t i o n s  between experiments. 

Radionucl ides Having Other Than Very High R a d i o t o x i c i t y  

B u i l d i n g  2001 was t h e  l o c a t i o n  o f  experiments i n v o l v i n g  t h e  

1 ess r a d i o t o x i  c i sotopes, 233U, 235U, and 238U. The work area was 

p r o t e c t e d  from r o u t i n e  pedes t r i an  t r a f f i c  and marked w i t h  contaminat ion 

0 
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zone s igns  and tape (F igu re  11) .  Experiments w i t h  non rad ioac t i ve  sub- 

n 

stances were conducted ou ts ide  of t h e  contaminat ion zone area. 

Larvae Surv i  Val S tud ies  

Larvae s u r v i v a l  was observed by r e a r i n g  young f ry  i n  pans t h a t  

were p laced i n  environmental chambers i n  B u i l d i n g  2001. Pans were 

sampled p e r i o d i c a l l y  f o r  a lpha r a d i o a c t i v i t y  and spec ia l  cau t i on  was 

taken t o  p revent  contaminat ion of t he  environmental chambers o r  su r -  

round ing  work areas. 

P repara t i on  o f  Tes t  So lu t i ons  

Bas ic  Stock S o l u t i o n s  

I d e n t i c a l  p lu ton ium and uranium c i t r a t e  t e s t  s o l u t i o n s  were pre- 

I pared accord ing  t o  t h e  method o u t l i n e d  by Lindenbaum and W e s t f a l l .  124 

One m i l l i l i t e r  o f  238Pu(N03)4 o r  232U02(N03)2 s o l u t i o n  c o n t a i n i n g  

approx imate ly  2.5 mg/ml was added t o  f i v e  m i l l i l i t e r s  o f  2% t r i s o d i u m  

c i t r a t e  aqueous s o l u t i o n .  N e u t r a l i z a t i o n  was accomplished by drop- 

wise a d d i t i o n  o f  concent ra ted  10 M NaOH be fo re  f i n a l  adjustment t o  

pH 7.5 w i t h  1 M NaOH. N e u t r a l i z a t i o n  was con t inuous ly  mon i to red  w i t h  
. 

. erence e l e c t r o d e  t o  p revent  exceeding t h e  des i red  pH. Approximately 

' 100% o f  t h e  UOZ2+ and t h e  Pu4+ a re  cornplexed w i t h  c i t r a t e  a t  a pH = 

a Corning General Purpose pH Meter having a combination probe and r e f -  

7.5.124y132 Water was then added t o  the  bas i c  s tock  s o l u t i o n  t o  pro-  

v i d e  convenient mass and a c t i v i t y  concent ra t ions .  

Stock s o l u t i o n s  of 244Pu(N03)4 and 233 235 . 2 3 8 ~ ~ 2   NO^ ) were 

prepared s i m i l a r l y  except t h a t  approximately 15 m l  o f  c i t r a t e  s o l u t i o n  
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ere  used t o  assure t h a t  excess c i t  

case,  no observable prec ip i ta te  was present i n  the 

Aliquots from basic stock solutions were ad 

polyethylene bot t les  containing s p r i n g  water t h a t  had been f i ' l t e red  

using 0.45 1.1 f i l t e r  paper. 

the rad ioac t iv i ty  or mass concentration t o  be studied were prepared 

In Building 3508, l i t e r  bo t t les  containing 

box and t ransfe  o the large glove box for use 

Radioassay o f  Test Solutions 

Each concentration o m and plutonium used in t h i s  study 

prepared. G-ross 
* .- was analyzed by radioassa 

nal dose ra te .  

daughters d i d  n o t  contribute s ign i f i can t ly  t o  the t o t a l  a c t i v i t y  from 

this  isotope because decay i s  e s sen t i a l ly  blocked by the f i r s t  daughter, 
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2 3 4 U .  

of t o t a l  a c t i v i t y  due t o  232U i t s e l f  t o  decrease during the course of 

Buildup of 232U daughters, on the other h a n d ,  caused the fract ion 

the experiment. Figure 12  shows the fract ion of t o t a l  alpha ac t iv i ty  

contributed by 232U and alpha emitting daughters as a function of the 

time elapsed between i n i t i a l  separation and use. Within 30 days a f t e r  

ion exchange separat ion,  the 232U daughters contributed more t h a n  10% 

of the to t a l  alpha ac t iv i ty .  

a t  approximately 200 days, the 232U daughters  contributed 46% of the 

t o t a l  a c t i v i t y .  

o f  the or iginal  quantity.  Gross alpha analysis provided an accurate 

estimate of the amount of alpha ac t iv i ty  present in the t e s t  solution 

a t  a given time. However, the e f fec t ive  energy per dis integrat ion 

increases considerably as daughter buildup continues. This increase 

in e f f ec t ive  energy per dis integrat ion was incorporated in to  dose cal-  

culat ions and will be discussed in fur ther  de ta i l  i n  Chapter IV. 

By the time the experiments were completed 

The mass of 232U present a t  200 days was s t i l l  99.5% 

The 232U daughters were i n i t i a l l y  removed from the sample by ion 

exchange separation on April 18, 1975. Portions of t h i s  same stock 

were used in experiments over the following 180 days. Samples a t  two 

in t e rva l s  from t h i s  stock were assayed for  232U and '08T1 by spectrum 

analysis  t o  ver i fy  the content of 232U and  daughters in solut ion.  

r a t i o  of 232U and '08T1 a c t i v i t y  t o  t o t a l  alpha a c t i v i t y  fo r  these 

ana-lyses i s  l i s t e d  in Table 8. 

buildup of daughters in solution and t o  determine the quantity of 

The 

These d a t a  were used t o  confirm the 
232u 

/,-\ present. Ratios computed by spectrum analysis are in good agreement 

w i t h  theoret ical  values. 
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Table 8. Ratio o f  2 3 2 U  and '"T1 Act ivi ty  t o  Total Alpha Act ivi ty  
In A Solution o f  2 3 2 U  and Daughters 

DPM 2 3 2 U  c1 
DPM Total a 

DPM 2 3 2 U  a 
DPM Total a 

DPM '"T1 y 
DPM Total a 

DPM '"T1 y 
DPM Total  a 

Date (Spectrum analysis)  (Theoretical  ) a  (Spectrum analys is )  (Theoret ical  ) a  

May 13, 1976 

November 5,  1976 

0.944 

0.650 

~~~~ ~ 

0.900 

0.540 

~~ 

0.003 

0.013 

0.006 

0.012 

aCalculated assuming 100% removal o f  a l l  2 3 2 U  daughters on April 18, 1975. 
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Labora tory  Spawning o f  Qprinus carpi0 

be ing  i nves t i  gated, t h e  

rnents, and t h e  s h o r t  l i m i t e d  space a v a i l a b l e  t o  perform t h  

spawning season o f  carp r e q u i r e d  cons iderab le  o r g a n i z a t i o n  and advance 

p lann ing  be g iven t o  t h i s  study. I n  

female carp e a r l y  i n  the  spawning sea 

1 abora to ry  employees who conduct 

i n f o r m  the  au thor  when they  f i r s t  s i g h t e d  -spawning carp. I n  a d d i t i o n ,  

known spawning grounds were checked f o r  spawning a c t i v i t y  and water  

temperature on warm days a f t e r  A p r i l  1, 1975. 

F igu re  13 marks t h e  l o c a t i o n s  where spawning-carp were observed 
g -  

o r  c o l l e c t e d  d u r i n g  t h e  s p r i n g  of’1975. The most aGt ive  spawning area 

was on F o r t  Loudon Reservo i r  approxim 

Tennessee. T h i s  i s  a sha l low embayment approxima l y  t h r e e  acres i n  

s i z e  w i t h  a heavy outgrowth o f  w i l l o w  end. Since t h i s  

l o c a t i o n  was on p r i v a t e  p r o p e r t y  

owner t o  ga ther  r i p e  specimens. 

10 miles’ west of K n o x v i l l e ,  

ob ta ined f rom t h e  l a n d  
- 

Samples were u s u a l l y  c o l l e c t e d  ne t ;  however, i n  

c e r t a i n  i n l e t s  hav ing  a narrow channel l e a d i n g  t o  open water,  a se ine  

n e t  was employed. 

t h e  eggs o r  sperm had been spent 

p laced i n  0.44 m ( I D )  x 0.56 

water.  Males and females we eparated d u r i n g  t r a n s p o r t .  P o r t a b l e  

Ripe specimens were checked t o  determine whether 
I i 

Those se lec ted  f o r  use were c a r e f u l l y  

stic,drums f o i l l e d  w i t h  f r e s h  l ake  
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aera to rs  p rov ided a fo rced  a i r  supply  t o  ma in ta in  oxygen concent ra t ions  

i n s i d e  t h e  drum. 

F igures  14 and 15 i l l u s t r a t e  a t y p i c a l  h a b i t a t  f o r  r i p e  carp 

as w e l l  as t h e  methods used t o  c o l l e c t  specimens f o r  t h i s  s tudy.  

Spawning Procedure 

A technique f o r  spawning C. carpi0 i n  t he  l a b o r a t o r y  was 

r e p o r t e d  i n  t h e  l i t e r a t u r e  by B lay lock  and G r i f f i t h . 8 3  Approximately 

1,000 eggs were s t r i p p e d  from the  r i p e  female i n t o  a Nalgene ( t rademark) 

beaker c o n t a i n i n g  250 m l  o f  0.6% NaCl i n  f i l t e r e d  s p r i n g  water a t  25°C. 

The use o f  Nalgene prov ided a s i g n i f i c a n t  improvement over  B lay lock  and 

G r i f f i t h ' s  technique because t h e  eggs d i d  n o t  s t i c k  t o  t h e  beaker w a l l s .  

The d i l u t e  s a l t  s o l u t i o n  removes the adhesive coa t ing  on t h e  o u t s i d e  

of the  eggs and prevents  them f rom clumping together .  

v i g o r o u s l y  w h i l e  severa l  drops o f  m i l t  were s t r i p p e d  from the  r i p e  male 

i n t o  t h e  beaker. F e r t i l i z a t i o n  was almost instantaneous.  Eggs were 

then poured i n t o  3.5 x 8.5 cm ( I D )  p l a s t i c  dishes which conta ined 

approx imate ly  75 m l  o f  t e s t  s o l u t i o n .  

p r o p e r t i e s  and became f i x e d  t o  the  bottom o f  the dishes. 

Eggs were s w i r l e d  

Eggs s t i l l  possessed adhesive 

The spawning procedure i s  i l l u s t r a t e d  i n  F igure 16. Three 

persons were needed t o  c a r r y  out  the  l a b o r a t o r y  spawning. 

v i d u a l s  h e l d  a male o r  female f i s h  w h i l e  the  t h i r d  h e l d  t h e  beaker 

and poured eggs i n t o  the  dishes. 

d i s h  i s  approx imate ly  150. 

poured and d i s t r i b u t e d  un i fo rm ly .  

Two i n d i -  

The o p t  mum number o f  eggs f o r  one 

With p r a c t i c e  t h i s  number o f  eggs can be 
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Figure 14. Collection o f  Ripe Carp in the Field 
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Figure 15'. Collection o f  Ripe Carp in the Field 
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The f e r t i l i z e d  eggs were n o t  moved o r  d i s t u r b e d  d u r i n g  t h e  

f i r s t  30 minutes a f t e r  f e r t i l i z a t i o n  t o  p reven t  phys i ca l  damage d u r i n g  

t h e  e a r l y  development stages. 

m i x t u r e  was d iscarded and the  dishes were f i l l e d  w i t h  100 m l  o f  f resh  

t e s t  s o l u t i o n .  

a t  t h i s  t ime. 

A f t e r  t h i s  p e r i o d  t h e  NaCl t e s t  s o l u t i o n  

Large clumps of eggs and excess eggs were a l s o  removed 

The number o f  eggs i n  each d i s h  was ob ta ined us ing  a hand 

coun te r  and a g r i d  p laced under the  dishes t o  p revent  coun t ing  eggs 

more than once. 

o f t e n  c a l l e d  " r i nge rs , "  were a l s o  removed on a d a i l y  basis.  

cedure prevented t h e  bu i ldup o f  b a c t e r i a  o r  fungus. 

T e s t  s o l u t i o n s  were changed d a i l y  and dead eggs, 

Th is  pro- 

When t o x i c i t y  t e s t s  were performed i n s i d e  t h e  g love  box, eggs 

were spawned on t h e  o u t s i d e  i n  250 m l  Nalgene b o t t l e s ,  t h e  top  was 

p laced  on t h e  b o t t l e s ,  and they  were p u t  i n t o  the  g love  box th rough 

t h e  s p h i n c t e r  p o r t .  T h i s  procedure r e q u i r e d  approximately one minute 

f rom t h e  t ime  eggs were s t r i p p e d  from the  female u n t i l  they  were 

p laced  i n t o  t h e  t e s t  s o l u t i o n .  

I n  n a t u r a l  waters, eggs a re  f i r s t  depos i ted  by t h e  female, and 

subsequent ly f e r t i l i z e d  by t h e  male. The i d e a l  s i t u a t i o n  f o r  these 

t o x i c i t y  experiments would have been t o  s t r i p  eggs from t h e  female 

i n t o  t h e  t e s t  s o l u t i o n  then add t h e  sperm. However, t h e  g love  box 

imposed p h y s i c a l  r e s t r a i n t s  and r e q u i r e d  a de lay  p e r i o d  between when 

t h e  eggs were s t r i p p e d  and when the  sperm was added. 

I n  t h e  process o f  impregnation, an egg i s  penet ra ted  by a sper-  

matozoon through an opening known as t h e  micropyle.  Almost immediately, 
n 



81 

t h e  opening i s  b locked by f u r t h e r  e n t r y  o f  spermatozoa by a c o r t i c a l  

r e a c t i o n  i n s i d e  t h e  An experiment was performed t o  determine 

t h e  e f f e c t i v e n e s s  o f  f e r t i l i z a t i o n  as a f u n c t i o n  o f  t he  t ime  between 

s t r i p p i n g  t h e  eggs and adding t h e  m i l t .  

i n  F igu re  17. 

var ious  i n t e r v a l s  o f  t ime w h i l e  i n  the  c o n t r o l  group sperm was added 

immediately a f t e r  s t r i p p i n g  t h e  eggs. 

i n d i c a t e  t h a t  t h e  most e f f e c t i v e  f e r t i l i z a t i o n  occurs when m i l t  i s  

added w i t h i n  a few seconds a f t e r  t h e  eggs are s t r i p p e d  from the  female. 

Based on these data,  i t  was decided t h a t  eggs should be f e r t i l i z e d  

b e f o r e  they  were p u t  i n t o  t h e  g love  box. 

Attempt t o  Delay Spawning 

These da ta  a re  i l l u s t r a t e d  

I n  the  t e s t  group t h e  a d d i t i o n  o f  sperm was delayed f o r  

The r e s u l t s  o f  t h i s  exper iment 

The spawning season f o r  C. carpi0 may extend ove r  a t h r e e  month 

p e r i o d  d u r i n g  years  when water temperature and o t h e r  environmental  

c o n d i t i o n s  a r e  favorab le .  

and female carp  a v a i l a b l e  f o r  t o x i c i t y  t e s t s  f o r  l onger  than t h r e e  

months i f  poss ib le .  There fore  20 carp  were c o l l e c t e d  d u r i n g  e a r l y  

A p r i l  and p laced i n  1 m deep x 3 m diameter poo ls  i n  which wa te r  tem- 

p e r a t u r e  was main ta ined a t  approximately 13°C. On June 10, t h e  water  

temperature was s l o w l y  r a i s e d  over a p e r i o d  o f  14 days t o  induce 

spawning a c t i v i t y .  

However, i t  was d e s i r a b l e  t o  have r i p e  male 

T h i s  a t tempt  t o  de lay  spawning was e f f e c t i v e  i n  p roduc ing  r i p e  

males th rough Ju l y ;  however, no r i p e  females r e s u l t e d  f rom t h e  e x p e r i -  

ment. Al though t h e r e  a re  r e p o r t s  i n  the  l i t e r a t u r e  t h a t  carp spawning 

a c t i v i t y  has been delayed success fu l l y ,  t h e r e  a re  severa l  reasons 
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a t t r i b u t e d  t o  t h e  f a i l u r e  t o  produce r i p e  males and females i n  t h i s  

experiment. 

a d j u s t  w e l l  t o  t h e  l i m i t e d  space a v a i l a b l e  i n  t h e  poo ls  and a s u i t a b l e  

spawning h a b i t a t  was n o t  p resent .  

specimens jumped o u t  o f  t h e  pool  and d i e d  be fore  J u l y  1. 

t h e  change from a n a t u r a l  d i e t  t o  a l a b o r a t o r y  d i e t  may have i n t e r -  

r u p t e d  normal sexual m a t u r i t y .  

The most l i k e l y  reasons were t h a t  w i l d  carp d i d  n o t  

Approximately one-ha l f  o f  t h e  

I n  a d d i t i o n ,  

Labora tory  Spawning o f  PimephuZes prorneZas 

Technique f o r  Ob ta in ing  P. promeZas Eggs 

I t  was necessary t o  design a system which would p r o v i d e  a p l e n t i -  

f u l  supp ly  o f  f r e s h l y  f e r t i l i z e d  P. prorneZas eggs f o r  use i n  t o x i c i t y  

experiments w i t h  p l  u t o n i  um and uranium. 

n o t  success fu l  i n  f e r t i l i z i n g  fathead minnow eggs by s t r i p p i n g  eggs 

and m i l t  f rom r i p e  females and males. 

a l lowed t h e  eggs t o  be l a i d  and f e r t i l i z e d  by t h e  f i s h  was d e s i r a b l e .  

Eggs c o u l d  then be checked t o  determine the  stage o f  development. 

t h e  a i d  o f  t h e  b i o l o g i c a l  c lock  f o r  P. prorneZas o u t l i n e d  i n  Chapter I1  

(p. 47) ,  those eggs which were n o t  p a s t  t h e  b l a s t u l a  stage were used 

f o r  t o x i c i t y  t e s t s  and o l d e r  eggs were discarded. 

Several  techniques as w e l l  as two  s t r a i n s  o f  f i s h  were eva lua ted  

N i a z i  lo’ r e p o r t e d  t h a t  he was 

There fore  a n a t u r a l  system which 

With 

t o  p r o v i d e  a r e l i a b l e  source o f  P. promeZas eggs. 

ob ta ined  from a l o c a l  f i s h  b a i t  dealer .  The o t h e r  s t r a i n  was ob ta ined 

f rom t h e  Environmental P r o t e c t i o n  Agency, Na t iona l  Water Q u a l i t y  Board 

Stock a t  D i  1 uth, Minnesota. 

One s t r a i n  was 



84 

The fa thead minnow l a y s  eggs i n  c l u s t e r s ,  u s u a l l y  one egg deep, 

on t h e  underside o f  ob jec ts .  Eggs are  at tached by an adhesive coat  and 

may be removed from the  sur face  w i t h  a spata la .  Th is  procedure, how- 

ever ,  i s  n o t  recommended due t o  p o t e n t i a l  phys i ca l  i n j u r y  t o  the  eggs. 

Nes t ing  s i t e s  were cons t ruc ted  by c u t t i n g  7 cm (ID) p l a s t i c  

p i p e  i n  h a l f  and i n  l eng ths  o f  8 cm. 

w i t h  a p iece  o f  1 mm t h i c k  t r a n s l u c e n t  po lye thy lene.  

was a t tached t o  the  bottom edges o f  t he  p i p e  w i t h  p l a s t i c  tape. 

The i n s i d e  o f  the  p i p e  was covered 

The po lye thy lene 

Sev- 

e r a l  o the r  m a t e r i a l s  t o  cover the  i n s i d e  o f  the  p i p e  were tes ted .  

Among these were t e f l o n ,  acetate,  and aluminum f o i l .  Each o f  these 

had disadvantages o f  e i t h e r  be ing expensive, t o x i c  t o  the  f i s h ,  o r  n o t  

acceptable by t h e  f i s h  as a s a t i s f a c t o r y  sur face  on which t o  b u i l d  a 

n e s t  and po lye thy lene was used i n  subsequent work. 

The use o f  po lye thy lene t o  cover the  underside o f  s h e l t e r s  has 

severa l  d i s t i n c t  advantages. T h i s  m a t e r i a l  i s  f l e x i b l e  and assumes the  

shape o f  t he  p ipe.  The po lye thy lene can be e a s i l y  c u t  w i t h  a p a i r  o f  

s c i s s o r s  t o  p rov ide  a t e s t  group o f  eggs and a c o n t r o l  group o f  eggs. 

Because t h i s  m a t e r i a l  i s  t rans lucen t ,  f r e s h  eggs may be observed under 

a microscope w i t h o u t  removing them from the  po lye thy lene.  

The procedure fo l l owed  t o  o b t a i n  eggs i s  i l l u s t r a t e d  i n  F igures 

18 and 19. 

and p laced i n  a l i v i n g  stream o r  aquarium, (b ) .  The male fa thead pre-  

pared t h e  n e s t  f o r  t h e  female ( c )  and guarded the  eggs a t tached t o  the  

t o p  o f  t h e  s h e l t e r  ( d ) .  The po lye thy lene was removed from the  s h e l t e r  

a f t e r  t he  eggs were l a i d  and excess po lye thy lene was d iscarded,  F igu re  

The po lye thy lene  was a t tached t o  the  s h e l t e r ,  F igu re  18(a) ,  
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PHOTO 0667-76 

Figure 18. Technique Followed to Obtain Fathead Minnow Eggs 
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Figure 19. Technique Followed to Obtain Fathead Minnow Eggs 
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19 (a ) .  The group o f  eggs was c u t  i n t o  two pieces, each p i e c e  c o n t a i n i n g  

approx imate ly  the  same number o f  eggs ( b ) .  

l e n e  were f l o a t e d  i n  s p r i n g  water i n  p l a s t i c  dishes w i t h  t h e  eggs 

f a c i n g  downward ( c )  and, i f  necessary, t r a n s f e r r e d  t o  the  g love  box ( d ) .  

Three d i f f e r e n t  s i z e d  con ta ine rs  were used f o r  h o l d i n g  t h e  pa ren t  

The two pieces o f  po l ye thy -  

fa thead  minnows. 

470 l i t e r s ,  90 x 47 x 47 cm aquar ia  c o n t a i n i n g  170 l i t e r s ,  and 60 x 

30 x 30 cm aquar ia  c o n t a i n i n g  32 l i t e r s .  

y i e l d e d  t h e  most eggs. 

t h e  e a s i e s t  t o  ma in ta in .  

These were 210 x 54 x 54 cm l i v i n g  streams c o n t a i n i n g  

The smal l  aquar ia  u l t i m a t e l y  

I n  a d d i t i o n ,  the  60 x 30 x 30 cm aquar ia  were 

A t o t a l  o f  e i g h t  aquar ia,  each c o n t a i n i n g  

approx imate ly  f o u r  males and s i x  females, p rov ided  most o f  t h e  eggs 

f o r  t h i s  study. 

L i g h t i n g ,  Temperature, and Feeding Regime 

It was determined t h a t  t he  type  o f  food, t he  q u a n t i t y  o f  food 

admin is te red  a t  each feeding, and t h e  r e g u l a r i t y  o f  f eed ing  were s i g -  

n i f i c a n t  f a c t o r s  i n f l u e n c i n g  egg produc t ion .  Breeders were g i ven  t r o u t  

s t a r t e r  mash, f rozen  a d u l t  artenria, and l i v e  newly hatched artemia 

d a i l y .  

a f te rnoon  on weekdays and once each weekend day. 

t o  reduce egg produc t ion .  

The f i s h  were f e d  a l l  t hey  would e a t  i n  the  morning and i n  the  

Excess food seemed 

Standard 40-watt f l u o r e s c e n t  lamps a t  normal i n t e n s i t y  were 

opera ted  by a t i m e r  t o  p r o v i d e  16 hours o f  l i g h t  and 8 hours o f  dark- 

ness. The water  temperature was main ta ined a t  25°C. Although most 

aquar ia  were equipped w i t h  ae ra to rs ,  egg p roduc t i on  i n  those aquar ia  



88 

w i t h  no a e r a t i o n  was approx imate ly  the  same as i n  aquar ia  w i t h  aera- 

t i o n .  Each aquarium had a cont inuous sp r ing  water  f l ow .  

No s i g n i f i c a n t  d i f f e r e n c e s  were observed between t h e  number o f  

eggs produced, the  percent  of eggs hatch ing,  or the  s u r v i v a l  o f  l a rvae  

f rom t h e  EPA s t r a i n  and those ob ta ined l o c a l l y .  

p roduc t i on  and h a t c h a b i l i t y  f o r  2446 eggs are  l i s t e d  i n  Table 9. 

da ta  were recorded over a p e r i o d  of 35 days. Only eggs which were 

taken from t h e  n e s t  a t  t he  b l a s t u l a  stage o r  e a r l i e r  a re  inc luded.  

Groups o f  eggs i n  which fungus developed and a f f e c t e d  t h e  percent  o f  

Data showing egg 

These 

Table 9. Fecundi ty  and Percent Hatch f o r  
P. prorneZas under Cont ro l  l e d  Condi t ions 

Number Mean Number Development Number Percent 
o f  Eggs o f  Eggs Temperature o f  Abnormal Hatch 

Observed p e r  Spawning ("C) Larvae (a 
2 446 98 23.5 2 89.8 

eggs ha tch ing  a re  n o t  l i s t e d .  These same c r i t e r i a  were a l s o  fo l l owed  

d u r i n g  t o x i c i t y  t es ts ,  i . e . ,  eggs which had passed the  b l a s t u l a  s tage 

of  development were n o t  used f o r  t o x i c i t y  t e s t s .  Eggs which had s i g -  

n i f i c a n t  m o r t a l i t i e s  among both  the  c o n t r o l  group and the  t e s t  group 

were d iscarded and t h e  t e s t  was repeated. 

Dead eggs were removed a t  l e a s t  d a i l y  and the  t e s t  s o l u t i o n  was 

Because fathead minnow eggs r e q u i r e  approx imate ly  a1 so changed d a i l y .  

s i x  days t o  hatch, i t  was more d i f f i c u l t  t o  p revent  the  spread o f  
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fungus o r  damage by b a c t e r i a .  

e f f e c t i v e  t o  remove a l l  o f  t h e  eggs i n  the  area o f  t h e  fungus. 

Once fungus developed, i t  was o f t e n  more 

P1 u t o n i  um and Urani  um Chorion Pene t ra t i on  Experiments 

q u a n t i t a t i v e  Analyses 

One major o b j e c t i v e  o f  t h i s  s tudy  was t o  i n v e s t i g a t e  the  b i o -  

chemical behav io r  o f  p lu ton ium and uranium assoc ia ted  w i t h  the  devel-  

op ing  embryos o f  f i s h .  

elements pass ing  th rough t h e  cho r ion  and d e p o s i t i n g  i n  the  egg conten ts .  

The i n f o r m a t i o n  p e r m i t t e d  an es t imate  o f  t he  dose t o  the  egg f rom alpha 

r a d i o a c t i  v i  t y  e m i t t e d  by these elements. 

T h i s  i n c l u d e d  de termin ing  the  q u a n t i t y  o f  these 

Carp eggs were p laced i n  s o l u t i o n s  c o n t a i n i n g  approx imate ly  

IO-' p C i / m l  o f  2 3 8 ~ u  o r  233U. 

a c t i v e  s o l u t i o n s  a t  f o u r  stages o f  m a t u r i t y :  

f e r t i l i z a t i o n ,  ( 2 )  2 hours a f t e r  f e r t i l i z a t i o n ,  ( 3 )  24 hours a f t e r  

f e r t i l i z a t i o n ,  and ( 4 )  48 hours a f t e r  f e r t i l i z a t i o n .  

n o t  i m e d i a t e l y  exposed t o  238Pu o r  233U were a l lowed t o  develop i n  

f i l t e r e d  s p r i n g  water  u n t i l  t hey  were p laced i n  the  r a d i o a c t i v e  s o l u -  

t i o n .  

egg, samples were taken and analyzed a t  f i v e  i n t e r v a l s  f o r  each o f  t h e  

f o u r  stages o f  m a t u r i t y  l i s t e d  above: ( 1 )  2 hours, ( 2 )  8 hours, ( 3 )  

24  hours, ( 4 )  48 hours, and ( 5 )  72 hours. Q u a n t i t a t i v e  measurements 

o f  cho r ion  p e n e t r a t i o n  were made by ana lyz ing  r a d i o a c t i v i t y  assoc ia ted  

w i t h  t h r e e  types o f  samples - t o t a l  egg, egg content,  and egg membrane. 

The procedure o u t l i n e d  above i s  i l l u s t r a t e d  i n  F igure  20. 

Eggs were i n i t i a l l y  p laced i n  t h e  r a d i o -  

( 1 )  immediately a f t e r  

Eggs t h a t  were 

I n  o r d e r  t o  eva lua te  the  accumulat ion o f  r a d i o a c t i v i t y  by  t h e  
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TIME AFTER FERTILIZATION TIME AFTER EXPOSURE BEGAN TYPE OF SAMPLE 
THAT EXPOSURE TO THAT THE SAMPLE 0 TOTAL EGG 

THE RADIONUCLIDE BEGAN WAS TAKEN A EGG CONTENT 
( h r )  ( h r )  0 EGG MEMBRANE 

5 DISHES 
‘ 0  72- 

0 

5 DISHES 
‘2 70- 

F igu re  20. Samples Taken f o r  Q u a n t i t a t i v e  P e n e t r a t i o n  Experiments 



T h i s  technique prov ided th ree  s p e c i f i c  types o f  i n fo rma t ion .  

F i r s t ,  i t  showed the  accumulat ion o f  p lu ton ium o r  uranium by the  egg 

as a f u n c t i o n  o f  the  t ime t h a t  t he  egg had been exposed t o  r a d i o a c t i v i t y .  

Second, t h i s  method demonstrated how chor ion  p e n e t r a t i o n  was a f f e c t e d  

by  t h e  s tage o f  development o f  t he  egg. 

samples, t o t a l  egg, egg content ,  and egg membrane, helped t o  q u a n t i f y  

r a d i o a c t i v i t y  i n s i d e  the  egg and r a d i o a c t i v i t y  adsorbed t o  t h e  egg 

membrane. 

F i n a l l y ,  t he  t h r e e  types o f  

P r i o r  t o  t a k i n g  samples, eggs were t r a n s f e r r e d  t o  a c lean p l a s t i c  

d i s h  and r i n s e d  w i t h  d i s t i l l e d  water.  Th is  procedure was fo l l owed  t o  

remove d e b r i s  a t tached t o  the chor ion  and a l s o  t o  remove r a d i o a c t i v i t y  

n o t  permanently f i x e d  t o  the  ou ts ide  o f  t h e  egg. 

separated f rom t h e  membrane by p l a c i n g  the  egg on Whatman No. 42 f i l t e r  

paper (p roduc t  o f  W&R Ba ls ton  L i m i t e d ) ,  g e n t l y  h o l d i n g  t h e  egg w i t h  

f i n e  forceps,  and b u r s t i n g  t h e  egg w i t h  a d i s s e c t i n g  needle. 

con ten t  was absorbed by t h e  paper and the  membrane was r e t a i n e d  by t h e  

tweezers f o r  separate ana lys is .  

50 eggs had been absorbed onto a smal l  s e c t i o n  o f  the  paper u s u a l l y  

The egg conten t  was 

The egg 

A f t e r  t he  contents  o f  approx imate ly  

2 about 4 cm i n  area, excess paper was 

t a i n i n g  t h e  absorbed egg contents  was 

tube f o r  f u t u r e  ana lys is .  S i m i l a r l y ,  

removed and t h e  smal l  p iece  con- 

p u t  i n t o  a '15 mm x 175 mm t e s t  

t he  membranes were p u t  i n t o  

another  t e s t  tube. 

eggs was p laced i n t o  a t h i r d  tube. 

I n  add i t i on ,  a sample c o n s i s t i n g  o f  50-100 t o t a l  

P r i o r  t o  a n a l y s i s  by gross alpha count ing,  samples were t r a n s -  

f e r r e d  t o  30 ml beakers. Tes t  tubes were r i n s e d  w i t h  1 M n i t r i c  a c i d  
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t o  remove any p lu ton ium o r  uranium t h a t  remained i n  the  bottom o f  t he  

tube. T o t a l  eggs, egg membranes, and egg conten ts  absorbed by the  

f i l t e r  paper were d iges ted  i n  a s o l u t i o n  o f  10 m l  o f  concentrated n i t r i c  

a c i d  and 5 m l  o f  d i s t i l l e d  water ma in ta ined a t  low heat.  Several drops 

o f  30% hydrogen perox ide  were a l s o  added a t  one hour i n t e r v a l s .  The 

pyrex  beakers were covered w i t h  watch glasses t o  reduce evapora t ion ,  

and d i s t i l l e d  water o r  concentrated n i t r i c  a c i d  were added p e r i o d i c a l l y  

t o  keep t h e  t o t a l  volume a t  15 m l .  

o n l y  t o t a l  eggs o r  membranes cou ld  be completed i n  2-4 hours; however, 

d i g e s t i o n  o f  t h e  egg conten ts  t h a t  had been absorbed on to  f i l t e r  paper 

r e q u i r e d  6-8 hours. 

D i g e s t i o n  o f  samples c o n t a i n i n g  

When t h e  s o l u t i o n  i n  a beaker became c l e a r ,  t h e  

watch g lass  was removed and t h e  volume was evaporated t o  approx imate ly  

2.0 m l .  The s o l u t i o n  was then t r a n s f e r r e d  t o  a 5.0 cm ( ID )  s t a i n l e s s -  

s t e e l  p lanchet .  Beakers were r i n s e d  w i t h  2-3 m l  o f  1.0 M n i t r i c  ac id .  

The l i q u i d  i n  t h e  p lanche t  was evaporated t o  dryness be fo re  t h e  sample 

was heated by f lame t o  f i x  t he  r a d i o n u c l i d e  t o  t h e  p lanchet .  

were analyzed f o r  gross alpha a c t i v i t y  us ing  a gas-f low p r o p o r t i o n a l  

Samples 

counter.  

Autoradiograph Ma te r i  a1 s and Procedures 

S l i d e  P repara t i on .  Autoradiographs were made o f  egg sec t i ons  

t o  determine t h e  d i s t r i b u t i o n  o f  p lu ton ium and uranium i n s i d e  the  egg. 
233" Two o r  t h r e e  eggs were taken from each group exposed t o  238Pu o r  

i n  t h e  q u a n t i t a t i v e  p e n e t r a t i o n  experiments and p laced i n t o  a 10 x 72 mm 

t e s t  tube. 

f o l l o w i n g  t h e  procedure r e p o r t e d  i n  t h e  l i t e r a t u r e  by Orlowski  e t  a1 . 
Subsequently eggs were embedded i n  a po lyacry lamide gel  

133 
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Eggs were preserved i n  t h e  ge l  under r e f r i g e r a t i o n  u n t i l  they  were pre- 

pared f o r  sec t i on ing .  

The g e l  was removed from t h e  tube by pressure  a p p l i e d  w i t h  a 

s y r i n g e  f i l l e d  w i t h  d i s t i l l e d  water.  

n i t r o g e n  and 16 p t h i c k  sec t i ons  c u t  w i t h  a microtome. 

e i g h t  sec t i ons  were p laced on to  each s l i d e  t h a t  had been coated w i t h  

Haupt ’s G e l a t i n  A f f i x a t i v e .  

Eggs and ge l  were f rozen  i n  l i q u i d  

Approximately 

S l i d e s  were d r i e d  f o r  30 minutes a t  35°C. 

Autoradiograph Procedure. The l i q u i d  emulsion d i p p i n g  method 

discussed by Gude’ 34 was f o l  lowed t o  prepare autoradiographs of s l  i des .  

Kodak Nuc lear  Track Emulsion, t ype  NTB, was mel ted  i n  a wa te r  ba th  a t  

42°C i n  a dark  room. 

t o  assure un i fo rm c o a t i n g  and d r i e d  i n  a v e r t i c a l  p o s i t i o n  t o  a l l o w  

excess emulsion t o  d r a i n  away. Fo l low ing  t h i s ,  s l i d e s  were p laced i n  

boxes, sealed t o  p revent  exposure f rom l i g h t ,  and kept  under r e f r i g -  

e r a t i o n  t o  p revent  d e t e r i o r a t i o n .  

S l i d e s  were dipped i n t o  t h e  emulsion t h r e e  t imes 

Optimum exposure 

t h r e e  s l i d e s  p e r i o d i c a l  

t r a c k s  t h a t  had ‘ormed. 

developed i n  Kodak D-19 

b y  d i p p i n g  f o r  t h r e e  m i  

p e r i o d  was determined by deve lop ing  two o r  

y and observ ing  t h e  number o f  a lpha p a r t i c l e  

Fo l low ing  exposure, autoradiographs were 

developer and Kodak f i x e r .  

Utes i n t o  a s o l u t i o n  c o n t a i n i n g  1.0 g o f  hema- 

S l i d e s  were s t a i n e d  

t o x y l i n ,  0.6 g o f  aluminum ammonium s u l f a t e ,  and 1.2 g o f  mercu r i c  

ox ide  i n  400 m l  o f  water f o l l o w e d  by one minute i n  an aqueous s o l u t i o n  

o f  0.5% eosin.  S l i d e s  were then d r i e d  a t  35°C. Photographs were 

prepared o f  s e l e c t e d  s l i d e s  u s i n g  Kodak Panatomic X f i l m  and a photo- 

microscope. 
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Toxicity Experiments 

The second objective of t h i s  study was t o  determine the rad io-  

logical and chemical tox ic i ty  of plutonium and uranium t o  developing 

f i s h  embryos. 

invest igat ions t o  e s t ab l i sh  an upper l imi t  of tox ic i ty  t o  f i s h  eggs 

from exposure t o  radiat ion e f f ec t s  or chemical e f f ec t s  of plutonium 

or urani um. 

Procedure for Toxicity Experiments 

There have been no previous conclusive experimental 

Toxicity t e s t s  were performed employing the eggs of carp and 

fathead minnows t h a t  were obtained following the procedure out1 ined 

i n  the preceding sect ions.  Eggs were placed in to  the t e s t  solut ion 

immediately a f t e r  f e r t i l i z a t i o n  for  carp and between the one cel l  stage 

and ear ly  b las tu la  for fathead minnows. 

disturbed during exposure except to  change the t e s t  solut ion dai ly  and 

t o  remove embryos t h a t  had died. 

of  eggs removed prior t o  hatching and the number hatching. 

larvae were a l so  observed. 

Developing embryos were n o t  

A record was maintained of  the number 

Abnormal 

Usually three groups of eggs, each group in a separate d i s h ,  

were tes ted  fo r  each concentration of solution. However, i n  some cases 

where the quantity of isotope avai lable  was r e s t r i c t e d ,  for example, 

2 4 4 ~ u ,  only one or two groups per treatment concentration of eggs were 

examined a t  the higher concentrations. 

Procedure f o r  Survi  Val Experiments 

Larvae were removed from the t e s t  solution with an eye dropper 

a f t e r  they hatched. Approximately 100 larvae were retained t o  observe 
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su rv iva l  fo l lowing  hatching for  most concentrations. These f i sh  were 

t ransfer red  t o  13 x 20 x 33 cm p l a s t i c  pans and maintained a t  24 ? 1 ° C  

i n  an environmental chamber. L i g h t i n g  was regulated i n  the chamber t o  

provide 16 hours of l i g h t  and 8 hours of darkness. Each pan  was 

equipped w i t h  a forced a i r  supply t h r o u g h  an a i rs tone.  Each pan con- 

tained f ive  l i t e r s  of  spring water and additional water was added as 

necessary t o  make up for  losses by evaporation. Dead larvae were 

removed from the pans a t  approximately three day in te rva ls  and the 

number removed was recorded. Live larvae were counted a t  three week 

in t e rva l s  and the water i n  the pans replaced w i t h  a f resh s u p p l y .  

Carp and fathead minnow prolarvae were n o t  fed u n t i l  7-10 days 

a f t e r  hatching. Dur ing  t h i s  period the y o l k  sac i s  being absorbed. 

Postlarvae were fed a d i e t  of powdered freeze-dried artemia sprinkled 

on the surface of the water. Dur ing  the f i r s t  30 days a f t e r  hatching 

larvae were fed a t  3 o r  4 day in te rva ls .  As growth progressed the 

in t e rva l s  were decreased to  d a i l y  feedings. 

Toxic Substances Evaluated 
23ZU I n  addition t o  evaluating the tox ic i ty  o f  238Pu, 2 4 4 P u ,  ¶ 

235U,  and 238U, t ox ic i ty  t e s t s  were a l so  performed w i t h  trisodium 

c i t r a t e ,  Na3C6H507, and potassium f luor ide ,  KF. Upper l imi t s  f o r  

c i t r a t e  t ox ic i ty  were needed because the c i t r a t e  complexes of  plutonium 

and uran ium were used. 

was a l so  investigated because of the potential  s ign i f i can t  importance 

Potassium f luoride tox ic i ty  to  developing eggs 

f luor ides  wi l l  have as  a common chemical form of p l u t o n i u m  and uranium 

i n  the nuclear fuel cycle. 
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CHAPTER IV 

RESULTS 

n 

Egg Chorion Penetration by Plutonium and Uranium 

Quant i ta t ive  Experiments 

Plutonium. Appendix B l i s t s  the r e su l t s  of plutonium penetration 

experiments in which the egg content, the egg membrane, and the to t a l  

egg were analyzed for  238Pu uptake. 

t e s t  solution was 2 x lo-’ pCi/ml. 

eggs taken from each dish-egg contents, egg membranes, and t o t a l  eggs. 

The concentration of ac t iv i ty  in the carp egg was calculated by dividing 

the a c t i v i t y  per egg  by the egg volume, 4.2 x ml (assuming a mean 

egg diameter of 2.0 mm). The concentration fac tor  i s  a uni t less  value 

calculated by dividing the ac t iv i ty  concentration in the egg volume by 

the ac t iv i ty  concentration i n  the t e s t  solut ion.  A concentration fac tor  

of one implies t ha t  the  concentration in  the egg  contents i s  the same as 

the concentration in the tes t  solut ion.  

The concentration of the 238Pu 

Three samples were prepared from 

Figure 21 graphically i l l u s t r a t e s  the data presented in Appendix B 

f o r  238Pu uptake by the to t a l  egg. 

plutonium uptake by the to t a l  egg occurred continuously throughout devel- 

opment f o r  eggs placed in  solution immediately a f t e r  f e r t i l i z a t i o n  and 

I t  was concluded from Figure 21 t h a t  

two hours a f t e r  f e r t i l i z a t i o n .  

s imi la r  s e t  of data f o r  t o t a l  egg uptake of 238Pu were obtained by 

Although n o t  included in Appendix B, a 
n 
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r i n s i n g  t h e  eggs i n  EDTA c h e l a t i n g  agent p r i o r  t o  p l a c i n g  them i n  t h e  

t e s t  tube. 

adsorbed t o  t h e  egg membrane. 

Al though t h e  EDTA was e f f e c t i v e  i n  s l i g h t l y  reduc ing  t h e  t o t a l  a c t i v i t y  

T h i s  procedure was fo l lowed t o  remove p lu ton ium l o o s e l y  

These data are dep ic ted  i n  F igure  22. 

assoc ia ted  w i t h  each egg, t he  same p a t t e r n  f o r  uptake was observed, 

namely, a cons tan t  accumulation o f  p lutonium. 

F igu re  23(a) shows t h e  a c t i v i t y  o f  238Pu i n  the  conten ts  o f  t h e  

egg. Uptake by t h e  egg con ten t  con t inued throughout development a t  

approx imate ly  t h e  same r a t e  rega rd less  o f  t he  t ime  a t  which the  egg 

was f i r s t  exposed t o  t h e  plutonium. F igure  2 3 ( b )  i l l u s t r a t e s  t h e  

percent  o f  t h e  t o t a l  egg a c t i v i t y  t h a t  i s  assoc ia ted  w i t h  t h e  egg 

conten ts .  A1 though t h e  egg con t inuous ly  accumulated p l  u t o n i  um through- 

o u t  development, t h e  f r a c t i o n  o f  a c t i v i t y  on t h e  membrane and i n  t h e  

conten ts  remained a t  a r e l a t i v e l y  cons tan t  value. A mean va lue  o f  33% 

o f  t h e  t o t a l  egg a c t i v i t y  was i n s i d e  o f  t h e  egg and 67% remained w i t h  

t h e  chor ion .  

The concen t ra t i on  f a c t o r  f o r  238Pu i n  carp eggs exposed t o  

2.0 x l o - ’  $ i / m l  i s  i l l u s t r a t e d  i n  F igu re  24. Eggs p laced  i n t o  t h e  

t e s t  s o l u t i o n  0, 2, and 23 hours a f t e r  f e r t i l i z a t i o n  e x h i b i t e d  s i m i l a r  

uptake c h a r a c t e r i s t i c s .  W i t h i n  10 hours a f t e r  t h e  eggs had been exposed 

t o  plutonium, t h e  concen t ra t i on  i n  the  egg contents was g r e a t e r  than 

t h e  concen t ra t i on  o f  t h e  t e s t  s o l u t i o n .  A t  50 hours a f t e r  f e r t i l i z a t i o n ,  

t h e  concen t ra t i on  f a c t o r  f o r  eggs exposed immediately had increased t o  

a va lue  o f  approx imate ly  three.  Several conc lus ions  were drawn f rom 

these data. F i r s t ,  p lu ton ium uptake by f i s h  eggs occurs con t inuous ly  
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throughout development r a t h e r  than before water  hardening o f  t h e  chor ion .  

Second, t h e  r a t e  o f  p lu ton ium uptake by t h e  egg conten ts  i s  s i m i l a r  f o r  

eggs p laced i n t o  t h e  t e s t  s o l u t i o n  a t  0, 2, and 23 hours a f t e r  f e r t i l i -  

za t i on .  T h i r d ,  t h e  r a t e  of p lu ton ium uptake decreases as egg development 

progressed i n d i c a t i n g  t h a t  a s a t u r a t i o n  l e v e l  would be reached f o r  eggs 

which had an embryo log ica l  development p e r i o d  longer  than several  days. 

The concen t ra t i on  of p lu ton ium i n  the  egg contents was a f u n c t i o n  

o f  t h e  l e n g t h  of t ime t h a t  t h e  eggs had been exposed t o  plutonium. 

Likewise, t h e  absorbed dose r a t e  from alpha r a d i a t i o n s  e m i t t e d  i n  t h e  

egg was a f u n c t i o n  o f  t he  exposure per iod.  I n  o rde r  t o  c a l c u l a t e  t h e  

dose r a t e  a t  any g iven t ime d u r i n g  development, a func t i on  rep resen t ing  

t h e  uptake o f  p lu ton ium by t h e  contents of t h e  egg had t o  be determined. 

F igu re  25 shows a l e a s t  squares fit o f  t h e  f u n c t i o n  y = c& where c i s  

a constant.  The f u n c t i o n  was ob ta ined e m p i r i c a l l y  and, w i t h  c = 0.44, 

f i t s  t he  data w e l l  f o r  eggs exposed immediately a f t e r  f e r t i l i z a t i o n .  

The r e s u l t s  of q u a n t i t a t i v e  experiments t o  determine Uranium. 

t h e  p e n e t r a t i o n  o f  uranium through the  cho r ion  o f  carp eggs are i n -  

c luded i n  Appendix B. Concent ra t ion  of 233U i n  t h e  t e s t  s o l u t i o n  was 

1.2 x lo - ’  p C i / m l .  

egg membranes, and t o t a l  eggs. The technique used t o  o b t a i n  samples 

Three samples were again prepared - egg contents,  

was i d e n t i c a l  t o  t h a t  f o r  p lutonium. 

F igu re  26 dep ic t s  t h e  uptake o f  233U by the  t o t a l  egg as a 

f u n c t i o n  o f  t h e  t ime a f t e r  f e r t i l i z a t i o n .  U n l i k e  t h e  g raph ica l  p l o t  

o f  s i m i l a r  data f o r  p lu ton ium i n  F igu re  21, i t  i s  d i f f i c u l t  t o  d i s c e r n  

any r e g u l a r  p a t t e r n  of uptake f o r  uranium. I n  general ,  however, i t  i s  
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no ted  t h a t  t h e  t o t a l  a c t i v i t y  pe r  egg was l e s s  f o r  uranium than f o r  p l u -  

tonium. The a c t i v i t y  of 233U i n  the  contents o f  carp eggs and the  per- 

c e n t  o f  t h e  t o t a l  a c t i v i t y  i n  the  egg contents as a f u n c t i o n  o f  t ime  

a f t e r  f e r t i l i z a t i o n  a re  w e l l  i l l u s t r a t e d  i n  Figures 27(a)  and 27(b) .  

I n  c o n t r a s t  t o  plutonium, a h ighe r  percent  o f  t h e  t o t a l  egg a c t i v i t y  

was assoc ia ted  w i t h  t h e  egg con ten t  r a t h e r  than t h e  membrane. 

t h a t  t h e  pe rcen t  o f  t o t a l  a c t i v i t y  i n  the  egg contents remained approx i -  

Assuming 

mately constant, a mean value o f  60% was calculated. 

The concen t ra t i on  f a c t o r  f o r  uranium i n  t h e  egg conten ts  as a 

f u n c t i o n  o f  t h e  t ime  a f t e r  f e r t i l i z a t i o n  i s  d i sp layed  i n  F igure  28. 

For  eggs exposed immediately, t h e  concen t ra t i on  f a c t o r  inc reased t o  a 

maximum o f  0.8 then decreased t o  a va lue  o f  0.1 a t  50 hours. S i m i l a r l y ,  

w i t h  eggs exposed l a t e r  d u r i n g  embryological  development, t h e  concen- 

t r a t i o n  f a c t o r  inc reased t o  a maximum then decreased again. 

b u t i o n  o f  these da ta  suggested t h a t  uranium was absorbed and l a t e r  

The d i s t r i -  

exc re ted  by t h e  embryo d u r i n g  development. 

analyzed t h e  carp  spawning season was over and i t  was n o t  p o s s i b l e  t o  

When these data were 

repea t  t h e  experiments t o  v e r i f y  t h e  uptake p a t t e r n  i n  F igu re  28. There- 

f o r e ,  a s e r i e s  o f  experiments were performed t o  eva lua te  the  uptake of 

233U u s i n g  fa thead minnow eggs as a t e s t  organism. The smal l  s i z e  o f  

t h e  fa thead egg made q u a n t i t a t i v e  experiments i n  which t h e  membrane 

and egg conten ts  were separated d i f f i c u l t  t o  per fo rm and o n l y  uptake 

by t h e  t o t a l  egg was analyzed. Eggs were exposed t o  t h e  233U t e s t  

s o l u t i o n  f o r  va ry ing  pe r iods  o f  t ime  be fo re  t h e  sample was taken 

a l though  exposure began be fo re  t h e  b l a s t u l a  stage i n  each case. The 



I EGGS PLACED IN 233U SOLUTION: 
- IMMEDIATELY AFTER FERTILIZATION 

25  hr AFTER FERTILIZATION 
A 2 hr AFTER FERTILIZATION 

a 

LL 20 

t 

I- 
O 
I- 

0 

0 10 20 30 40 50 60 
TIME AFTER FERTILIZATION ( h r )  

. 

u) 
I- z 
W 
I- z 
0 
0 
W 
W 
W 

z 
k 
L 

2. 

I- 
V 
U 
3 m 

(u 
m 

60 

40 c 

- 

ORNL-DWG 75-1 7735 

EGGS PLACED IN 233U SOLUTION 
0 IMMEDIATELY AFTER FERTILIZATION 
A 2 hr AFTER FERTILIZATION 
0 25 hr AFTER FERTILIZATION 

L 
W 
0 
LL 
W a 

50 
0 
0 40 20 30 40 

TIME AFTER FERTILIZATION (hr )  

Figure 27. 233U in the Contents o f  Carp Eggs: 
( a )  Accumulation During Development, 

( b )  Percent of Total Egg Act ivi ty  i n  the  Contents 



1.4 

1.2 

[Lz 

V 
0.8 

is? 
o & 0.6 
s a  
lrv 

w z 

I -z  5 - 0.4 
V 
z 
0 v 

0.2 

0 '  
0 

-L 
ii i 
-A- 

ORNL- DWG 7 5 -  16418R 

5 10 15 20 25 30 35 40 45 50 
T I M E  AFTER F E R T I L I Z A T I O N  ( h r )  

Figure 28. Concentration Factor for 2 3 3 U  in 
the Contents of Carp Eggs 

-I 

0 
U 



108 
n 

concen t ra t i on  f a c t o r  was c a l c u l a t e d  by assuming 60% o f  t h e  t o t a  

a c t i v i t y  was i n  t h e  egg contents.  

The r e s u l t s  o f  t h i s  experiment are shown i n  F igu re  29. These 

da ta  suggest t h a t  t h e  concen t ra t i on  f a c t o r  d i d  n o t  va ry  cons iderab ly  

over  t h e  i n c u b a t i o n  per iod.  

i n d i c a t e d  i n  t h e  f i g u r e .  

A mean concen t ra t i on  f a c t o r  o f  0.38 i s  

Several  conc lus ions  were drawn from these data rega rd ing  t h e  pene- 

t r a t i o n  o f  t h e  cho r ion  by 233U. 

egg conten ts  v a r i e d  w i d e l y  d u r i n g  embryological  development as a r e s u l t  

o f  p h y s i o l o g i c a l  changes i n  t h e  egg. 

was n o t  g r e a t l y  accumulated by  the  developing f i s h  egg. 

t r a t i o n  f a c t o r  o f  0.42 was c a l c u l a t e d  from t h e  data i n  F igure  28 and a 

f a c t o r  o f  0.38 i n  F igu re  29. These values were i n  good agreement. For 

dose c a l c u l a t i o n s  used l a t e r  i n  t h i s  s tudy  i t  was assumed t h a t  t h e  concen- 

t r a t i o n  f a c t o r  f o r  uranium i n  the  egg contents was a cons tan t  value o f  

0.4 th roughout  development even though i t  was recognized t h a t  t h e r e  

appears t o  be a wide v a r i a t i o n  i n  t h e  da ta  i n  Figures 28 and 29. 

f i c i e n t  da ta  a r e  a v a i l a b l e  a t  t h i s  t ime t o  i n c o r p o r a t e  t h e  uptake o f  

The concen t ra t i on  o f  uranium i n  t h e  

These data i n d i c a t e  t h a t  uranium 

A mean concen- 

I n s u f -  

uranium as a f u n c t i o n  o f  t ime i n t o  dose est imates.  

Summary o f  Q u a n t i t a t i v e  Data. The preceding d 

tonium and uranium p e n e t r a t i o n  o f  t h e  egg chor ion  a re  

P lu ton ium uptake by t h e  egg conten ts  assum 

d i  s t r i  b u t i  on 

1. 

scussions on p l u -  

summari zed b e l  ow. 

ng u n i f o r m  

n 



109 

0
 

0
 

0
 0

 

0
 

0
 

I I 1
 

I I
 

I I I
 

1
-

 
I I

o
 

I i
 

I
 

I- 

O
I
-

 

I- 

?
 I- a
 

0
 
$
3
 

*
a
 

w
 

W
 
I
 

o
l-

 
c3 
z
 

rr) -
 

a
 

CD 
* 

cu 
0
 

0
 

0
 

0
 

0
 

9
 v 

S
993 S

V
73N

O
H

d S
37V

ffd3N
ld 3

0
 S

lN
31N

03 
3

H
l N

I tl,-sz 
U

O
J U

O
l3

V
j N

O
IlV

U
lN

33N
03 



110 
n 

where 

6( t )  = concentration fac tor  (dimensionless) for the 

egg contents a t  time t ,  

t = time a f t e r  the eggs were placed in to  the test  

sol u t i  on,  and 

K = 0.44. 

2. Uranium uptake by egg contents assuming uniform d i s t r i b u t i o n  

where 

6 = mean concentration fac tor  fo r  the egg contents. 

Autoradiographs 

Plutonium. Autoradiographs were prepared according t o  the pro- 

cedures out1 ined in the preceding chapter. These autoradiographs con- 

firmed t h a t  although a buildup of ac t iv i ty  occurred on the chorion, 

p l u t o n i u m  a l so  entered the contents of the egg and was uniformly dis-  

t r ibuted.  The opt imum exposure period was four days fo r  plutonium 

autoradiographs. 

Figures 30(a) and 30(b) depict  autoradiographs made from carp 

eggs tha t  remained i n  the  t e s t  solution for  two separate lengths of 

time. 

zat ion;  i n  Figure 30(a) the egg  was removed and embedded in gel a f t e r  

23 hours and i n  Figure 30(b) ,  a f t e r  68 hours. 

water prior t o  embedment. 

B o t h  eggs were placed in the solution immediately a f t e r  f e r t i l i -  

Each egg was rinsed w i t h  

In Figure 30(a) the pe r iv i t e l l i ne  space i s  
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v i s i b l e  as w e l l  as o u t l y i n g  l a y e r s  o f  t h e  germ r i n g .  

i s  noted by t h e  a lpha p a r t i c l e  t racks ,  most o f  which are  l o c a t e d  on the  

egg membrane. 

observed a l though more accumulat ion o f  p lu ton ium has taken p lace  bo th  

on t h e  membrane and i n  t h e  egg contents .  

however, i s  s t i  11 re1  a t i  v e l y  un i form.  

Pluton ium a c t i v i t y  

I n  F igu re  30(b) ,  t h e  same d i s t r i b u t i o n  o f  a c t i v i t y  i s  

D i s t r i b u t i o n  i n s i d e  the  egg, 

Some alpha p a r t i c l e  t r a c k s  were no ted  on the  ou ts ide  o f  t he  egg 

These t r a c k s  most l i k e l y  r e s u l t e d  membrane i n  t h e  embedding m a t e r i a l .  

f rom p lu ton ium which was m o b i l i z e d  be fo re  the  acry lamide g e l  became 

f i r m .  

t o  determine whether the  microtome k n i f e  spread p lu ton ium through the  

s e c t i o n  d u r i n g  c u t t i n g .  

i t  was p r e d i c t e d  t h a t  one area of t he  embedding ge l  ou ts ide  t h e  membrane 

would have a h i g h  concen t ra t i on  o f  a lpha p a r t i c l e  t racks .  

observed. P lu ton ium was found i n  t h e  contents  o f  eggs exposed t o  the  

t e s t  s o l u t i b n  f o r  a l l  i n t e r v a l s  and d i s t r i b u t i o n  was un i fo rm throughout  

t h e  p e r i v i t e l l i n e  f l u i d ,  y o l k ,  and embryo. 

Autoradiographs were c a r e f u l  l y  scanned around the  c i rcumference 

I f  the  k n i f e  had r e d i s t r i b u t e d  the  p lu ton ium, 

Th is  was n o t  

One c h a r a c t e r i s t i c  o f  p lu ton ium adsorp t ion  t o  t h e  egg cho r ion  

was t h e  fo rmat ion  o f  i n t e n s e  l o c a l i z e d  a c t i v i t y .  

were observed on a l l  of t h e  p lu ton ium autoradiographs.  F igu re  31 shows 

a t y p i c a l  h o t  spo t  on t h e  ou ts ide  sur face  o f  a carp egg. A s tudy  o f  

t h e  h o t  spots  under h igh  m a g n i f i c a t i o n  c l e a r l y  demonstrated t h a t  the  

These " h o t  spo ts"  

p o i n t s  o f  i n t e n s e  l o c a l i z e d  a c t i v i t y  were l oca ted  on the  ou ts ide  o f  t h e  

chor ion.  

p a r t i c l e  emissions a t  these p o i n t s  was i n s i g n i f i c a n t  compared t o  t h e  

There fore  t h e  absorbed dose t o  t h e  embryo f rom t h e  a lpha 
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absorbed dose from alpha radioact ivi ty  or iginat ing inside the egg. 

spots  were n o t  observed w i t h i n  the  egg contents.  

Hot 

Several eggs t h a t  had been exposed t o  plutonium were rinsed with 

a 10% solut ion of EDTA chelating agent before they were embedded in gel.  

A count was made t o  determine the number of hot spots on eggs tha t  had 

been rinsed w i t h  and without EDTA. A to ta l  of 31 hot spots were found 

on 25 egg sections made from eggs rinsed only i n  water while 14 hot spots 

remained on sect ions of eggs tha t  had been rinsed i n  EDTA. 

confirmed t h a t  the points of localized ac t iv i ty  were not permanently 

attached t o  the she l l .  

Uranium. 

These data 

Autoradiographs o f  egg sections t h a t  had been incubated 

in  233U required a longer exposure period than egg sections incorporating 

238Pu. 

60 days a f t e r  the s l i d e s  were dipped i n  the NTB emulsion. 

interval  they were kept under refr igerat ion i n  l i gh t - t i gh t  boxes t o  m i n i -  

mize deter iorat ion of the emulsion. 

Most of the 233U autoradiographs were developed between 50 and 

D u r i n g  t h i s  

The d is t r ibu t ion  of uranium associated w i t h  the developing f i s h  

Hot spots were not observed on egg contrasted grea t ly  w i t h  plutonium. 

egg sections containing 233U. 

readi ly  a s  plutonium. 

equally throughout the egg contents b u t  was localized primarily i n  the 

yo1 k. 

Uranium did not adsorb t o  the chorion as 

More important, uranium was not distributed 

Figures 32(a) and 32(b) a re  composite photographs showing 16 1-1 

sect ions of carp eggs incubated i n  233U and 238Pu. Each composite was 

prepared by joining seven individual photomicrographs or ig ina l ly  taken 
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t h e  D i s t r i b u t i o n  o f  9 3 3 U  and 238Pu i n  Carp Eggs 
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1 
i 

i i 6  

a t  a magnification of x83 using a green l igh t  f i l t e r .  

posites were 1 . 2  m i n  length. 

233U fo r  approximately two hours before i t  was embedded in the acryla- 

mide gel. The egg i n  Figure 32(b) remained in the 238Pu t e s t  solution 

for  approximately 23 hours and organogenesis was in progress when the 

sample was taken. 

uranium and 4 days for  plutonium. 

The original com- 

The egg i n  Figure 32(a) was exposed to  

Autoradiograph exposure periods were 52 days f o r  

Toxicity ,Experiments 

P1 utoni um 

Plutonium-238. One objective t o  the toxicity experiments was to  

es tabl ish an upper l imi t  for  the toxici ty  of plutonium and uranium t o  

f i sh  eggs. This had not been done by previous investigators. Auerbach 

e t  a l . 77  reported that  no e f fec ts  were observed on the hatching o f  carp 

eggs or the number of abnormal larvae occurring when the eggs were 

exposed t o  5 x lo-’ pCi/ml of P,u(IV)-citrate. Therefore i t  was decided 

t o  begin these experiments a t  a concentration o f  238Pu of approximately 

0.1 UCi/ml and increase the concentration until effects  were produced. 

The toxicity of 238Pu as determined by the number of C. carpi0 

eggs t h a t  hatched and the survival of larvae i s  depicted in Figure 33. 

The d a t a  from which t h i s  toxici ty  graph and the following toxici ty  

graphs were taken are contained in Appendix C .  All data points repre- 

Usual ly sent the mean number of eggs tha t  hatched expressed in percent. 

three dishes of eggs were exposed a t  each concentration tested.  

Toxicity graphs show 95% confidence l imits.  These l imits  

computed by using the normal approximation t o  the binomial d i s t r  

were 

bution 
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s ince  t h e  number o f  eggs t e s t e d  a t  each concen t ra t i on  was la rge .  F i s h e r ' s  

Exact Tes t  was used t o  determine whether t h e r e  was a s i g n i f i c a n t  d i f -  

ference between t h e  number of abnormal l a r v a e  produced i n  c o n t r o l  and 

contaminated s o l u t i o n s .  A d i scuss ion  o f  t h i s  t e s t  was repo r ted  by 
135 Os t le .  

A concen t ra t i on  o f  7.5 uCi/ml o f  238Pu d i d  n o t  e n t i r e l y  i n h i b i t  

carp eggs from hatch ing .  However, s i g n i f i c a n t  numbers of abnorma l i t i es  

resul l ted and most o f  t h e  l a r v a e  d i e d  w i t h i n  several  hours a f t e r  ha tch ing .  

A t  3.9 p C i / m l  a normal ha tch ing  occur red  a l though the re  was a s i g n i f i -  

c a n t l y  h i g h e r  number o f  abnorma l i t i es  than i n  t h e  c o n t r o l  group and 

l a r v a e  d i d  n o t  s u r v i v e  more than 48 hours a f t e r  ha tch ing .  Concentra- 

t i o n s  o f  1.6 p C i / m l  and 0.16 pCi/ml d i d  n o t  a f f e c t  ha tch ing  and no 

s i g n i f i c a n t  e f f e c t  was observed on t h e  s u r v i v a l  o f  l a r v a e  exposed t o  

these l e v e l s  o f  a c t i v i t y .  

F igu re  34 i l l u s t r a t e s  t h e  r e s u l t s  o f  t o x i c i t y  experiments and 

s u r v i v a l  o f  l a r v a e  us ing  P. promeZas eggs as the  t e s t  organisms. 

da ta  p o i n t s  a re  p resent  i n  t h e  graph because t h e r e  were no t ime l i m i -  

t a t i o n s  imposed by t h e  spawning season as w i t h  carp. 

r a t e  groups of eggs c o n s t i t u t e d  each p o i n t  and 95% confidence l i m i t s  

a r e  i n d i c a t e d .  Because the  fathead egg r e q u i r e d  seven days t o  ha tch  

i n s t e a d  o f  t h r e e  as w i t h  carp, e f f e c t s  were p r e d i c t e d  a t  lower concen- 

t r a t i o n s .  

concentrat ion?greater than t h i s .  

0.85 pCi/rnl and many hatched prematurely.  Even a t  0.26 p C i / m l  t h e r e  

were a s i g n i f i c a n t  number of abnormal l a r v a e  and approximately o n e - t h i r d  

More 

Again, t h r e e  sepa- 

Hatch ing  was seve re l y  i n h i b i t e d  by 1.3 p C i / m l  o f  238Pu and - . .  

Most of t h e  l a r v a e  were abnormal a t  

n 
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of the larvae hatched 12-24 hours ear ly .  The survival of fathead minnow 

larvae c l ea r ly  demonstrates t h a t  0.26 pCi/ml of 238Pu produced no viable 

sac 
obv 

fry.  A higher mortali ty r a t e  was a l so  observed d u r i n g  the time the yolk 

was b e i n g  absorbed f o r  0.076 pCi/rnl and 0.02 pCi/rnl. There were no 

ous e f f ec t s  a t  0.0056 pCi/ml on e i t h e r  hatching or  survival .  

The mass concentration of 238Pu a t  the maximum a c t i v i t y  studied 

A maximum i n  th is  experiment, 7.5 pCi/mly was approximately 0.44 pprn. 

upper 1 imit f o r  c i t r a t e  was 3 x 

Plutonium-244. The r e su l t s  of tox ic i ty  experiments i n  which 

carp eggs and fathead minnow eggs were exposed t o  244Pu are  shown i n  

Figure 35. A t  20 ppm 2 4 4 P u y  the 

alpha a c t i v i t y  was approximately 2 x lo-' pCi/ml and an upper l imi t  f o r  

c i t r a t e  concentration was 3 x lo-'%. 

The data a re  presented i n  Appendix C .  

Plutonium-238 and c i t r a t e  were 

added t o  control solut ions t o  provide s imilar  rad ioac t iv i ty  and c i t r a t e  

concentrations t h a t  exis ted i n  the tes t  medium. 

Twenty par t s  per mill ion of 244Pu i n  the t e s t  solut ion prevented 

Carp embryos i n  20 pprn 244Pu d i d  not both types of eggs from hatching. 

reach the eyed s tage before dying and 9 pprn delayed hatching approxi- 

mately s ix  hours l a t e r  than controls.  

the fourth day. No 

difference was observed between the survival of control and test  larvae.  

Fathead minnow eggs were dead by 

Control groups f o r  20 pprn 244Pu had normal hatches. 

The limited quant i ty  of 244Pu avai lable  f o r  these experiments 

prohibited determinations f o r  t ox ic i ty  a t  concentrations between 10 ppm 

and 20 ppm. The t e s t  solut ion was recycled i n  an attempt t o  obtain 
n 
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more data a t  20 ppm; however, the resu l t s  of experiments using the 

n 

recycled mixture were e r r a t i c  and inconclusive. 

Urani um 

Uranium-232. The e f f ec t  of L3LU on the hatching of carp eggs 

and larvae survival i s  i l l u s t r a t e d  in Figure 36. 

prevented a t  12.5 pCi/ml and eggs did not l i v e  f o r  48 hours. Embryos 

exposed t o  5.0 pCi/ml developed fu l ly  b u t  were not viable a t  hatching. 

A normal hatch was observed a t  1 . 2  pCi/ml and 0.8 pCi/ml; however, none 

of t he  larvae exposed t o  these levels  survived more than 13 days. 

12 abnormalities resulted among the 1 . 2  pCi/ml group.  

Hatching was en t i r e ly  

Also,  

Similar data for fathead minnows are  presented graphically i n  

Figure 37. 

o f  0.5 pCi/ml o r  greater.  Gross abnormalities resul ted among larvae 

a t  0.2 pCi/ml and 5 abnormals were observed a t  0.05 pCi/ml. 

vival p lo t  indicated t h a t  0.21 pCi/ml was l e t h a l ,  while no e f f e c t  on 

survival was noted a t  exposure levels  below t h i s  value. 

None of the eggs hatched tha t  were exposed t o  concentrations 

The sur- 

The uranium mass concentration a t  12.5 pCi/ml was approximately 

0.6 ppm and the upper l imi t  for  c i t r a t e  in solution was estimated t o  

be 5 x 

Uranium-238, 235, 233 

The chemical tox ic i ty  o f  uranium t o  developing carp eggs i s  

demonstrated in Figure 38 along with survival data for tes t  groups. 

Isotopes employed t o  obtain each data point are indicated. Ci t ra te  

was n o t  added t o  the solutions i n  which the control groups were devel- 

oped. These experiments f a i l ed  t o  es tab l i sh  a conclusive upper  l imi t  
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f o r  uranium chemical tox ic i ty .  

t e s t  group.  

experiment may have been affected by radiological e f fec ts .  Only 82% 

o f  the  eggs hatched t h a t  were exposed t o  10 ppm 238U while the control 

group had a 94% hatch. Also, s ix  abnormal larvae were present. The 

survival of control larvae was n o t  included in the lower graph in 

A t  70 ppm a 76% hatch resul ted in the 

However, 233U was the isotope used and the outcome of this  

n 

Figure 38 in order t o  minimize the number of l ines  in the graph. 

was , however , no s i  gni f i can t  difference between the survi Val o f  t e s t  

There 

larvae and control larvae. 

C i t r a t e  

The toxi c i t y  of t r i  sodi um c i t r a t e ,  Na3C6H507, as determined by 

A the number of carp eggs hatching i s  shown a t  the top of Figure 39. 

concentration of  0.1% of Na3C6H507 caused the eggs t o  die  a f t e r  24 hours 

and a noticeable reduction i n  hatching occurred a t  5 x lo-’%. 

a normal hatch was observed a t  lo-’%, the t e s t  group hatched several 

Although 

hours l a t e r  than controls.  

Potassium Fluoride 

A t ox ic i ty  experiment was conducted to  es tab l i sh  the e f f e c t  of 

potassium,fluoride,  KF, on carp eggs. The resu l t s  are  depicted i n  the 

bottom graph of Figure 39. 

of f luoride ion, F- ,  o f  100 ppm and less .  

190 ppm did n o t  survive more than 12  hours. 

larval survival was not performed. 

Hatching was n o t  affected by concentrations 

Larvae tha t  hatched a t  

A long-term study of 
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Assessment o f  t h e  Dose 

I n t r o d u c t i o n  

The dosimetry f o r  f i s h  embryos exposed t o  238Pu and 232U i n v o l v e d  

severa l  v a r i a b l e s .  These i n c l u d e d  t h e  r a t e  of t r a n s p o r t  o f  t h e  r a d i o -  

n u c l i d e  through t h e  chor ion ,  concen t ra t i on  o f  t he  r a d i o n u c l i d e  i n  t h e  

contents, distribution o f  the radionuclide inside the egg, geometric 

c h a r a c t e r i s t i c s  o f  t h e  egg, l e n g t h  o f  t ime i t  takes f o r  t h e  egg t o  

hatch, and t h e  type  of r a d i o a c t i v i t y  being considered. 

t u r e ,  t h e r e  have been no at tempts t o  i n c o r p o r a t e  a l l  o f  these v a r i a b l e s  

I n  the  l i t e r a -  

i n t o  d o s i m e t r i c  c a l c u l a t i o n s .  

The dimensions f o r  C. carpio eggs and P. promelas eggs a re  shown 

i n  F igu re  40. 

assumed by Woodhead3’ and Trabalka.74 P o i n t  P i n d i c a t e s  t h e  r e g i o n  o f  

t h e  egg where embryonic development takes place. Embryo diameters and 

These dimensions are approximately the  same as those 

cho r ion  th icknesses  were based on measurements made by the  author.  

The maximum range o f  an alpha p a r t i c l e  from 232U o r  238Pu i n  water  

i s  approx imate ly  40 1-1. 

and t h e  p r o t e c t i o n  a f f o r d e d  by t h e  p e r i v i t e l l i n e  space sur round ing  t h e  

Cons ider ing  t h e  20 1-1 t h i ckness  o f  t he  cho r ion  

yo, lk and b l a s t o d i s k  d u r i n g  e a r l y  embryonic development, i t  was assumed 

t h a t  alpha p a r t i c l e s  o r i g i n a t i n g  i n  t h e  medium sur round ing  t h e  egg and 

on t h e  cho r ion  su r face  d i d  n o t  c o n t r i b u t e  app rec iab l y  t o  t h e  dose a t  

p o i n t  P i n s i d e  the  egg. 

The geometry was a l s o  s i m p l i f i e d  by assuming t h a t  eggs were 

e n t i r e l y  surrounded by r a d i o a c t i v e  s o l u t i o n .  

es t ima te  o f  t h e  dose s ince  eggs were a t tached t o  t h e  bottom o f  t h e  d i s h  

T h i s  leads t o  an over-  
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o r  t o  t h e  underside of a p iece  of f l o a t i n g  po lye thy lene.  Embryogenesis 

r e q u i r e d  72 hours f o r  C. carpio eggs and 168 hours f o r  P. promeZas eggs. 

I n  t h e  case o f  238Pu, t h e  dose r a t e  was a func t i on  of t he  238Pu 

concen t ra t i on  i n  t h e  egg conten t .  Based on autoradiographs, i t  was 

assumed t h a t  t h e  238Pu was un i fo rm ly  d i s t r i b u t e d  throughout t h e  egg 

v o l  ume. 

The t o t a l  dose t o  t h e  egg from 232U was t h e  r e s u l t  o f  t h r e e  

types o f  r a d i a t i o n  - alpha, beta,  and gamma. The c o n t r i b u t i o n  t o  the  

t o t a l  dose from each t ype  o f  r a d i a t i o n  i s  a f u n c t i o n  o f  t he  degree o f  

equi  1 i b r i  um between 232U and daughters. Since exposure f rom a1 pha 

r a d i a t i o n  occur red  o n l y  when the  alpha o r i g i n a t e d  i n  t h e  egg contents,  

exposure immediately a f t e r  eggs were p laced i n  t h e  contaminated so lu -  

t i o n  was f rom be ta  and gamma r a d i a t i o n .  As the  a lpha -emi t t i ng  r a d i o -  

n u c l i d e s  penet ra ted  t h e  chor ion ,  t h e  dose r a t e  t o  the  egg conten ts  f rom 

t h a t  a lpha r a d i o a c t i v i t y  exceeded t h e  dose r a t e  f rom beta  and gamma 

r a d i o a c t i v i t y .  

I n  t h i s  study, 232U was used approximately 35 days a f t e r  separa- 

t i o n  f rom daughters f o r  C. carpio eggs and 180 days a f t e r  separa t i on  

f rom i t s  daughters f o r  P. promelas eggs. The concen t ra t i on  o f  a lpha 

a c t i v i t y  i n  t h e  t e s t  s o l u t i o n  was determined by gross alpha ana lys i s .  

Dose r a t e s  were c a l c u l a t e d  f o r  alpha, beta, and gamma r a d i a t i o n  f o r  

1 p C i / m l  o f  a lpha r a d i o a c t i v i t y  i n  t h e  medium sur round ing  t h e  egg. 

The e f f e c t i v e  energy f o r  alpha, beta, and gamma r a d i a t i o n  pe r  d i s i n t e -  

g r a t i o n  o f  a lpha r a d i o a c t i v i t y  as a f u n c t i o n  o f  t he  t ime a f t e r  232U had 

been separated from i t s  daughters a re  shown i n  F igure  41 and F igu re  42. 
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Dosimetry f o r  Plutonium-238 

The dose r a t e  t o  t h e  embryo from 238Pu was c a l c u l a t e d  us ing  t h e  

f o l l o w i n g  expression: 

b a ( t )  = 2.13 C 6 ( t )  rad/hour ( 3 )  

where 

d a ( t )  = dose r a t e  a t  t ime t ( rad /hour )  t o  the  egg conten ts  

f rom alpha r a d i o a c t i v i t y ,  

I g-rad 
(pCi -hour) (MeV/di s ) ’ 2.13 = a n o r m a l i z i n g  cons tan t  

E = e f f e c t i v e  absorbed energy (MeV/dis) f o r  a lpha r a d i o -  a 

a c t  i v i  t y  , 

C = concen t ra t i on  (pCi/ml) o f  a lpha r a d i o a c t i v i t y  i n  t h e  

t e s t  s o l u t i o n ,  

6 ( t )  = concen t ra t i on  f a c t o r  (dimensionless) f o r  t h e  egg 

conten ts  a t  t ime  t, and 

t = t ime a f t e r  t h e  eggs were p laced i n t o  t h e  t e s t  s o l u t i o n .  

Fo r  t h e  purpose o f  d o s i m e t r i c  c a l c u l a t i o n s ,  i t  was assumed t h a t  bo th  

C. carpio eggs and P. promeZas eggs were p laced i n t o  t h e  t e s t  s o l u t i o n  

immedia te ly  a f t e r  f e r t i l i z a t i o n .  

Equat ion  3. 

The dose was c a l c u l a t e d  by i n t e g r a t i n g  
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D(t) = 2.13 E C a 

where 

Da( t )  = dose ( r a d )  t o  t h e  egg contents  from f e r t i l i z a t i o n  t o  

t ime t, and 

'I = t ime v a r i a b l e  o f  i n t e g r a t i o n  (hou r ) .  

( 5 )  

As p r e v i o u s l y  discussed, the  concen t ra t i on  f a c t o r  f o r  t h e  egg contents  

f o r  238Pu as a f u n c t i o n  o f  t ime t was determined t o  be 

6 ( t )  = K J ~  , where K = 0.44 (1 1 

S u b s t i t u t i n g  t h i s  func t i on  i n t o  Equat ion 5 and i n t e g r a t i n g  y i e l d s  the  

express ion  f o r  dose from 238Pu. 

Da( t )  = 2.13 C K Lt' 4'; d.r rad  

D a ( t )  = 0.625 E a C t3l2 r a d  ( 7 )  

The va lue o f  

f unc t i ons  f o r  t h e  concen t ra t i on  of 238Pu i n  t h e  egg contents  f o r  bo th  

C. carpi0 eggs and P. promeZas eggs a r e  i d e n t i c a l ,  then the  dose f o r  

a u n i t  concen t ra t i on  o f  a lpha a c t i v i t y ,  C = 1 p C i / m l ,  i s  c a l c u l a t e d  by 

s u b s t i t u t i n g  the egg development p e r i o d  of each species fo r  t he  t ime 

o f  i n t e g r a t i o n ,  t. 

i n  1 p C i / m l  of 238Pu was es t imated t o  be 

f o r  238Pu was 5.49 MeV/dis. I f  i t  i s  assumed t h a t  the  

The t o t a l  homogeneous dose t o  carp eggs incubated 



135 

D a ( c a r p )  ,= (0 .625) (5 .49) (1 ) (72)3 /2  r a d  

Da(carp) = 2096 r a d  

The corresponding dose t o  fa thead  minnow eggs was c a l c u l a t e d  by s u b s t i -  

t u t i n g  t = 168 hours. 

Da(fathead minnow) = 7472 r a d  (10)  

The dose r a t e  i n  rad/hour as a func t i on  o f  t ime f o r  eggs exposed 

t o  1 p C i / m l  o f  238Pu i s  i l l u s t r a t e d  i n  F igure  43. 

Dosimetry f o r  Uranium-232 

Dose f rom Alpha R a d i o a c t i v i t y .  The dose t o  t h e  f i s h  embryo from 

a lpha r a d i o a c t i v i t y  o f  232U and daughters was computed us ing  Equat ion 3. 

However, t h e  express ion  f o r  t h e  concen t ra t i on  f a c t o r ,  6 ( t ) ,  was assumed 

t o  be independent o f  t ime and remained cons tan t  throughout development. 

The concen t ra t i on  f a c t o r  f o r  uranium was es t imated i n i t i a l l y  t o  be 0.4 
233u based on t h e  r e s u l t s  o f  q u a n t i t a t i v e  p e n e t r a t i o n  experiments u s i n g  

(see p. 110) and assuming u n i f o r m  d i s t r i b u t i o n  throughout an egg volume 

o f  4.2 x m l .  However, autoradiographs l a t e r  revea led  t h a t  t h e  

233U presen t  i n  t h e  egg conten ts  was l o c a l i z e d  p r i m a r i l y  i n  t h e  y o l k  sac. 

For  d o s i m e t r i c  c a l c u l a t i o n s ,  i t  was assumed t h a t  a l l  o f  t h e  uranium 

i n  t h e  conten ts  o f  t h e  egg was l o c a t e d  i n  t h e  y o l k  sac even though i t  

was observed t h a t  some o f  t h e  uranium was d i s t r i b u t e d  across t h e  y o l k -  

t i s s u e  i n t e r f a c e .  There fore  t h e  dose computed f o r  t he  y o l k  descr ibed i n  
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the following paragraphs would a l so  be approximately equal t o  the dose 

a t  the yolk- t issue in te r face .  

The volume of the yolk sac decreases d u r i n g  embryological devel- 

opment. 

i n  carp eggs soon a f t e r  f e r t i l i z a t i o n  was found t o  be 1.25 m; a corres- 

ponding value just  p r io r  t o  hatching was 0.8 mm. The yolk sac  diameters 

f o r  fathead minnows were 0.87 mm a t  f e r t i l i z a t i o n  and 0.43 mm a t  hatching. 

For the purpose of dose calculat ions,  mean yolk sac  diameters of 1.0 mm 

f o r  carp and 0.64 mm f o r  fathead minnows were assumed. These diameters 

resu l ted  i n  yo1 k volumes of 5.2 x ml and 1.5 x ml , respectively.  

Based on measurements by th i s  author a mean yolk sac  diameter 

T h e  concentration fac tor  fo r  uranium i n  the t o t a l  egg contents 

may now be corrected t o  r e f l e c t  the loca l iza t ion  of uranium i n  the yolk 

sac.  

4.2 x m l  = 3.23 
5.2 x m l  

&(yolk sac of carp)  = 0.4 x 

(12) 1.0 x ml = 2-67 6(yolk sac of fathead minnows) = 0.4 x 
1.5 x ml 

The dose r a t e  from 232U may now be computed u s i n g  Equation 3 and a value 

of 6 = 3.23 f o r  carp eggs and 2.67 f o r  fathead minnow eggs. 

ba(carp) = 6.88 E a C rad/hour (13) 

ba(fathead minnows) = 5.69 C rad/hour (14) 
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where 

fi = dose r a t e  ( rad /hour )  t o  t h e  egg y o l k  from alpha a 

r a d i o a c t i v i t y ,  

E = e f f e c t i v e  absorbed energy (MeV/dis) f o r  a lpha r a d i o -  a 

a c t i v i t y ,  and 

C = concen t ra t i on  (pCi /ml )  o f  alpha r a d i o a c t i v i t y  i n  the  

t e s t  s o l u t i o n .  

T o t a l  dose i n  r a d  t o  t h e  y o l k  o f  an egg exposed t o  uranium i s  

c a l c u l a t e d  by i n t e g r a t i n g  Equations 13 and 14 w i t h  respec t  t o  t ime. 

D = 6.88 ( o r  5.69) E C t r a d  (15) a a 

The va lue  o f  

conducted a t  35 days a f t e r  232U daughter separa t ion ,  

Corresponding 

180 days. 

minnows. 

i s  taken from F igu re  41. For carp experiments which were 

= 5.39 MeV/dis. 

f o r  fathead minnow experiments was 5.67 MeV/dis a t  

The t ime, t, was 72 hours f o r  carp and 168 hours f o r  fa thead 

S u b s t i t u t i n g  these da ta  i n t o  Equat ion 15, t h e  dose from a 
232u 1 p C i / m l  concen t ra t i on  o f  

Da ( carp 

Da(fathead m 

alpha a c t i v i t y  was 

y o l k )  = 2670 r a d  

nnow yo1 k )  = 5412 r a d  

Dose from Beta and Gamma R a d i o a c t i v i t y .  The dose t o  f i s h  eggs 

from beta  and gamma r a d i o a c t i v i t y  o f  232U daughters was s i g n i f i c a n t l y  
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l e s s  than t h e  dose from alpha r a d i o a c t i v i t y  o f  232U and daughters.  The 
39 be ta  dose was c a l c u l a t e d  us ing  the  procedure o u t l i n e d  by Woodhead. 

I n  h i s  paper Woodhead d i v i d e d  t h e  dose r a t e  i n t o  t h r e e  components: 

dose r a t e  from a c t i v i t y  i n  t h e  egg contents ;  t he  dose r a t e  f rom a c t i v i t y  

the  

adsorbed on t h e  s h e l l ;  and t h e  dose r a t e  f rom a c t i v i t y  i n  the  water .  
23ZU The dose was c a l c u l a t e d  f o r  1 pCi/ml o f  a lpha r a d i o a c t i v i t y  f rom 

and daughters. The be ta  p a r t i c l e  dose was g rea te r  f o r  fa thead minnow 

eggs than f o r  carp eggs because fa thead minnow eggs r e q u i r e d  l onger  t o  

ha tch  and because these experiments were performed 180 days a f t e r  the  

232U had been p u r i f i e d .  

a t  180 days than a t  35 days as i l l u s t r a t e d  i n  F igure  42. Maximum e s t i -  

More be ta  r a d i o a c t i v i t y  was present  i n  s o l u t i o n  

mated be ta  p a r t i c l e  doses t o  carp eggs and fa thead minnow eggs from 

1 uCi/ml (a lpha r a d i o a c t i v i t y )  o f  232U and daughters a re  l i s t e d  below. 

. Dg(carp)  = 3 rad  (18)  

D ( f a thead  minnow) = 25 rad  (19) B 

The most impor tan t  c o n t r i b u t i o n  t o  the  t o t a l  gamma dose t o  a f i s h  

egg exposed t o  232U and daughters comes from ‘08T1 (2.62 MeV, 100%). 

mean a t t e n u a t i o n  pa th  i n  water  f o r  a photon a t  t h i s  energy i s  approx i -  

mate ly  22 cm. 

t h e  p l a s t i c  dishes. 

The 

T h i s  range was cons iderab ly  g r e a t e r  than the  diameter of  

The gamma dose was es t imated us ing  the absorbed 

f r a c t i o n s  f o r  u n i f o r m l y  d i s t r i b u t e d  sources i n  smal l  u n i t - d e n s i t y  spheres 

surrounded by s c a t t e r i n g  medium repor ted  by E l l e t  and Humes. 136 Est imated 
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gamma doses f o r  carp  eggs and fa thead minnow eggs i n  a s o l u t i o n  o f  

1 uCi/ml (a lpha  r a d i o a c t i v i t y )  o f  232U and daughters are l i s t e d  below. 

D ( c a r p )  = 1.4 x r a d  Y 

D ( f a t h e a d  minnows) = 1.2 x lo- '  r a d  
Y 

Summary o f  t h e  Dose Assessment 

Table 10 summarizes t h e  dose t o  C. carpio eggs and P. promeZas 

eggs from 1.0 p C i / m l  of 238Pu o r  232U as c a l c u l a t e d  f o r  t h i s  experiment. 

Table 10. Maximum Est imated Dose t o  C. c a r p i 0  Eggs 
and P. promeZas Eggs Exposed t o  1.0 uCi/rnl 

of 2 3 e P ~  o r  2 3 2 U  Dur ing  
Embryo1 o g i  c a l  Devel oprnen t 

Dose ( rads)  

*PU 2 32u 

a DB D Y ' T ~ t a l - ~ ~ ~ U  
I 

2096 2670 3 0.0014 2673 a C. carpio 

P. promeZas 7472 5420 25 0.012 5445 

aDoses were c a l c u l a t e d  assuming a 35 day b u i l d u p  o f  2 3 2 U  

bDoses were c a l c u l a t e d  assuming a 180 day b u i l d u p  o f  2 3 2 U  

'Dose was c a l c u l a t e d  assuming 2 3 2 U  l o c a l i z e d  i n  t h e  y o l k  sac. 

daughters. 

daughters. 
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CHAPTER V 

DISCUSS ION 

v i o r  o f  P lu ton ium and Uranium Asso i a t e d  

With the  Developing Embryos o f  F i s h  

Q u a n t i t a t i v e  P e n e t r a t i o n  Experiments 

Q u a n t i t a t i v e  experiments l e d  t o  the  conc lus ion  t h a t  both p lu ton ium 

and uranium penet ra ted  t h e  egg cho r ion  and became depos i ted  i n  the  egg 

volume. The r a t e  of uptake of these elements by f i s h  eggs con t ras ted  

s i gn i  f i can tl y. 

a l though t h e  r a t e  o f  accumulat ion decreased. 

l i m i t e d  number o f  s i t e s  were a v a i l a b l e  f o r  p lu ton ium t r a n s p o r t  th rough 

P 1 u t o n i  um accumul a t i  on cont inued throughout deve 1 opmen t 

T h i s  i n d i c a t e d  t h a t  a 

t h e  chor ion.  -As t h e  s i t e s  became f i l l e d ,  t h e  r a t e  o f  accumulat ion 

decreased. A t  t h e  same t ime, however, p lu ton ium mig ra ted  through t h e  

c h o r i o n  i n t o  t h e  egg contents.  

The unusual d i s t r i b u t i o n  o f  t he  q u a n t i t a t i v e  data showing the  

a c t i v i t y  o f  233U i n  the  conten ts  o f  carp eggs (F igu re  28) suggested t h a t  

u r a n i  um was s e l e c t i v e l y  absorbed and then e l  iminated. However , accumul a- 

t i o n  by fa thead minnow eggs, ob ta ined by ana lyz ing  t o t a l  egg a c t i v i t y  , 
d i d  n o t  y i e l d  a s i m i l a r  p a t t e r n  f o r  uptake. 

t i o n  o f  uranium i n  t h e  egg contents,  t h e  mean concen t ra t i on  was 0.42 f o r  

Assuming a u n i f o r m  d i s t r i b u -  

carp  eggs and 0.38 f o r  fa thead minnow eggs. It was concluded f rom these 

/7 data  t h a t  t h e  concen t ra t i on  f a c t o r  f o r  uranium i n  t h e  egg conten ts  was a 

cons tan t  va lue  d u r i n g  embryological  deve w opment. More exper imental  da ta  
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a r e  r e q u i r e d  t o  c o n c l u s i v e l y  e s t a b l i s h  t h e  s e l e c t i v e  abso rp t i on  and 

e l i m i n a t i o n  o f  uranium before t h i s  behav io r  can be i nco rpo ra ted  i n t o  

dose c a l c u l a t i o n s .  

Autoradiographs 

Autoradiographs were e s s e n t i a l  i n  t h i s  s tudy  t o  determine the  

d i s t r i b u t i o n  o f  p lu ton ium and uranium i n  the  egg contents and t o  suppor t  

t h e  data ob ta ined i n  t h e  q u a n t i t a t i v e  p e n e t r a t i o n  t e s t s .  The auto- 

rad iographs  showed t h a t  p lu ton ium was h i g h l y  l o c a l i z e d  on the cho r ion  

and t h a t  subsequent d i s t r i b u t i o n  i n  t h e  egg contents was approximately 

uni form. 

Hot  spots o f  p lu ton ium a c t i v i t y  were found on t h e  o u t s i d e  o f  t he  

membrane. 

dose rece ived  by the  embryo due t o  t h e  p r o t e c t i o n  a f f o r d e d  by t h e  cho r ion  

and p e r i v i t e l l i n e  space. 

These h o t  spots d i d  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  the  t o t a l  

A more in -depth  s tudy  i s  necessary t o  e x p l a i n  

t h e  cause o f  t h e  fo rma t ion  o f  h o t  spots. One exp 

p lu ton ium a t taches  t o  i n s o l u b l e  i m p u r i t i e s  i n  the 

i m p u r i t i e s  adsorb t o  t h e  egg s h e l l .  These p a r t i c  

ana t ion  may be t h a t  

t e s t  s o l u t i o n  and t h e  

es are t o o  l a r g e  t o  

pene t ra te  the  membrane and remain f i x e d  t o  t h e  ou ts ide .  

t h a t  t h e  number o f  h o t  spots inc reased p r o p o r t i o n a t e l y  w i t h  t h e  l e n g t h  

o f  t ime  t h e  eggs remained i n  t h e  t e s t  s o l u t i o n .  

t h e  theo ry  t h a t  h o t  spots a re  i n s o l u b l e  i m p u r i t i e s .  

It was observed 

Th is  i nc rease  supports 

Another exp lana t ion  f o r  h o t  spots was explored. It was thought 

t h a t  t h e  p lu ton ium may con t inuous ly  accumulate a t  s p e c i f i c  s i t e s  on the  

egg cho r ion  causing them t o  "grow." T h i s  theo ry  was r e j e c t e d ,  however, 

because t h e  s i z e  o f  h o t  spots d i d  n o t  vary  app rec iab l y  d u r i n g  the  
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developmental p e r i o d  o f  t h e  embryo. Hot spots were s i m i l a r  i n  s i z e  

and d i s t r i b u t i o n  t o  t h e  one shown i n  F igure  31. 

accumulat ion a t  s p e c i f i c  s i t e s  was n o t  occur r ing .  

most l i k e l y  r e s u l t  f rom p lu ton ium which i s  a t tached t o  i n s o l u b l e  p a r t i c l e s  

i n  t h e  t e s t  s o l u t i o n .  

Th is  suggested t h a t  

Therefore,  h o t  spots  

Once i n s i d e  t h e  egg volume, p lu ton ium and uranium behaved q u i t e  

d i f f e r e n t l y .  

i n  t h e  y o l k .  

t h e  d i f f e r e n t  chemis t ry  o f  these elements and t h e i r  d i s t i n c t i v e  tendency 

t o  r e a c t  w i t h  b i o l o g i c a l  m a t e r i a l s .  

P luton ium was u n i f o r m l y  d i s t r i b u t e d  and uranium l o c a l i z e d  

T h i s  c o n t r a s t i n g  biochemical  behavior  can be exp la ined by 

The s t a b i l i t y  o f  p lu ton ium complex i o n  fo rmat ion  decreases i n  

t h e  o rde r :  Pu ( I V )  > Pu (111) > Pu ( V I )  > Pu ( V ) .  B i o l o g i c a l  f l u i d s  

c o n t a i n  complexing e n t i t i e s  t h a t  tend t o  s t a b i l i z e  the  p lu ton ium ( I V )  

s t a t e .  137 There fore  i t  was assumed t h a t  t he  p lu ton ium r e a c t i n g  w i t h  

components o f  t he  f i s h  egg remained i n  the  ( I V )  valence s t a t e .  P lu to -  

nium i n  t h e  t e s t  s o l u t i o n  became bound t o  b i o l o g i c a l  substances i n  the  

chor ion.  As accumulat ion cont inued, some p lu ton ium d i f f u s e d  through the  

cho r ion  and complexed w i t h  c o n s t i t u e n t s  i n  t h e  contents .  Complexes of  

p lu ton ium w i t h  l i gands  i n  b i o l o g i c a l  m a t e r i a l  have l i m i t e d  m o b i l i t y .  

However, n u t r i e n t s  i n  the  embryo, yo l k ,  and cytoplasm a re  i n  dynamic 

e q u i l i b r i u m .  

p robab ly  t h e  r e s u l t  of t h i s  e q u i l i b r i u m  as w e l l  as the  p h y s i c a l  m i x i n g  

o f  egg f l u i d s  caused by muscular con t rac t i ons  of  t he  embryo d u r i n g  

development. 

The un i fo rm d i s t r i b u t i o n  o f  p lu ton ium i n  the  contents  was 
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Complex ions in a physiological system compete f o r  any uranium 

t h a t  i s present. However, t e t rava len t  act inides  1 i ke P u (  IV) form 

stronger associations w i t h  donor 1 igands than do oxygenated act inides  

of the uranyl type. This property implies t h a t  in biological t i s sue ,  

complexes with the uranyl ion have more mobility than complexes with 

egg 

eos 

S 

the  plutonium. ion. Autoradiographs showed tha t  the uranium i n  the 

contents was primarily located in the yolk material. A typical t e  

egg i s  approximately 23% protein by mass and e s sen t i a l ly  a l l  of t h  

protein i s  i n  the egg contents. lo3 Protein i n  the egg contents i s  

concentrated i n  the yolk sac. The uranyl ion i s  strongly complexed by 

protein and the formation of uranium-protein complexes i n  the yolk sac 

may explain the buildup of uranium a t  t h i s  s i t e .  Protein and other 

nu t r ien ts  in the yolk sac are  assimilated by the embryo d u r i n g  develop- 

ment. 

t ion  f ac to r  of uranium in Figure 28. 

This may account for  the general trend reported fo r  the concentra- 

The Toxicity of P1 utoni um and Urani um 

t o  the Developing Embryos of Fish 

Doses Affecting Hatchabi 1 i ty ,  Survi Val, and Abnormal i ty  Production 

Summary of the Doses. Table 11 l i s t s  the doses which produced 

e f f ec t s  on hatching, survival ,  and abnormalities of carp and fathead 

minnow eggs. 

These data were multiplied by the  minimum concentration of tes t  solution 

These values were computed us ing  the data l i s t e d  i n  Table 10. 

a t  which the e f f ec t  was observed. For example, hatching of fathead 

minnow eggs was inhibi ted by 0.5 yCi/ml of 232U and higher concentra- 

t ions.  The to t a l  dose t o  fathead minnow eggs incubating in 1.0 pCi/ml 



Table 11. Summary o f  Estimated Dosesa t o  C. carpi0 and P. promeZas Eggs 
from 238Pu and 232u 

Dose (Rads) 

Abnormal i t i  es 
(Number Abnormal / 

Radionucl i de  Type of Egg Hatching b Survi Val Sample S ize)  

S38pu C. carpio 1.57 x l o3  4 8.19 l o 3  4.27 lo3  
(8.17 x 10 ) (5/ 377) 

P. prome Zas 9.71 x lo3 3 1.94 l o 3  5.68 x 10' 
(5.60 x 10 ) (1 5/454) 

aExcept where noted, dose i s  for the concentration t h a t  f i r s t  produced a s ign i f i can t  e f f e c t  

bNumber i n  parentheses i s  the dose a t  which l i t t l e  o r  no e f f e c t  was observed on hatching and 

CUranium-232 dose i s  calculated assuming a l l  o f  the 232U i s  l oca l i zed  i n  the  yolk.  

on hatching, surv iva l ,  and abnormalities. 

may be considered a s  an estimate of  the threshold dose t o  a f f e c t  hatching. 

2 3 2 " ~  C. carpio 1.34 x l o3  4 2.14 l o 3  3.21 lo3 
(3.21 x 10 ) (1 2/421 ) 

P. prome Z a s  2.72 x lo3 1.20 lo3  2.71 x 10 2 3 
(1.20 x 10 ) (5/238 1 
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which prevented 
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mated t o  be 2445 rads (Table 

egg ha tch ing  i s  c a l c u l a t e d  as 

0 ) .  There fore  t h e  dose 

shown be l  ow. 

I n t e r p r e t a t i o n  o f  t h e  da ta  i n  Table 11 r e q u i r e s  f u r t h e r  c l a r i f i c a -  ~ 

F i r s t ,  t he  doses t o  eggs from 232U a re  assumed t o  be t h e  doses t o  t i o n .  

t h e  egg y o l k  on ly ,  w h i l e  t h e  doses from 238Pu may be a p p l i e d  t o  a l l  o f  

t h e  c o n s t i t u e n t s  o f  t he  egg. 

rep resen t  l e v e l s  o f  minimum s e n s i t i v i t y .  

each t o x i c i t y  curve  t o  e s t a b l i s h  t h e  concen t ra t i on  t h a t  f i r s t  produces 

an e f f e c t  on abnormal i t i e s  , s u r v i  Val , o r  hatching. 

importance i s  t h e  need t o  e s t a b l i s h  an LD50 va lue  which would p e r m i t  

a common bas is  f o r  comparing r a d i o s e n s i t i v i t y .  

Second, t h e  doses l i s t e d  do n o t  n e c e s s a r i l y  

Many da ta  p o i n t s  a r e  needed on 

O f  p a r t i c u l a r  

Ana lys i s  o f  t h e  Doses. The doses i n  Tab le  11 a r e  l i s t e d  i n  

u n i t s  o f  rads, 

o f  t h e  dose e q u i v a l e n t ,  rem. 

l a t e d  by m u l t i p l y i n g  the  dose i n  rads by t h e  q u a l i t y  f a c t o r  f o r  alphas 

which i s  10. lo4 Therefore,  doses i n  Table 11 i n  u n i t s  o f  rem would be 

a f a c t o r  o f  10 g r e a t e r  than t h e  doses l i s t e d  i n  u n i t s  o f  rads. 

h i g h  dose values suggest t h a t  f i s h  eggs a r e  r e l a t i v e l y  i n s e n s i t i v e  

t o  the  e f f e c t s  o f  a lpha r a d i a t i o n .  

from exposure by alpha r a d i o a c t i v i t y  u n t i l  t h e  a lpha -emi t t i ng  rad io -  

n u c l i d e  has penet ra ted  t h e  cho r ion  and has been d i s t r i b u t e d  a t  c r i t i c a l  

s i t e s  i n  the  embryo. Therefore, eggs were p r o t e c t e d  from exposure 

These doses would be s i g n i f i c a n t l y  g r e a t e r  i n  u n i t s  

For a lpha r a d i o a c t i v i t y  t h i s  i s  ca lcu-  

These 

However, f i s h  eggs were p r o t e c t e d  

d u r i n g  t h e  most s e n s i t i v e  p e r i o d  o f  development, immediately a f t e r  
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f e r t i l i z a t i o n .  As t h e  p lu ton ium o r  uranium penet ra ted  t h e  chor ion ,  

the  dose r a t e  increased,  b u t  t h e  rad io res i s tance  o f  t h e  embryo a l s o  

increased.  For p e n e t r a t i n g  r a d i a t i o n  such as h igh  energy be ta  o r  

gamma, energy i s  depos i ted  throughout  the  egg volume as soon as exposure 

begins.  Therefore,  i t  

i n  t h i s  s tudy  i n  u n i t s  

s tudy  of  t h e  t r a n s p o r t  

p l  u t o n i  um and u r a n i  um 

The da ta  i n  Tab 

were more s e n s i t i v e  t o  

would n o t  be c o r r e c t  t o  r e p o r t  doses c a l c u l a t e d  

o f  t h e  dose equ iva len t  w i t h o u t  a more in -depth  

through the  cho r ion  and d i s t r i b u t i o n  o f  t he  

n t h e  egg contents .  

e 11 a l s o  suggest t h a t  fa thead minnow eggs 

b o t h  238Pu and 232U than carp eggs. However, 

a1 though t h e  embryologic c h a r a c t e r i s t i c s  o f  these two eggs a re  s i m i l a r ,  

they may n o t  have t h e  same r a d i o s e n s i t i v i t y .  One reason f o r  t h i s  i s  

t h a t  t he  fa thead minnow i s  a nes t  b u i l d e r ,  and the  male p r o t e c t s  the  

eggs d u r i n g  development. Carp do n o t  p r o t e c t  t h e i r  eggs d u r i n g  develop- 

ment and hence carp eggs may be more r e s i s t a n t  t o  b i o l o g i c a l  damage than 

fa thead minnow eggs. 

I n  genera l ,  e f f e c t s  were observed t o  occur a t  lower  t o t a l  doses . 

f o r  232U than f o r  238Pu. T h i s  g r e a t e r  r a d i o t o x i c i t y  f o r  232U may be 

a t t r i b u t e d  t o  one o f  t he  f o l l o w i n g  f a c t o r s  o r  a synergism between these 

fac to rs .  

(1 )  The t o t a l  dose from 232U was c a l c u l a t e d  assuming t h e  concen- 

t r a t i o n  f a c t o r  f o r  uranium i n  the  egg conten ts  remained cons tan t  

throughout  development. Consequently, t he  dose r a t e  f rom 232U was a 

cons tan t  value. However, t he  concen t ra t i on  f a c t o r  f o r  uranium was 

determined us ing  233U which has a much lower s p e c i f i c  a c t i v i t y  than 



232U. Therefore,  i t  i s  p o s s i b l e  t h a t  

u s i n g  233U may have been l e s s  than t h  

i n  t o x i c i t y  experiments. 

The concen t ra t i on  f a c t o r  f o r  p 

f u n c t i o n  o f  t h e  t ime t h e  egg remained 
_..A 
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t h e  concen t ra t i on  f a c t o r  determined 
23ZU concen t ra t i on  f a c t o r  f o r  

utonium, on t h e  o t h e r  hand, was a 

i n  the t e s t  s o l u t i o n .  The dose 

r a t e  f rom ld8Pu was low d u r i n g  t h e  e a r l y  stages o f  development and 

increased t o  a maximum va lue  a t  ha tch inq .  Therefore,  embrvos r e c e i v e d  a 

q r e a t e r  dose from 232U than from 238Pu w h i l e  they  were i n  t h e  most 

s e n s i t i v e  pe r iods  o f  embrvoqenesis. 

(2 )  The m o b i l i t v  o f  uranium caused a r a u i d  b u i l d u p  o f  t h i s  

element i n  t h e  eqq v o l k  where i t  was p o s s i b l y  bound as u ran ium-pro te in  

complexes. 

p r o t e i n s ,  d iscussed several  mechanisms t h a t  l e a d  t o  t h e  l o s s  o f  f u n c t i o n  

of p r o t e i n s .  These mechanisms inc luded  r a d i a t i o n - i n d u c e d  chanqes i n  a 

c r i t i c a l  s i d e  cha in  a t tached t o  t h e  p r o t e i n  molecule and breakaqe o f  

hvdroqen o r  d i s u l f i d e  bonds which m a i n t a i n  t h e  p r o t e i n  s t r u c t u r e .  I n  

a d d i t i o n  t o  d i r e c t  damaqe t o  p r o t e i n  molecules, r a d i o l y s i s  o f  aqueous 

s o l  u t i o n s  1 eads t o  t h e  fo rma t ion  o f  hvdroqen atoms , hydroxy l  r a d i c a l  s ?, 

and molecu la r  hydroqen and hydroqen peroxide. 13’ These r e a c t a n t s  may 

be chemica l l y  t o x i c  t o  t h e  developinq embryo. Future work i s  needed t o  

determine more p r e c i s e l y  t h e  r a d i o b i o l o q i c a l  e f f e c t s  o f  232U d u r i n q  

embryoqenesis o f  t h e  f i s h  eqq. 

C a ~ a r e t t , ’ ~ ~  i n  rev iew inq  t h e  e f f e c t s  o f  r a d i a t i o n  on 

(3 )  The r a d i o t o x i c  e f f e c t  of 232U dauqhters may have c o n t r i b u t e d  

s i q n i f i c a n t l y  t o  t h e  o v e r a l l  t o x i c i t y  o f  232U. 

o f  each dauqhter, i n c l u d i n q  t r a n s p o r t  th rouqh t h e  cho r ion  and complex 

The biochemical behav io r  
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i o n  format ion w i t h  c o n s t i t u e n t s  i n  t h e  egg ’conten ts ,  was l i k e l . y  v e r y  

d i f f e r e n t  f rom uranium. I n  a d d i t i o n  t o  biochemical d i f f e r e n c e s ,  several  

232U daughters emi t  alpha p a r t i c l e s  o f  unusual1.y h i g h  energ ies .  Th is  

h i g h  energ.y i o n i z i n g  r a d i a t i o n  may have produced more b i o l o g i c a l  damage 

than lower  energy alpha r a d i o a c t i v i t y .  

( 4 )  Eggs i n c u b a t i n g  i n  232U rece ived  exposure f rom t h r e e  t.ypes o f  

r a d i a t i o n  - alpha, beta, and gamma. Alpha r a d i o a c t i v i t y  d i d  n o t  con- 

t r i b u t e  s i g n i f i c a n t l y  t o  t h e  absorbed dose u n t i l  a f t e r  t h e  232U pene- 

t r a t e d  t h e  chor ion.  

t h e  egg conten ts  immediately a f t e r  t h e  egg was p laced i n  t h e  

Beta and gamma r a d i 0 a c t i v i t . y  depos i ted  energy i n  
232” 

s o l u t i o n ,  d u r i n g  t h e  most s e n s i t i v e  stage of embryological  development. 

However, due t o  t h e  low dose r a t e s  o f  be ta  and gamma r a d i o a c t i v i t y  i n  

t h e  232U s o l u t i o n ,  t h e  importance of t h i s  f a c t o r  was cons idered t o  be 

minimal.  

One impor tan t  p h y s i o l o g i c a l  e f f e c t  t h a t  was n o t i c e d  a t  h i g h  

concen t ra t i ons  o f  238Pu a c t i v i t y  was premature embryo ha tch ing .  T h i s  

e f f e c t  was most l i k e l y  due t o  the  b u i l d u p  o f  238Pu on the  egg cho r ion  

which r e s u l t e d  i n  p h y s i c a l  damage by i n tense  alpha r a d i o a c t i v i t y .  

As embryogenesis proceeded and mo t i  1 i t y  began, muscular c o n t r a c t i o n s  

by t h e  embryo c rea ted  pressure  on t h e  i n s i d e  o f  t he  weakened s h e l l  and 

e v e n t u a l l y  r u p t u r e d  i t  prematurely.  

Comparison o f  t h e  Doses t o  L i t e r a t u r e  Data. Most o f  t h e  

t u r e  reviewed i n  Chapter I which d e a l t  w i t h  exper imental  da ta  on 

exposure f a i l e d  t o  i nco rpo ra te  es t imated  doses i n t o  t h e  f i n d i n g s  
n 

i t e r a -  

ch ron ic  

U s u a l l y  o n l y  t h e  concen t ra t i ons  of rad ionuc l i des  i n  s o l u t i o n  were 
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repor ted .  T h i s  l a c k  o f  i n fo rma t ion ,  along w i t h  the  l i m i t e d  amount o f  

exper imenta l  data on ch ron ic  exposure a v a i l a b l e ,  made i t  d i f f i c u l t  t o  

compare t h e  doses c a l c u l a t e d  i n  t h i s  s tudy t o  those repo r ted  i n  o t h e r  

exper iments.  

admin is te red  doses t o  those d e l i v e r e d  c h r o n i c a l l y .  

Also,  c a u t i o n  had t o  be exerci.sed when comparing a c u t e l y  

Brown and Templeton41 and T e r n p l e t ~ n ~ ~  c h r o n i c a l l y  exposed the  

eggs o f  p l a i c e  (PZeuronectes pZatessa) t o  exposures up t o  500 R b u t  d i d  

n o t  observe a s i g n i f i c a n t  e f f e c t  on t he  number of abnormal l a r v a e  pro-  

duced. 

(Oncorhynchus t s h ~ t s c h a )  d u r i n g  development and markedly i n h i b i t e d  

Bonham and Donaldson i r r a d i a t e d  the  eggs o f  chinook salmon 

gonadal development a t  a t o t a l  dose of  approx imate ly  700 rads.  

Frank6' demonstrated t h a t  very  l a r g e  doses o f  r a d i a t i o n  were 

r e q u i r e d  t o  s i g n i f i c a n t l y  i n h i b i t  ha tch ing  and t o  produce abnorma l i t i es  

when acute doses were admin is te red  d u r i n g  the  l a t e  stages o f  embryologic 

development. 

z a t i o n  d i d  n o t  i n t e r f e r e  w i t h  ha tch ing  a l though 4,000 rads o r  more 

caused t h e  fo rmat ion  o f  gross abnormal i t ies .  H y ~ d o - T a g u c h i ~ ~  a1 so 

A t o t a l  dose o f  16,000 rads a t  24 hours a f t e r  f e r t i l i -  

r e p o r t e d  t h a t  h i g h  doses of neutrons were needed t o  a f f e c t  t h e  ha tch ing  

o f  Oryzias Zatipes embryos when exposure occurred d u r i n g  l a t e  embryogenesis. 

Recent exper iments by Trabal  ka14' found t h a t  ch ron ic  exposure o f  

ca rp  eggs i n  a s o l u t i o n  hav ing 5 m C i / m l  of  t r i t i u m  d i d  n o t  p reven t  

ha tch ing  a1 though s i g n i f i c a n t  numbers o f  gross abnormal i t i e s  r e s u l t e d .  

The t o t a l  dose t o  t h e  embryos d u r i n g  development was es t imated t o  be 

approx imate ly  4.4 x 10 rads i n  72 hours. 3 
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Therefore,  a l though doses a f fec t i ng  h a t c h a b i l i t y ,  s u r v i v a l ,  and 

abnormal i t y  p roduc t i on  computed i n  t h i s  exper iment cou ld  n o t  be compared 

d i r e c t l y  t o  values determined by o t h e r  i n v e s t i g a t o r s ,  doses were w e l l  

w i t h i n  t h e  range o f  values repo r ted  i n  the  l i t e r a t u r e .  

ments e v a l u a t i n g  the  t o x i c i t y  o f  rad ionuc l i des  t o  develop ing embryos i n  

aqua t i c  environments should i nco rpo ra te  q u a n t i t a t i v e  f a c t o r s  f o r  b i o -  

accumulat ion and a c t i v i t y  d i s t r i b u t i o n  i n t o  dose est imates.  

The Chemical T o x i c i t y  o f  P luton ium and Uranium 

Future e x p e r i -  

A mass concen t ra t i on  o f  20 ppm o f  2 4 4 ~ u  i n  s o l u t i o n  prevented 

bo th  carp eggs and fa thead minnow eggs from hatch ing.  The c o n t r o l  

groups were developed i n  a s o l u t i o n  hav ing t h e  same c t r a t e  concen- 

t r a t i o n ,  3.0 x and a c t i v i t y ,  2.0 x p C i / m l  as t h e  244Pu. An 

a c t i v i t y  o f  238Pu o f  2.0 x lo - '  v C i / m l  corresponds t o  a dose o f  42 rads 

t o  carp  eggs and 149 rads t o  fathead minnow eggs. 

were conducted w i t h  one o r  two dishes of eggs because o n l y  a l i m i t e d  

amount o f  t h e  244Pu was a v a i l a b l e  f o r  t h i s  study. Attempts t o  r e c y c l e  

t h e  t e s t  s o l u t i o n  f o l l o w i n g  f i l t r a t i o n  were n o t  successfu l .  According 

t o  t h e  r e s u l t s  o f  c i t r a t e  t o x i c i t y  on develop ing eggs shown i n  F igure  39, 

a c i t r a t e  concen t ra t i on  o f  3.0 x lo-'% was on t h e  shoulder  o f  t he  t o x i c i t y  

curve. Therefore,  t h e  p o t e n t i a l  e f f e c t  o f  c i t r a t e  t o x i c i t y  r a t h e r  than 

p lu ton ium t o x i c i t y  cannot be e n t i r e l y  r u l e d  ou t .  

however, based on t h e  absence o f  e f f e c t s  f rom 238Pu a t  42 rads and 149 

rads t h a t  ha tch ing  was most l i k e l y  prevented a t  20 pprn 244Pu because of  

t h e  chemical t o x i c i t y  o f  e i t h e r  p lu ton ium o r  c i t r a t e .  

Experiments a t  20 pprn 

It was concluded, 
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The p o t e n t i a l  chemical t o x i c i t y  o f  p lu ton ium a t  20 ppm i s  s i g n i f i -  

can t .  The most abundant p lu ton ium i so tope  by mass i n  t h e  nuc lea r  f u e l  

c y c l e  and i n  t h e  environment i s  239Pu. Th is  i so tope  has a h a l f - l i f e  o f  
4 2.44 x 10  years, a s p e c i f i c  a c t i v i t y  of 6.2 x l o - ’  Ci/g, and decays by 

alpha emission. An aqueous s o l u t i o n  o f  20 ppm o f  239Pu would have an 

a c t i v i t y  concen t ra t i on  of  approx imate ly  1.2 p C i / m l .  Th is  concen t ra t i on  

corresponds t o  a t o t a l  dose of  2600 rads t o  carp  embryos and 9270 rads 

t o  fa thead minnow embryos. A dose o f  2600 rads would n o t  p reven t  carp  

eggs from hatch ing  and i s  a l s o  l e s s  than t h e  dose a t  which abnorma l i t i es  

were observed (4270 r a d s ) .  Therefore carp eggs exposed t o  1.2 u C i / m l  o f  

239Pu may be a f f e c t e d  by t h e  chemical t o x i c i t y  o f  t h e  p lu ton ium r a t h e r  

than t h e  r a d i o t o x i c i t y .  Fathead minnows on t h e  o t h e r  hand would more 

l i k e l y  be a f f e c t e d  by t h e  r a d i a t i o n  a l though t h e  h i g h  c o n c e n t r a t i o n  o f  

p lu ton ium mass present  i n  1.2 p C i / m l  o f  2 3 9 ~ u  may cause a s y n e r g i s t i c  

e f f e c t  between chemical and r a d i o l o g i c a l  t o x i c i t y .  Consequently, t h e  

t o x i c i t y  o f  239Pu t o  a q u a t i c  b i o t a  which possess a h igh  degree of r a d i o -  

r e s i s t a n c e  may be based on chemical r a t h e r  than r a d i o l o g i c a l  f a c t o r s .  

An upper l i m i t  f o r  t h e  chemical t o x i c i t y  of uranium was n o t  

c o n c l u s i v e l y  es tab l i shed .  

a f f e c t e d  by 60 ppm o f  uranium having an a c t i v i t y  concen t ra t i on  l e s s  than 

2.0 x The r e s u l t s  of these experiments i n d i c a t e d  t h a t  f i s h  

eggs were r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  chemical t o x i c i t y  o f  uranium. 

Hatch ing  and s u r v i v a l  o f  ca rp  eggs were n o t  

p C i / m l .  

Carp eggs were a l s o  ve ry  i n s e n s i t i v e  t o  t h e  t o x i c  e f f e c t  o f  

f l u o r i d e s .  

Since these experiments were n o t  exhaustive, t h i s  should n o t  be i n t e r p r e t e d  

Concentrat ions l e s s  than 100 ppm F- d i d  n o t  a f f e c t  ha tch ing .  
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t o  rep resen t  an upper l i m i t  f o r  f l u o r i d e  t o x i c i t y .  More ex tens i ve  

research  i s  needed which focuses a c t i v e l y  on f l u o r i d e  t o x i c i t y  i n  an 

a q u a t i c  environment be fo re  an upper l i m i t  can be es tab l i shed .  

Doses t o  F i s h  Eggs from Plutonium and Uranium i n  Natura l  Waters 

Measured values o f  ac tua l  p lu ton ium concen t ra t i ons  i n  n a t u r a l  

waters  have v a r i e d  s i g n i f i c a n t l y  f rom one l o c a t i o n  t o  another.  Several 

o f  these values taken from t h e  l i t e r a t u r e  a re  l i s t e d  i n  Table 12. The 

h i g h e s t  concent ra t ions ,  1 x lo- ’  p C i / m l ,  were i n  ocean waters near t h e  

n u c l e a r  reprocess ing  p l a n t  a t  Windscale, England and i n  a h o l d i n g  pond 

a t  t h e  Rocky F l a t s ,  Colorado p lu ton ium f a c i l i t y .  More t y p i c a l  values 

ranged between 1 x 10-l‘ p C i / m l  i n  Lake Michigan t o  4 x 

t h e  Nor th  Sea. 

pCi/ml i n  

The most s i g n i f i c a n t  source o f  p lu ton ium e n t r y  i n t o  t h e  

a q u a t i c  environment today i s  f rom c o n t r o l l e d  re leases  a t  n u c l e a r  f a c i l -  

i t i e s  and u n c o n t r o l l e d  re leases  a t  waste b u r i a l  grounds. l1 ” 

h i g h e r  concen t ra t i ons  o f  p lu ton ium a r e  expected t o  occur i n  sur face  

There fore  

waters around these s i t e s .  

Tab.le 13 l i s t s  t h e  doses es t imated on t h e  bas i s  o f  t he  p resen t  

work f o r  severa l  species o f  f i s h  eggs developing i n  n a t u r a l  waters  

hav ing  p lu ton ium concen t ra t i ons  g i ven  i n  Table 12. 

rads  was c a l c u l a t e d  u s i n g  Equat ion 7. 

The t o t a l  dose i n  

A l l  o f  t h e  doses a re  below l e v e l s  

a t  which e f f e c t s  on h a t c h a b i l  i t y ,  s u r v i v a l  , o r  abnormal i t y  p r o d u c t i o n  

would be expected t o  occur. 

There have been e s s e n t i a l l y  no re leases  o f  232U t o  t h e  env i ron -  

ment up t o  t h i s  t ime because t h e  tho r ium f u e l  c y c l e  has n o t  y e t  been 

f u l l y  developed. Therefore,  i t  was n o t  p o s s i b l e  t o  es t ima te  doses t o  
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Table 12. Concent ra t ion  of Plutonium Found i n  Natura l  Waters 

L o c a t i o n  

W i  ndscal e 

White Oak Lake, ORNL 

Pond , Hanford 

En i wetok, Lagoon 

Lake Michigan 

1 x  

9 x  

8 x  

0- 
o-l 1 

o-l 3 
_ I_ .  

P1 utonium Concentrat ion 
pCi / m l  Year Reference 

975 11 

4 x l o - "  
1 x 

974 141 

9 74 142 

1972 143 

1971 144 



e 
Table 13. Est imated Doses t o  F i s h  Embryos Exposed t o  P lu ton ium i n  Na tu ra l  Waters 

Dose t o  t h e  Embryo f r o m  P lu ton ium 
R a d i o a c t i v i t y  ( r a d s )  

I 

Length o f  
Embryogenesi sa White Oak Pond Eniwetok Lake 

Type o f  Embryo (days) Windscal e Lake ORNL H an f o r d  Lagoon Michigan 

Carp 

Fathead Minnow 

( Cyprinus carpio ) 

( PirnephaZes prome Zas ) 

Brown T r o u t  
(SaZrno t r u t t a )  

Largemouth Bass 

P l a i c e  

(Micropterus saZmoids ) 

(PZeuronectes pZatessa) 

Mummi chog 
(FunduZus he terocz i tus )  

3 2.1 x 

7 7.5 x 

58 1.8 
(41 ) 

(97)  

18 3.1 
(41 1 
11 1.5 

(97) 

3 2.1 x 1.9 x 

2.8 x 

1 . 9  

6.7 

1.6 

0- 

0-6 

1.3 x 

1 .7  x lo- ’  8.4 x 

6.0 3.0 

1 .7  x 7.1 x 

0-8 

0- 

1 . 2  5.9 

1 .7  x lo- ’  8.4 x 

2.5 x 1.2 x 

2.1 

7.5 

1.8 .x 

2.1 

3.1 x 

1.5 x 

aReference f rom which t h e  l e n g t h  o f  embryogenesis was ob ta ined  i s  i n d i c a t e d  i n  parentheses. 
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232U. However, f o r  comparative purposes, t h e  dose 
232" ca rp  and fa thead minnow eggs i n  a s o l u t i o n  o f  

t h e  MPCw (168 hours/week) e s t a b l i s h e d  by t h e  ICRP.  

waters c o n t a i n i n g  l ow  concent ra t ions  o f  

was c a l c u l a t e d  f o r  

a t  8.0 x l . d i / m l ,  

O4 Th is  concentra- 
2 t i o n  would d e l i v e r  a dose o f  2.1 x lo - '  rads  t o  carp  embryos and 5.3 x 10- 

rads  t o  fa thead  minnow embryos. 

which observable e f f e c t s  would be expected t o  occur.  

Again, these values are  below l e v e l s  a t  

I n  summary, l e v e l s  o f  p lu ton ium and h i g h  s p e c i f i c  a c t i v i t y  uranium 

c u r r e n t l y  found i n  n a t u r a l  waters do n o t  impar t  a s i g n i f i c a n t  r a d i o l o g i c a l  

dose t o  deve lop ing  f i s h  embryos. 

An Eva lua t i on  o f  F i s h  Eggs as a T o x i c i t y  Tes t  System 

The advantages and disadvantages assoc ia ted  w i t h  t h e  use o f  f i s h  

eggs as a t o x i c i t y  t e s t  system were discussed i n  Chapter 11. I n  view o f  

t h e  f i n d i n g s  i n  t h i s  study, a d d i t i o n a l  e l a b o r a t i o n  o f  t h i s  t e s t  system 

i s  poss ib le .  

Genera l l y  h i g h  l e v e l s  o f  r a d i o l o g i c a l  and chemical t o x i c a n t s  

a re  r e q u i r e d  t o  a f f e c t  t h e  ha tch ing  o f  f i s h  eggs o r  t o  s i g n i f i c a n t l y  

reduce t h e  s u r v i v a l  o f  l a rvae .  Tes ts  i n  which h a t c h a b i l i t y  i s  t h e  o n l y  

c r i t e r i o n  f o r  b i o l o g i c a l  damage are  o f  l i m i t e d  value. The n e x t  s tep  i n  

s e n s i t i v i t y  i s  ob ta ined  by observ ing  t h e  s u r v i v a l  o f  l a r v a e  a t  l e a s t  

th rough t h e  p o s t - l a r v a l  stage up t o  t h e  t ime  t h e  y o l k  sac i s  absorbed. 

The p roduc t i on  o f  abnormal l a r v a e  adds y e t  another degree o f  s e n s i t i v i t y  

a l though t h i s  e f f e c t  i s  more d i f f i c u l t  t o  score, p a r t i c u l a r l y  when t h e  

work i s  be ing  performed under t h e  phys i ca l  r e s t r a i n t s  imposed by a g love  

box. 
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I t  i s  l i k e l y  t h a t  t h e  s e n s i t i v i t y  would 

f e c u n d i t y  and abnormal 

embryogenes i s coul  d be 

i n  t h i s  s tudy  would be 

t y  p roduc t i on  i n  o f f s p r  

monitored. The fa thead 

i d e a l l y  s u i t e d  f o r  t h i s  

be increased f u r t h e r  i f  

ng o f  f i s h  exposed du r ing  

minnow t e s t  system developed 

k i n d  o f  exper iment because 

t h i s  f i s h  i s  r e l a t i v e l y  small and cou ld  be mainta ined i n  l a b o r a t o r y  

aquar ia .  

months. 

AI so, breeders reach sexual m a t u r i t y  in approx imate ly  four 

Experiments i n  which eggs a re  exposed du r ing  development t o  

contaminants d i sso l ved  i n  t h e  s o l u t i o n  should i nco rpo ra te  q u a n t i t a t i v e  

measurements o f  accumulat ion o f  t h e  contaminant as w e l l  as d i s t r i b u t i o n  

i n  t h e  egg conten ts .  

g a t i n g  t h e  e f f e c t s  of alpha and beta r a d i o a c t i v i t y .  

These data a re  p a r t i c u l a r l y  impor tan t  when i n v e s t i -  
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CHAPTER V I  

CON CL US I ON S 

Research t o  assess t h e  t o t a l  impact o f  p lu ton ium and uranium i n  

t e r r e s t r i a l  and a q u a t i c  ecosystems must proceed concomi tant  w i t h  t h e  

development o f  t h e  nuc lea r  i n d u s t r y .  

chemical behavior  and p o t e n t i a l l y  h i g h  t o x i c i t y  t o  man, has been s tud ied  

e x t e n s i v e l y  by s c i e n t i s t s  s ince  i t  was f i r s t  d iscovered i n  1941. 

Plutonium, because o f  i t s  complex 

The 

p o t e n t i a l  use o f  233U as a f i s s i l e  m a t e r i a l  and t h e  presence o f  i m p u r i t y  

232U i n  t h i s  f u e l  r e q u i r e  t h a t  a d d i t i o n a l  research be conducted on 

s p e c i f i c  a c t i v i t y  uranium. Th is  s tudy has focused on t h e  t o x i c i t y  

uranium and p lu ton ium t o  one type o f  aquat ic  b i o t a ,  t h e  f i s h  egg. 

h i g h  

o f  

The 1 i t e r a t u r e  rev iew es tab l i shed  t h a t  cons iderable data were 

a v a i l a b l e  on t h e  e f f e c t s  t h a t  i o n i z i n g  r a d i a t i o n  has on t h e  develop ing 

embryos o f  f i s h .  

t h e  e f f e c t s  o f  a lpha -emi t t i ng  rad ionuc l i des ,  s p e c i f i c a l l y  p lu ton ium and 

uranium. 

However, e s s e n t i a l l y  no i n f o r m a t i o n  was r e p o r t e d  on 

A t o x i c i t y  t e s t  system employing f e r t i l i z e d  eggs o f  carp, Cyprinus 

carpio L., and fathead minnows, PimephaZes promeZas R . ,  was used t o  

determine t h e  r a d i o l o g i c a l  and chemical t o x i c i t y  o f  p lu ton ium and uranium. 

Carp eggs were ob ta ined f o l l o w i n g  a l a b o r a t o r y  spawning technique repo r ted  

i n  t h e  l i t e r a t u r e .  A p l e n t i f u l  supply  o f  

by p l a c i n g  breeders i n  l a b o r a t o r y  aquar ia  

s he1 t e r s .  

fa thead minnow eggs was prov ided 

equipped w i t h  a r t i f i c i a l  
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Plutonium penet ra ted  t h e  cho r ion  and was accumulated by t h e  

conten ts  o f  t h e  embryo d u r i n g  development. 

ca rp  eggs was approx imate ly  3.0 a t  t h e  t ime t h e  eggs hatched. 

c o n c e n t r a t i o n  f a c t o r  f o r  uranium, assuming u n i f o r m  d i s t r i b u t i o n  i n  t h e  

egg, remained cons tan t  a t  a mean value o f  0.4. 

The concen t ra t i on  f a c t o r  i n  

The 

Autoradiographs i n d i c a t e d  t h a t  p lu ton ium was u n i f o r m l y  d i s t r i b u t e d  

th roughout  t h e  cytoplasm, embryo, and y o l k  sac. Approximately 70% o f  

t h e  p lu ton ium a c t i v i t y  assoc ia ted  w i t h  t h e  t o t a l  egg was on t h e  cho r ion .  

Al though h o t  spots of p lu ton ium a c t i v i t y  were present  on t h e  o u t s i d e  of 

t h e  egg s h e l l ,  t hey  d i d  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  absorbed 

dose i n  t h e  conten ts  o f  t h e  egg. 

were exposed t o  uranium revea led  t h a t  t h i s  element was p r i m a r i l y  l o c a l i z e d  

i n  t h e  y o l k  sac. 

Autoradiographs o f  egg sec t i ons  t h a t  

R e l a t i v e l y  h i g h  doses and hence h i g h  concent ra t ions  o f  238Pu and 

232U, were needed t o  a f f e c t  t h e  h a t c h a b i l i t y  o f  e i t h e r  carp  eggs o r  

f a thead  minnow eggs. A more s e n s i t i v e  t e s t  f o r  t o x i c i t y ,  however, was 

t h e  p roduc t i on  o f  abnormal l a rvae .  A s i g n i f i c a n t l y  h ighe r  number o f  
3 a b n o r m a l i t i e s  were produced a t  doses rang ing  between 4.27 x 10 rads  f o r  

ca rp  eggs exposed t o  238Pu and 2.71 x 10  rads f o r  fa thead minnows 

exposed t o  232U. I n  general,  e f f e c t s  were observed a t  l ower  t o t a l  doses 

f o r  232U than f o r  238Pu. 

2 

A chemical t o x i c  e f f e c t  f rom p lu ton ium was observed by t h e  

f a i l u r e  o f  bo th  carp eggs and fa thead minnow eggs t o  ha tch  i n  a s o l u t i o n  

hav ing  a mass concen t ra t i on  o f  20 ppm and an a c t i v i t y  l e v e l  o f  2.0 x lo- ’  
p C i / m l .  Chemical e f f e c t s  f rom t h e  presence o f  c i t r a t e  c o u l d  n o t  be 
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e n t i r e l y  r u l e d  out ;  however, t h e  po ten t  a1 chem c a l  t o x i c i t y  o f  p lu ton ium 

t o  a l a r g e  p a r t  o f  t he  aqua t i c  b i o t a  may be more impor tan t  than the  

r a d i o l o g i c a l  t o x i c i t y .  Fur ther  s tudy i s  d e f i n i t e l y  needed i n  t h i s  area 

and experiments should be expanded t o  i nc lude  mammalian systems. A 

chemical t o x i c  e f f e c t  f rom low s p e c i f i c  a c t i v i t y  uranium was n o t  observed. 

Doses t o  f i s h  embryos i n  n a t u r a l  waters  contaminated w i t h  p l u t o -  

nium o r  uranium were c a l c u l a t e d  us ing  t h e  accumulation, d i s t r i b u t i o n ,  

and dos imetry  developed i n  t h i s  study. Even i n  waters where l e v e l s  a re  

th ree  o rde rs  o f  magni tude g rea te r  than mean concent ra t ions ,  doses would 

1 . i ke ly  n o t  exceed 1.8 x 

hatch. Th is  dose i s  w e l l  below t h e  l e v e l  a t  which e f f e c t s  would be 

rads f o r  an egg t h a t  r e q u i r e s  58 days t o  

expected t o  occur.  

The metabo l ic  and environmental  behavior  of h i g h  s p e c i f i c  a c t i v i t y  

uranium, i n  p a r t i c u l a r  232U, r e q u i r e  f u r t h e r  i n v e s t i g a t i o n .  Very l i t t l e  

i n f o r m a t i o n  i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e  on 232U and i t s  daughters 

even though t h i s  i so tope  o f  uranium may be present  i n  s i g n i f i c a n t  quan- 

t i t i e s  i n  t h e  thor ium fue l  cyc le .  

Th is  work has es tab l i shed  the  s u i t a b i l i t y  o f  f i s h  eggs as an 

i n d i c a t o r  f o r  t o x i c  e f fec ts  f rom d i sso l ved  a lpha e m i t t e r s .  'However, 

n 

f i s h  eggs are  n o t  a very r a d i o s e n s i t i v e  system, and f u r t h e r  work may 

be needed t o  r e l a t e  e f fec ts  i n  f i s h  eggs t o  b i o l o g i c a l  e f f e c t s  i n  o t h e r  

organisms. 
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APPENDIX A 

GLOVE BOX OPERATIONAL C E R T I F I C A T I O N  
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March 18, 1976 

To: R. E. Leuze 

From: F. A.  Kappelmann 

Subject :  Personnel C e r t i f i e d  f o r  Glove Box Operation, B u i l d i n g  3508 

Dur ing  1975 the  f o l l o w i n g  personnel were c e r t i f i e d  t o  per fo rm glove 

box opera t i ons  i n  B u i l d i n g  3508. 

Chemical Technology D i v i s i o n  - G. D.  Davis 
R. L. Hickey 
F. A. Kappelmann 
L. E. Morse 

Chemistr.y D i v i s i o n  - H. A. Friedman 

Environmental Sciences D i v i s i o n  - M a r i l y n  Frank 
M. H. Shanks 
Fred Sweeton 
J .  E. T i l l  

The above personnel w i l l  be requested t o  a t t e n d  t h e  annual meet ing 

f o r  r e c e r t i f i c a t i o n  t o  be he ld  i n  A p r i l ,  1976. The reason I p icked A p r i l  

i s  because t h e  Operat ions Manual and Rad ia t i on  Sa fe ty  Procedures f o r  

B u i l d i n g  3508 should be completed o r  n e a r l y  completed a t  t h a t  t ime. 

FAK: j p  
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APPENDIX B 

ANALYTICAL DATA FOR QUANTITATIVE PENETRATION STUDIES 
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Table 14. Analytical Data for 2 3 8 P u  
Quan t i t a t ive  Penetration Studies 

Time After 
Fe r t i l i za t ion  
That Eggs Time Eggs Type of 
Were Placed Remained Sample 
i n  the i n  the C=Contents 

Sample Test Solution Test Solution M= Mem b ra  ne Sample 
Number (hours) (hours ) T=Total Egg Size 

1-1 
1 - 2  
1-3 
2- 1 
2- 2 
2- 3 
3- 1 
3- 2 
3- 3 
4- 1 
4- 2 
4- 3 
5- 1 
5- 2 
5- 3 
6- 1 
6- 2 
6- 3 
7- 1 
7- 2 
7- 3 
8- 1 
8- 2 
8- 3 
9- 1 
9- 2 
9- 3 

10-1 
10-2 
10-3 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

23 
23 
23 
23 
23 
23 

2.4 
2.4 
2.4 
8.8 
8.8 
8.8 

23.0 
23.0 
23.0 
46.0 
46.0 
46.0 
1.8 
1.8 
1.8 
7.6 
7.6 
7.6 

22.0 
22.0 
22.0 
45.0 
45.0 
45.0 

2.0 
2.0 
2.0 

25.0 
25.0 
25.0 

C 
M 
T 
C 
M 
T 
C 
M 
T 
C 
M 
T 
C 
M 
T 
C 
M 
T 
C 
M 
T 
C 
M 
T 
C 
M 
T 
C 
M 
T 

50 
50 
79 
53 
53 

100 
48 
48 
50 
31 
31 
72 
53 
53 
81 
50 
50 
63 
43 
43 
50 
27 
2.7 
34 
51 
51 
61 
25 
25 

104 

n 
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Table 14. Continued 

Activity 
Total Acti v i  t y  Concentration Concentration 
Act ivi ty  Per Egg in Egg Factor 

Sample o f  Sample o r  Membrane Contents f o r  Egg 
Number (pCi ) (PCi 1 (vci /ml) Contents 

1-1 
1-2 
1-3 
2- 1 
2- 2 
2- 3 
3- 1 
3- 2 
3- 3 
4- 1 
4- 2 
4- 3 
5- 1 
5-2 
5- 3 
6- 1 
6- 2 
6- 3 
7- 1 
7- 2 
7- 3 
8- 1 
8- 2 
8- 3 
9- 1 
9-2 
9-3 

10-1 
10-2 
10-3 

3.0 x 1 0 - ~  
5.8 x 10-3 
9.1 x 10-3 
4.6 x 1 0 - ~  
7.8 1 0 - ~  

8.7 x 10-3 
3.1 x 

1.6 x 
2 . 2  x 
8.1 x 
1.4 x 
7.6 x 1 0 - ~  
3.6 1 0 - ~  
7 . 1  x 1 0 - ~  

5.3 x 1 0 - ~  
1 . 4  1 0 - ~  

1.4 x 

1.6 x 
8.8 x 
1.5 x 
2 . 3  x 

1..6 x 
3.9 x 

4.8 10-3 

5.6 x 
5.7  x 1 0 - ~  

3.5 x 10-3 
1.1 x 

6 . 8  x 
4.4 x 

6.0 x 1 0 - ~  
1 . 2  x 1 0 - ~  
1.2 x 1 0 - 4  
8.7  x 10-5 
1.4 x 10-4 
3.1 x 1 0 - ~  
1.8 x 1 0 - ~  
3.4 x 1 0 - ~  
4.4 x 10-4 
2.6 x 1 0 - ~  
4.4 x 10-4 
1.1 x 10-3 
6.9 x 10-5 
1.3 x 1 0 - 4  
1.8 x 1 0 - ~  
1 . 1  x 10-4 
2.9 x 1 0 - ~  
2.6 x 1 0 - ~  
1 .1  x 10-4 
3.5 x 10-4 
4.6 x 1 0 - ~  
1.8 x 10-4 
5.9 x 1 0 - ~  
1 .1  x 10-3 
1 . 1  x 1 0 - ~  
1 .1  x 
2 . 2  x 1 0 - ~  
1.4 x 1 0 - ~  
2.7 x 1 0 - ~  
4.3 x 1 0 - ~  

1.4 x 

2 . 1  x 

4.3 x 

6.1 x 

1.6  x 

2.6 x 

2.6 x 

4.3 x 

2.6 x 

3.4 x 

0.70 

1.05 

2.15 

3.05 

0.80 

1.30 

1.30 

2.15 

1.30 

1.70 

i 
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Table 15. Analytical Data f o r  2 3 3 U  
Quant i ta t ive  Penetration Studies 

Time After 
I Fer t i l i za t ion  

That Eggs Time Eggs Type of 
Were Placed Remained Sample 
i n  the i n  the - C=Contents 

Sample Test Sol u t i  on Test Solution M=Membrane Sample 
Number (hours) (hours ) T=Total Egg Size 

1-1 
1 - 2  
1-3 
2- 1 
2- 2 
2- 3 
3- 1 
3-2 
3- 3 
4- 1 
4- 2 
4- 3 
5- 1 
5-2 
5- 3 
6- 1 
6- 2 
6- 3 
7- 1 
7-2 
7- 3 
8- 1 
8- 2 
8- 3 
9-1 
9-2  
9-3 

10-1 
10-2 
10-3 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

25 
25 
25 
25 
25 
25 

2.0 
2.0 
2.0 
9.0 
9.0 
9.0 

25.0 
25.0 
25.0 
49.0 
49.0 
49.0 

2.0 
2.0 
2.0 
8.0 
8.0 
8.0 

25.0 
25.0 
25.0 
48.0 
48.0 
48.0 

3.0 
3.0 
3.0 

18.0 
18.0 
18.0 

C 
M 
T 
C 
M 
T 
C 
M 
T 
C 
M 
T 
C 
M 
T 
C 
M 
T 
C 
M 
T 
C 
M 
T 
C 
M 
T 
C 
M 
T 

52 
52 

100 
52 
52 

103 
50 
50 
50 
40 
40 
50 
63 
63 

100 
50 
50 

101 
53 
53 

101 
31 
31 
50 
50 
50 
82 
27 
27 
53 
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Table 15. Continued 

, 

Acti v i  t y  
Total  Activity Concentration Concentration 
Activity Per Egg i n  Egg Factor 

Sample o f  Sample or Membrane Contents for Egg 
Number ( V C i  ) ( V C i  1 ( ! J C i / m l )  Contents 

1-1 
1-2  
1-3 
2- 1 
2- 2 
2- 3 
3- 1 
3- 2 
3- 3 
4- 1 
4- 2 
4- 3 
5- 1 
5- 2 
5- 3 
6- 1 
6- 2 
6- 3 
7- 1 
7- 2 
7- 3 
8- 1 
8- 2 
8- 3 
9-1 
9-2 
9-3 

10-1 
10-2 
10-3 

9.4 x 1 0 - ~  
1 .1  x 10-3 
3.6 1 0 - ~  
2.1 x 1 0 - ~  
6.2 1 0 - ~  
3.0 x 10-3 
1 .0  x 
6 .5  x 1 0 - ~  
1.9 x 10-3 
2.3 x 1 0 - ~  
1 .9  x 1 0 - ~  
5.9 x 1 0 - ~  
3.5 x 1 0 - ~  
2.0 x 1 0 - ~  
1 . 2  10-3 
2.5 x 10-3 
3.7 x 10-3 
3.0 x 1 0 - ~  
1 .4  x 10-3 
1.6 x 1 0 - ~  
6.7 x 1 0 - ~  
1.5 x 1 0 - ~  
1.1 1 0 - ~  
1.7 x 10-3 
1 .6  x 1 0 - ~  
1.1 x 10-3 
3.1 x 10-3 
1 .3  x 1 0 - ~  
1 .7  1 0 - ~  
3.5 x 1 0 - ~  

1 .8  x 10-5 
2.1 x 10-5 
3.6 x 1 0 - ~  
4.1 x 1 0 - ~  
1 . 2  x 10-5 
2.9 x 10-5 
2 .1  x 10-5 
1 .3  x 10-5 
3.8 x 1 0 ’ ~  

1.2 x 10-5 

1 .2  x 10-5 
5.0 x 10-5 

3.0 x 10-5 
2.7 x 10-5 
2.9 x 1 0 - ~  

4.9 x lo -6  

3.4 x 1 0 - ~  
3.1 x 1 0 - ~  
2.2 x 1 0 - ~  
3.8 x 10-5 

6.5 x 10-5 

5.9 x 
4.9 x 

5.6 x 
3.2 x 

7.3 x lo-6 

6.6 x 

3.7 x 

5.0 x 
6.3 x 

4.3 x 10-3 

9.7 x 10-3 

4.9 x 10-3 

1.4 x 10-3 

1 . 3  x 10-3 

1 .2  x 

6.3 x 10-3 

1.2 x 10-3 

7.4 x 10-3 

1.2 x 10-3 

0.36 

0.81 

0.41 

0.12 

0.11 

1 .oo 

0.53 

0.10 

0.62 

0.10 
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APPENDIX C 

DATA FOR TOXICITY EXPERIMENTS 



Table 16. Data f o r  Tox ic i ty  Experiments ( C a r ~ / ~ ~ * P u )  

Mean Signi f i c a n t  
Percent Standard Number of 

Treatment Number Eggs Hatch Number Error  o f  Abnormals a t  
(uCi/ml) Number Dishes (%) Abnormal Mean Hatch 95% Levela Comments 

7 . 5  
control  

3.9 
cont ro l  

1 .6  
control  
0.16 

control  

5631 3 
62813 
43713 
62813 
3771 3 
3801 3 
31 21 3 
3801 3 

84 
96 
96 
96 
98 
98 
97 
98 

See comments 
1 

19 
1 
5 
0 
2 
0 

Most were abnormal A 1.5  
0.8 0 

1 .o Yes 
0.8 
1 .9  Yes 
0 .8  
0.9 
0.8 

4 

As determined by Fisher’s Exact Test. a 



Table 16. Data for  Tnxicity Experiments (Fathead Minnow~/*~*Pu) 

Mean S ign i f i can t  
Percent Standard Number o f  

Treatment Number Eggs Hatch Number Error of Abnormals a t  
(pCi/ml) Number Dishes (%)  Abnormal Mean Hatch 95% Level Comments 

6 .5  
control 
3.2 

control 
1 .3  

control 
0.85 

control 
0.26 

control 
0.076 

control 
0.02 

control 
0.006 

control 

18512 
251 12  
31 313 
31 513 
31 313 
2721 3 
3691 3 
3431 3 
31 113 
3401 3 
4541 3 
4081 2 
3261 3 
36513 
4841 3 
16911 

0 
89 

0 
74 

2 
90 
77 
79 
86 
88 
81 
77 
92 
87 
90 
88 

0 
0 
0 
0 
0 
0 

See comments 
1 

See comments 
0 

15 
0 
0 
0 
0 
0 

2.0 

2.5 
0.8 
1.8 
2 .2  
2.2 
2.0 
1.8 
1.8 
2.1 
1.5 
1.8 
1.3 
2.5 

Eggs dead by 48 hrs. 

Hatched prematurely 

Hatched p rema ture l  y 

Most were abnormal 

Most were abnormal' 



Table 16. Data f o r  Toxici ty  Experiments ( C a r ~ l * ~ ~ U )  

Mean S i g n i f i c a n t  
Percent  Standard Number of 

Treatment Number Eggs Hatch Number Error  o f  Abnormals a t  
( $ i / m l )  Number Dishes (%)  Abnormal Mean Hatch 95% Level Comments 

12.5 
control  

5.0 
control  

1 .2  
control  

0.8 
control  

5041 3 
6281 3 
59213 
6281 3 
421 1 3  
62813 
66713 
628/3 

0 
96 

0 
96 
97 
96 
95 
96 

0 
0 
0 
0 

12 
0 
0 
0 

d 

U 
Eggs dead by 48 hrs. 

Devel oped t o  ha tch ing  
0 .8  Iu 

0.8  
0.8 Yes 
0.8 
0.9 
0.8 



Table 16. Data f o r  Toxici ty  Experiments (Fathead MinnowsI2 3 2 U )  

Mean Si  g n i  f i  c a n t  
Percent Standard Number of 

Treatment Number Eggs Hatch Number Error o f  Abnormals a t  
(pCi/ml) Number Dishes ( % )  Abn orma 1 Mean Hatch 95% Level Comments 

18.6 53313 0 0 

8.9 2 391 3 0 0 
cont ro l  31813 92 0 1 .5  

Eggs dead by 48 hrs. 

70% dead by 24 hrs. 
cont ro l  25713 81 0 2.4 

4.4 31 513 0 0 

2.9 

1.1 3201 3 0 0 
cont ro l  30712 82 1 2 .2  

0 .5  15412 0 0 

0 .2  41 513 76 See comments 2.1 

cont ro l  266/3 87 0 2.0 
0.01 26913 88 0 2.0 

cont ro l  25713 90 1 1 .9  
42513 0 0 Eggs dead by 96 hrs. 

cont ro l  321 13 72 0 2 .5  

control  16912 80 0 3.1 

control  26013 94 0 1 .5  
0.05 2 381 3 83 5 2.4 

control  25213 79 0 2.6 

Most were abnormal 

Yes 



Table 16. Data f o r  Toxicity Experiments ( C a r ~ / * ~ ~ P u )  

Me an 
Percent Standard 

Treatment Number Eggs Hatch Number Error of 
( P P m )  Number Dishes (%)  Abnormal Mean Hatch Comments 

19.0 468/3 0 0 Died before eyed s t age  
control 628/3 96 0 0.8 

9.0 218/2 84 0 2.5 Hatch delayed 6 hrs. 
co n t r ol 380/3 98 0 0.8 

0.7 473/3 96 1 0.9 
control 380/3 98 0 0.8 



Table 16. Data f o r  Toxic i ty  Experiments (Fathead M i n n o w ~ / ~ ~ ~ P u )  

Mean 
Percent Standard 

Treatment Number Eggs Hatch Number Error o f  
(PPm) Number Dishes (X) Abnormal Mean Hatch Comments 

20.0 
control  

10.. 0 
control 

5.7 
con t ro 1 

1.1 
control  

239/ 1 
141 / l  

79/ 1 
73/1 

119/1 
84/ 1 

104/1 
166/1 

0 0 
84 0 
a7 0 
99 0 
97 0 
98 0 
79 0 
77 0 

Eggs dead by 4 t h  day 
3.4 
4.0 
1.2 
1 . 5  
1.5 
4.5, 
3.7 

I 



Table 16. Data f o r  Toxicity Experiments (Carp/2 3 3 U  2 3  'U 2 3  ' U )  

Mean 
Treatrnen t Percent Standard 
(PPm - Number Eggs Hatch Number Error of 
isotope) Number Dishes (%)  Abnormal Mean Hatch Comments 

6 - 2 3 3 U  

control 

control 

con t ro 1 
40-23sy238u 
control 

control 

contro 1 

10-23*u 

20-2 3 8 u  

60-235,238u 

70-* 3 U  

522/3 
41 0/3 
528/ 3 
467/3 
531/3 
467/3 
677/3 
628/ 3 
667/3 
628/3 
363/3 
41 0/3 

95 
97 
82 
94 
91 
94 
94 
96 
95 
96 
76 
97 

3 
0 
6 
3 
2 
3 
0 
0 
0 
0 

20 
0 

0.9 
0.9 No c i t r a t e  added 
1.7 
1 . 1  No c i t r a t e  added 
1 .3  
1.1 No c i t r a t e  added 
0.9 
0 .8  No c i t r a t e  added 
0.8 
0.8 No c i t r a t e  added 
2.1 
0.9 No c i t r a t e  added 



Table 16. Data for Tox ic i ty  Experiments (Carp/Na3C6H507) 

~ -~ ~ ~ - 

Mean 
Percent Standard 

Treatment Number Eggs Hatch Number Error  of 
(%Na3C6H507) Number Dishes (%)  Abnormal Mean Hatch Comments 

1 x lo-' 
control  
5 x 
cont ro l  
1 x 
cont ro l  

control 

cont ro l  

control  

control  

5 x 10-3 

1 x 10-3 

5 x 10-4 

1 x 1 0 - ~  

37313 
46 71 3 
55513 
46713 
4851 3 
46713 
45713 
41 013 
5281 3 
41 0/3 
5201 3 
41013 
59913 
41013 

0 
94 
18  
94 
90 
94 
97 
92 
95 
92 
94 
92 
91 
92 

0 
3 
1 
3 
0 
3 
0 
0 
0 
0 
0 
0 
0 
0 

Eggs dead by 24 hrs. 
1.1 
1.6 Delayed hatching 24 hrs. 
1 .1  
1.4 Delayed hatching 
1.1 
1 .o 
1 . 3  
1 .o 
1 . 3  
1.0 
1 .3  
1 .2  
1 . 3  



Table 16. Data f o r  Toxic i ty  Experiments (CarpIKF) 

Mean 
Percent  Standard 

Treatment Number Eggs Hatch Number Error  of 
(ppm F- )  Number Dishes (%) Abnormal Mean Hatch Comments 

1900 
cont ro l  

950 
con t ro  1 

190 
cont ro l  

95 
cont ro l  

19 
con t ro  1 

con t r o  1 
9.5 

42513 
344/2 
49213 
34412 
431 / 3  
34412 
69013 
34412 
61 2/3 
344/2 
49313 
344/ 2 

0 
93 

0 
93 
55 
93 
95 
93 
96 
93 
97 
96 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1.3  

1.3 
2.4 
1.3 
0.8 
1 .3  
0.8 
1 .3  
0 .8  
1.3 

Larvae l i v e d  1 2  hrs. 
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