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ABSTRACT 

T ILL ,  John E . ,  S. V. KAYE, J .  R .  TRABALKA. 
1976. The Toxicity o f  Uranium and Plutonium 
t o  the Developing Embryos o f  Fish. 
Oak Ridge National Laboratory, Oak Ridge, 
Tenn. 187 pp.  

ORNL 5160. 

The radiological and chemical tox ic i ty  of plutonium and uranium 

t o  the developing embryos o f  f i sh  was investigated u s i n g  eggs from carp, 

Cgprinus carpio,  and fathead minnows, Pimephales  promelas. Freshly 

f e r t i l i z e d  eggs were developed i n  solutions containing high spec i f ic  
23su 238u a c t i v i t y  p 3 8 ~ u  or  2 3 2 ~  or low spec i f ic  ac t iv i ty  2 4 4 ~ u ,  ¶ or  

Quantitative tests to determine the penetration of these elements through 

the chorion indicated tha t  plutonium accumulated in the contents o f  carp 

eggs reaching a maximum concentration fac tor  o f  approximately 3.0 a t  

hatching. Autoradiographs of 16 p egg sections showed tha t  plutonium 

was uniformly d is t r ibu ted  i n  the egg volume. Uranium localized in the 

yolk material ,  and the concentration fac tor  in the yolk sac remained 

constant during development a t  approximately 3 . 3 .  Doses from 238Pu 

which affected hatchabi l i ty  of the eggs were estimated t o  be 3.6 x 

10 rads and 9.7 x 10 rads f o r  C. carpi0 and P. pmmeZus, respectively; 

doses from 232U were 1 . 3  x 10 

4 3 

4 3 rads for C. c a q i o  and 2.7 x 10 rads 

for  P .  promelas. A greater  number o f  abnormal larvae than in control 

groups was produced by 238Pu doses o f  4.3 x 10 rads t o  carp and 5,7 x 

10 rads to fathead minnows; 3 . 2  x 10 rads and 2.7 x 10 rads were 

estimated from 232U. 

3 

2 3 2 

Eggs t h a t  were incubated i n  20 ppm 244Pu did not 

hatch. This mortali ty may have been the r e s u l t  o f  chemical tox ic i ty  
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o f  plutonium. 

egg hatchi ng . 
Concentrations o f  60 ppm of  235U and 238U d i d  n o t  a f f e c t  

Based on these da ta ,  concentrations i n  f i s h  eggs were calculated 

fo r  representative concentrations of uranium and plutonium i n  natural 

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

observable e f f ec t s  begin t o  occur. 
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1 

CHAPTER I 

I NTRO DUCT1 ON 

Definition of the Problem 

Very l i t t l e  experimental data are available in the l i t e r a t u r e  

concerning the e f fec ts  tha t  plutonium and uranium have on aquatic b i o t a .  

Metabol i c  and environmental transport  properties o f  these elements have 

been o f  great i n t e re s t  t o  s c i en t i s t s  for  a number of years. Research 

t o  assess the impact of plutonium and uranium in t e r r e s t r i a l  and aquatic 

ecosystems must proceed concomitant with the development of the nuclear 

industry. 

This research focuses on one type o f  aquatic 

Specif ical ly ,  the problem i s  ( a )  to  develop a means 

r e l a t ive  toxici ty  o f  plutonium and uranium in aquat 

evaluate f i sh  eggs as such an indicator o f  toxici ty  

information t o  compare the radiotoxicity of various 

nuclides in a q u a t i c  systems. 

biota ,  the f i sh  egg. 

o f  determining the 

c ecosystems and t o  

and ( b )  t o  use t h i s  

plutonium and uranium 

Pl utoni urn in the Aquatic ___l____l Environment 
__I_--- 

The behavior and e f fec ts  o f  plutonium in the environment have 

been o f  great i n t e re s t  and intense study since plutonium was f i r s t  i s o -  

lated as an element in 1941. 

have dea l t  spec i f ica l ly  with the metabolic, envi ronmental , and chemical 

properties of plutonium.’ y2’3y4’5’6 These e f fo r t s  are rapidly making 

Several recent publications and symposia 
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plutonium one of the most extensively studied arid well docuinet-rted o f  the 

radioelements. However, much more information i s  needed before science 

can determint? conclusively the to t a l  e f f ec t  t ha t  plutonium has on man 

a n d  other biota. 

Plutonium does not occur naturally;  the plutonium tha t  i s  cur- 

rent ly  on the surface o f  the earth has corne froin four major sources- 

Nuclear weapons t e s t ing  contributed approximately 320 k C i  o f  239Pu a n d  

10 k C i  of 2 3 8 P u v 7  The loss o f  a SNAP 9A s a t e l l i t e  power source distri- 

b u t e d  1 3  kCi of 238Pu. Nuclear weapons accidents l e f t  some pl utoniuin 

a t  various s i t e s .  Finally, the nuclear fuel cycle annually releases 

small quant i t ies  o f  plutonium t o  the environment. Hanson divided 

these sources in to  two categories, controlled and uncontrolled; the 

termi no1 oyy r e fe r s  t o  man ' s abi 1 i t y  t o  contai n p l  utoni urn. W i  t h  the 

expansion o f  nuclear power and the impending development o f  the breeder 

reactor ,  plutonium will cont inue to  Re produced i n  large quant i t ies  and 

may potential ly  enter the biosphere. 

9 

P I  utoni urn enters the aquatic ecosystem through the biogeochemical 

cycle f a r  both controlled and uncontrolled releases. 

system may be divided in to  the basic components t h a t  are  i l l u s t r a l e d  i n  

Figure 1 .  The i n i t i a l  entry o f  plutonium in to  t h i s  ecosystem may occur 

through control led or uncontrolled releases to  the atmosphere o r  water, 

o r  through uncontrolled releases t o  soil or bedrock from storage s i tes .  

Controlled releases t o  the atmosphere a re  typical ly  very small ; however, 

the controlled d i s p o s a l  o f  large quant i t ies  o f  plutonium i n  water  as  

radioactive waste, par t icular ly  in to  the ocean, i s  not mconmon. Sorrie 

areas of the North Sea contain plutonium a t  measured concentrations 

An aquatic eco- 



3 

ORNL-QWG 76- t?00 
ATMOSPHERE 

Figure 1. Components of an Aquatic Ecosystem 

o f  5-15 times higher than i n  the North Atlantic.” The disposal of p l u -  
3 toniuim o f f  the E n g l i s h  Coast a t  a rate of ’ 1 . 2 ~ 1 0  curies per year has 

been reported by Heatherington e t  a l .  ’’ Also, recent measurements have 

shown t h a t  plutonium may migrate from disposal areas  through hydrologi- 

cal  formations. 12 

The 7-iterature contains very l i t t l e  information on the effects of 

plutonium on aquatic biota.  Also, the chemical behavior o f  plutonium 

ua t ic  systems i s  s t i l l  not well understood. The ecological aspects 

of plutonium in aquatic environments a re  reviewed i n  a paper by 

Noshkin.13’14 

published work has been concerned w i t h  f a l lou t  levels  o f  plutonium i n  

In his report  Noshkin points o u t  t h a t  e s sen t i a l ly  a l l  
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feasible .  

source o f  energy be u t i l i zed  t o  i t s  f u l l e s t  extent. 

Also, the breeding potential  of 233U fuels  require tha t  t h i s  
19,20,21 

Figure 2 i l l u s t r a t e s  the High Temperature Gas-Caole 

(HTGR)  fuel cycle which uses thorium as the f e r t i l e  material. Neutron 

capture in 232Th and beta emission o f  233Th and 233Pa lead to  the pro- 

duction o f  233U which i s  separated during reprocessing s then refabricated 

and  recycled back t o  the reactor t o  compose approximately 37% of the 

fuel elements. 

Because 238U and 235U have very long radioactlve half l ives  and 

consequently very low spec i f ic  a c t i v i t i e s ,  the maximum permissible con- 

centration (MPC) values established by the International ComSssion on 

Radio1 ogi cal Protection ( ICRP) are determined by chemical toxici ty  

ra ther  than by the e f fec ts  o f  radiation. Corresponding MPC values fo r  
230U 232” 233u, 234*, 23tju, and the shorter  lived uranium isotopes ( , 9 

3 

&“%) are  determined by radiobiological e f fec ts .  2 a 2 2  The c r i t i c a l  organ 

f a r  longer lived isotopes i s  the kidney while the bone i s  the critl’cal 

organ f o r  shorter 1 ived isotopes. 
23ZU Uranium-233 fuel may contain up t o  approximately 1200 ppm 
2 34, which s igni f icant ly  increases the radiotoxicity of  a unit  mass of 

fuel.  

by th-is author i n  a comparison of the potential radiological impact 

resul t ing from the release o f  equivalent masses o f  233U HTGR fuel and 

Liquid Metal Fast Breeder Reactor (LMFBR) plutonium fuel i n t o  the envi- 

ronmen t. 15*16 The equilibrium recycle atom fraction and ac t iv i ty  assumed 

The radiological importance o f  232U in 23315 fuel was i l l u s t r a t ed  
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STORAGE 

Figure 2 .  HTGR Fuel Cycle 
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23 t o  be present i n  one gram of recycled HTGR fuel are l i s t e d  i n  fab le  l a .  

Table l b  shows the isotopic composition and a c t i v i t y  of one gram s f  L W B R  
24 plutonium fuel .  

The study was made by comparing the radiological impact i n  ternis 

o f  dose t o  man and other biota resul t ing from equivalent masses o f  HTGR 

fuel and LMFBR fuel which are assumed t o  be released t o  the environment. 

The I N R E M * ~ ,  B I O R A I I ~ ~ ,  AIRDOS27, and TEKMOD" computer codes developed 

by the Analysis and Assessments Section, Environmental Sciences U-iivision, 

of the Oak Ridge National Laboratory were used f o r  this comparison. The 

r e su l t s  o f  t h a t  study a re  summarized in the following paragraphs. 

Table 2 shows estimated 50-year dose commitments fo r  t o t a l  body, 

bone, l i v e r  and kidneys f o r  ingestion of one microgram o f  fuel obtained 

by the INREM code. Plutonium fuel contributes the maximum dose t o  bone, 

320 mrem/ug. T h e  uranium/plutonium dose r a t i o  i s  0.31; t h a t  i s ,  ~ ~ a ~ ~ ~ i ~ ~  

gives 31% as  much dose as the plutonium. Total-body doses for the two 

fuel types a re  very similar (U/Pu = 0.95). 

contributes 90% or  more of the dose t o  the to t a l  body, bone, and kidneys. 

The dose from p l u t o n i u n i  fuel i s  more evenly d i v i d e d  between 238Pu,  3 

240Pu,  and 241Pu.  

Uranium-232 i n  HI@R f ue l  

23Yp, 

The ingestion pathway r e su l t s  from consumption of food product.s 

contaminated w i t h  uranium o r  plutoniuni or iginal ly  deposited ora the tiw- 

restrial  surface.  I t  i s  recognized, however, t h a t  this pathway of 

exposure would not be the c r i t i c a l  exposure pathway when releases a re  

to  the atmosphere. Ingestion may be the dominant exposure following 

shutdown o f  a nuclear f a c i l i t y  or i n  analysis of long-term impacts. 
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Table l a .  Assumed A c t i v i t y  o f  Uranium 
Isotopes i n  1 . O  Gram o f  2 3 3 U  Fuel 2 3  

Beg7 nn ing  Equi 1 i bri urn Beginning Equi 1 i b r i  um 
Isotope Recycle Recycle Recycle Act. Recycle A c t .  

Atom Fraction A t o m  Fraction ( c i  1 ( c i  1 

Urani  M ~ I  Fuel 

2 3 2 ~  <o. 001 00 0.001 00 ~ 2 . 1 4  x 2.14 x l o m 2  
2 3 3 u  0.919 0.61 2 8.74 x 10-3 5.82 x i o - ?  

3 4 u  0.0735 0.243 4.55 x I O - ' +  1.51 x 10-3 
2 3 5 u  0.00568 0.0802 1.22 x 10-8 1.72 x 
3611 0.000245 0.0630 1.56 x lo- '  3.99 x l o w 6  

Table l b .  Assumed A c t i v i t y  of 
Plutonium Isotopes i n  1 . O  Gram 

o f  LMFBR Fuel 2 4  

P1  utoni urn Fuel 

36Pu 4.2 x 2.24 x 1 0 - 5  
38Pu 0.012 2.09 x 10-l 

2 3 9 P u  8.647 3.97 x 
2 4 0 P u  0.245 5 - 5 5  x lo-2 
241Pu 0.058 6.52  x l o o  

244Pu  1.8 x 3.48 x 
242Pu 0.038 1.48 



9 

Table 2. Comparison of Estimated Doses from Ingestion of 1 - 0  ug 
o f  Recycled 2 3 3 U  Fuel or LMFBR Plutonium Fuel Us ing  ~~~~~ 

Total 
Body Bone L i v e r  Kidneys 

1 Recycled 233U Fuel 7.0 x 10' 9 .9  x lo1 7 , Q  x 30' 1.1 x 30 
1 - 1  LMFBR Pu Fuel 7.4 x 10' 3.2 x I O 2  3.5 x KO 3 , 3  x 16: 

U/Pu Dose Ratio 0.95 0.31 0-20 0,. 34 
_ll__l_ .̂ ........... .. ..._ .._. __.- 

To estimate environmental dose levels, t h e  ~~~~~~~ ~~~~~~~;~~ code 

was used which calculates internal and external doses ta  a u a t i  c p'y an t s  9 

invertebrates,  f i sh ,  and t e r r e s t r i a l  animals dependent on aquatfe: food 

supplies. In t h i s  code, t h e  uranium and ~ ~ ~ . ~ ~ ~ i ~ ~  are assumed to $e i n  

a soluble chemical form. A comparison o f  uranium and p l u l o n ~ m  duel &as 

made by assuming t h a t  radionuclide concentrations i n  ?he water bvew pro-  

portional t o  concentrations i n  the fuel. A fuel cuncentrat ion 9n water 

of  pg/ml was assumed. Uraniurn-232 d a u g h t e r s  other than 2'isTh were 

not included in the to ta l  dose calculation since these isotopes c o ~ 1 d  

n o t  be handled i n  the BIORAO code when the camparison was made, 

The estimated internal doses t o  biota f rom ur.anium and p 1 ~ t m - i ~  

o f  t h e  p l u t o n i u m  dose even though plutonium fuel was assuned t o  be 

present in much higher concentrations. 

t o  the uranium dose i s  232U, which gives from 50% to  96% of the  - t~t :a l .  

The mast s i g n i f i c a n t  c m t r  ' b u t ~ r  
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Table 3 a l so  l i s t s  the U fuel/Pu fuel close r a t i o s  and c lear ly  shows t h a t  

these two fuels a re  s imi la r  t o  each other  when potent ia l  doses t o  biota  

other  than man a re  compared. 

Table 4 shows the r e su l t s  o f  the comparison o f  estimated 50-year 

dose commitments t o  man from 233U HTGR fuel and LMFBR plutonjum fuel 

which a re  assumed released t o  the atmosphere a t  a re lease r a t e  of IO-'* g/ 

sec. Dose commitments a re  l i s t e d  for subrnerston i n  a i r ,  ground exposure, 

inhalat ion and ingestion o f  contaminated food. 

Table 4. Comparison o f  Estimated Dose Rate t o  Man From 
2 3 3 U  Fuel vs P u  Fuel Assuming l O - "  g/sec Release Rate 

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

or Organ (mremlyear) from 32U (mrem/year) Rate Ratio 

Submersion i n  Air 

Total Body 1.5  IO-^ 92 7.3 2.1 

Ground Exposure 
2 Total Body 2 .0   IO-^ 92 1 . 2   IO-^ 1.7 I O  

Inhal a t  i on 

Total Body 3.6 x lo- '  65 9.2 x 10 3.9 

5011 e 6.9 x 10' 48 3.8 x lo3 1.8 x 

Ingest ion 

Total Body 6.7 x 10-1 94 5 . 7  x lo-'  1 .2  x I O 0  

Bone 9 .7  x IO0 93 2.4 x 10 4.0 x IO-' 
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Several aspects of the data i n  Table 4 aye important and should 

be summarized. Fi r s t ,  when a1 1 pathways ape considered, the p l  utoni urn 

fuel presents a greater. dose than uranium fuel by a factor  of approxi- 

mately 500. Bone i s  the c r i t i c a ?  organ For bath fue ls .  Second, i f  

t h e  ingestion pathway i s  t h e  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, both fue ls  have 

s imilar  radiological impact. F ina l ly ,  i t  i s  signif icant  t ha t  23ZU is 

t h e  primary contributor t o  t h e  to ta l  dose f rom uraniem fuel fo r  each 

organ. 

The TERMOD compiatew. code estimates radianucl i d e  intake t o  man 

t h r o u g h  ingestion o f  milk, beef,  and crops, Ihis  code indicated t h a t  

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

From these data i t  was concluded t h a t  h i g h  specif ic  a c t i v i t y  

iirani urn, part icular ly  232U, must be regarded as having h i g h  rad io-  

tox ic i ty .  

radiological impact of *% and daughters in bTGR f u e l  was needed. 

A follow up study of *% and daughters was cotiipleted which 

I t  was also concluded t h a t  a more thorough evaluation of the 

f i r s t ,  an assessment was made *17,18 focused oii three principal areas.  

o f  the radiological impact of 23211 and daughters r e l a t ive  t o  the other 

radionucl ides which \rl~i.iId comprise the airborne r-eleases from a hypo- 

t h e t i c a l  I iTGR fuel reprocessing plan t . ;  second, the e f f e c t  on the GiO-year 

dose commitment t o  bone f r o m  increasing the concentration o f  

recycled 233U I-ITGR fuel was reviewed; t h i r d ,  the impact o f  232U daughter 

2 3  11 in 

buildup i n  the environment on the dose commit.merat t o  bone r e su l t i ng  from 

inhalation o r  ingestion o f  equal inasses of CWR uranium fue l ,  HTGR u ran ium 

fuel , and LMFBR plutonium fuel was evaluated. Because the  f i r s t  two 
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areas are  d i r ec t ly  re la ted t o  this  study, Lhey are reviewed in the fol-  

lowing paragraphs. 

The radiological impact was calculated for  232U and daughters 

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

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

t ion  o f  I 4 C ,  theoret ical  source terms were computed u s i n g  cur ies  per 

metric t o n  heavy metal (Ci/MTHM) inventories a t  15Q days a f t e r  removal 

from a reactor as reported by Blomeke e t  a l .  29  he 14c source term 
3 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/MTtlM i f  one assumes a decontamination fac tor  

of one f o r  14C.30 14 Carbon-14 i s  assumed to  be released as C02. 

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 .  Doses a re  shown i n  decreasing 

order o f  magnitude. The only s igni f icant  source for  the par t iculates  

2281h and 224Ra in the source term i s  the decay of 232U;  consequently, 

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

i s  l i s t e d  in Table 5 as 232U*. The dose contribution from 232U par- 

t i c u l a t e  daughters other than 228Th and 224Ra i s  insignif icant .  

Uranium-232* contributes 10% o f  the dose t o  the lungs, 4% o f  

the dose t o  the bone, and 4% o f  the dose t o  the to ta l  body. Although 

232U* ranks high i n  Table 5 (3rd f o r  lungs, 4th f o r  to ta l  body, 6th 

f a 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 s o  provides sa t i s fac tory  

treatment for  2321J and par t i  cul a t e  daughters. However, the h i  y h  
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'Table 5. Ranking o f  Signif icant  Par t icu la te  Radionuclides By 
Dosea t o  Reference Organs a t  1.5 Miles from Stack 

T o t a l  Body Bone Lungs 
_.._..___._____ ............ ~ ....... ~- ~-.. ....~.. 

Dose Dose Dose 
Radionuclide (mrem) Radionuclide (mrem) Radionuel ide (mrem) 

Others 

Total 

1.40 

0.93 

0.20 

0.11 

0.08 

0.05 

0.15 

2.93 

9osr 9 .8  

' 34cs 1 . 2  

37cs 1.3 

0.9 238pu 

0.9 244Cm 

232,,"b 0.6 

Others 0 . 7  

15.4 

0.70 

0.62 

0.20 

0.20 

0.05 

54Eu 0.04 

1 qs 
1 34cs 

232U*b 

24acm 

Others 0.15 

1.9G 

a 

bThe dose from 232U includes t h e  dose from 228Tti and 224Ra daughters. 

Doses are  50-year dose comini tments. 
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position o f  232U* i n  Table 5 indicates potential significance f o r  

exposure from these par t iculates .  The position o f  232U* a1 so suggests 

t h a t  a more thorough evaluation of these radionuclides, especial ly 

long-term e f f e c t s ,  may be necessary. 

A breakdown of percentage of the dose from each component -in 

23211* i s  summarized as follows. 

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

contributes 64% o f  the dose t o  bone; 232U, 20%; and 2T8Th,  16%- 

dose t o  l u n g  i s  more evenly d i v i d e d  between 

and 2 2 4 ~ a  (27.2"/0). 

The dose to  to ta l  body i s  due  almost 

Radium-224 

The 

(35 .3%) ,  228Th (37.52) 

The radiological impact for volatile radionuclides - a t  a distance 

of l n 5  miles i s  summarized i n  Table 6. Doses a re  l i s t e d  i n  decreasing 

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

Table 6. Ranking of Signif icant  Volati e Radionuclides by 
Dosea t o  Reference Organs a t  1.5 Miles from Stack 

Total Body Bone Lungs 
.. ______.._ - _. 

Dose Dose Dose 
Radionucl i d e  (mrem) Radionuclide (mrem) adi onuc'i i de (mrem) 

-_I_-.- ___._c-.I__II__cI 

3H 16.0 4c 16.0 3H 16.0 

85 Kr 7.7 85Kr 9 .4  ' 4c 5.2 
2 . 8  2 "  1 2 - 2  

0.7 220Rn 2.1 1 2 g I  1 .4  
0.6 0.8 220Rn 0.3 

12.0 3H 11.0 85 Kr 16.0 1 4c 

1 ;!gI 
1 311 

1 2gI 

131 I 1311 

Tota l  39.2 42.1 43.3 

a ~ o ~ e ~  are So-year dose commitments. 
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the lungs. I n  each case, inore t h a n  99.9% o f  the '*OR, dose resu l t s  

from inhalation o f  t h e  daughter, 21 2Pb. 

Figure 3 shows the e f f e c t  o f  increasing the concentration of: 

23211 i n  recycled 233U HTGR fuel on t h e  50-year dose corniiiitrnent t o  bone. 

The dose coiiimitment i s  calculated assuming y o f  -fuel t ha t  has been 

separated a t  a reprocessing p l a n t  i s  inhaled. The lower curve i s  t h e  

dose commitment for H T G R  fuel a t  90 days following separation. The 

upper- curve i s  the dose commitment for  HTGR fuel a t  10 years following 

separation. The broker: horizontal l i ne  rimr the  top of the graph i n d i -  

cates the dose conirriitment. frail intialation o f  I O - ' '  g o f  f reshly separated 

LMFUR fue l ;  the lower broken l i n e  i s  dose from inhalation of 10 g of - a  2 

233U fuel w i t h  no 232U. 

t ic ipated 232U concentration o f  1200 ppm a t  equilibrium recycle. 

The vertical  broken l i n e  marks the maximum an- 

Increasing the concentration of 232U from 0 ppm t o  1200 ppm causes 

the 50-year dose commitment t o  bone t o  increase by a f a c t o r  of approxi-  

mately 35 for  90 day-old fuel and a factor  o f  approximately 185 for -fuel 

with 232U and daughters a t  equilibriuiii. Two basic conclusions may be 

drawn from th is  figure. First, as buildup t o  equilibrium recycle devel- 

ops and concentration of 232U become greater ,  overall radiotoxicity of 

23311 HTGR fuel increases s ignif icant ly .  

dalighters i n  233U fuel a l s o  increases fuel toxici ty  s ignif icant ly  f o r  a 

given concentration of 

Second, the buildup o f  23213 

232u 

The significance o f  232U i n  HTGR fuel and i n  other materials has 

been reported elsewhere i n  t h e  l i t e r a t u r e .  W r e n r ~ ~ ~  also studied the 

potential r e l a t i v e  t o x i c i t i e s  of uranium and plutonium i n  LWR and HTGR 
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fuel .  Although t h a t  study was not a comprehensive analysis ,  i t  concluded 

t h a t  233U HTGR fuel w i t h  moderate concentrations of 232U, from a toxi- 

cological standpoint, represents a new mort toxic type of uranium. 
232u External exposure from garnrna radiat ion ;mi t ted by the 

daughters ' I2Pb,  " * B i  and '08T1 has been reviewed by Arnol d3' f o r  

in-plant  operations. Buildup of '32U daughters i n  233U fire1 following 

separation a t  the reprocessing plant  creates special  hand1 ing problems 

f o r  the next s tep  i n  the fuel cycle, fabrieat;ion i n t o  elements. Expo- 

sures can be controlled by fabricating the elements soon a f t e r  separa- 

t ion o r  by incorporating remote fuel handling equipment i n t o  the 

f a c i l i t y  design. I t  has been d e r n ~ n s t r a t e d ~ ~  t h a t  232U i n  recycled LbJR 

fuel  may lead t o  increased levels  of exposure during the gaseous d i f -  

fusion process although these exposures s t i  11 do n o t  present s ign i f i can t  

heal th hazards. 

In v i2w o f  the preceding discussion, i t  was anticipated t h a t  the 

present research t o  determine the  tox ic i ty  o f  h igh  specif ic  a c t i v i t y  

uranium t o  one type of aquatic organism, the developing f i sh  e g g ,  would 

contribute lrseful data to  the t o t a l  assessment o f  the thorium fuel cycle. 

Review o f -  the  Li terature  

T h  i s 1 i t e r a tu re  review focuses on experimental data which 

describe the e f f ec t s  of ionizing radiation on the developing embryos 

of f i sh .  

the experimental technique signi Ficantly a f f ec t  the outcome of each 

study. Therefore t h i s  review i s  divided i n t o  the following areas:  

The par t icu lar  radionuclide used, the mode of exposure, and 



e f f e c t  o f  radiation on a l l  aquatic biota;  exposure from external pene- 

t r a t ing  radiation ; exposure during development i n  radioacti ve sol uti ons ; 

and exposure t o  uranium or plutonium. A summary of the experimental 

data concludes t h i s  review. 

Several publications in the l i t e r a tu re  review the e f fec ts  of 

ionizing radiation on aquatic organisms.. 

extensive, well organized, and well documented reviews. Ophel e t  a l .  

prepared a summary o f  the e f fec ts  of ionizing radiation on aquatic 

biota and made several spec i f ic  recommendatiqns for  future research 

needs. 

Polikarpov 34’35 has provided 
36 

Templeton e t  a l .  37y38 have reviewed experimental studies which 

provided an assessment o f  the dose to  aquatic organisms and extracted 

data from the 1 i t e r a tu re  on contamination of the aquatic environment. 

Using t h i s  information Templeton predicted doses t o  aquatic biota 

exposed t o  radionucl ides found in nature. Woodhead3’ assessed the 

dose t o  developing f i sh  eggs due t o  the accumulation o f  radioact ivi ty .  

A dosimetry model was presented in his  paper which calculated the dose 

t o  eggs exposed t o  radioactive wastes which are disposed in t h e  ocean. 

More recently,  KayeZ6 and Blaylock and Witherspoon4’ have discussed the 

dose t o  aquatic biota exposed t o  radionuclides released in the nuclear 

fuel cycle and predicted t h a t  there would be no s ign i f icant  e f fec ts  

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

info3mation i n  the l i t e r a t u r e  on the e f fec ts  o f  low level exposures. 

Exposures from External Penetrating Radiation 

Chrani c Exposure. Brown and Templeton4’ and T e ~ n p l e t o n ~ ~  exposed 

the eggs o f  brown trout  (Salmo t r u t t a )  and plaice (PZeuronsctes pZatessct) 
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t o  external gamma radiation a t  dose rates ranging from 0.035 R/day t o  

150 R/day. These experiments fa i led t o  demonstrate a s ignif icant  reduc- 

tion in hatching o r  t h e  occurrence of abnormal larvae. However, the 

use o f  ant ib io t ics  and a l ow  temperature regime may have created a pro- 

tective! mechanism which affected the outcome of th i s  study. 

experiment by Dosialdson and B ~ n h a m ~ ~  in which eggs o f  chinook salmon 

(Uncurhynchus tshwaytscha) and coho salmon (0. k i s u t c h )  were exposed t o  

0 .5  R/day of 6oCo gamma radiation resulted in a s ignif icant  difference 

between i rradiated eggs and control s for  opercular defects a 

cators o f  radiation damage such as sclrvi Val, growth ,  vertebral numbers, 

and sex ra t ios  were observed a1 though no discernible differences could 

be demonstrated. In another chronic exposure experiment, Ronham and 

Dona1 d ~ o n ~ ~  exposed chinook salmon (hcurhynchus tshwuytschu) t o  dose 

rates  o f  0.5 R/day t o  50 R/day during the i r  2.5 month  developrrent period. 

A dose ra te  of 10 R/day markedly inhibited gonadal development up to the 

migratory stage. Bonham and Donaldson used a large number of f i sh  and 

observed i r radiated offspring over several generations. Abnormalities 

0.f offspring were increased by increasing the dose r a t e ;  low dose rates 

appeared t o  have a benefic a1 e f fec t  as measured by a greater number 

o f  i r radiated s tuck  return ng t o  spawn than i n  the control stock. 'These' 

1 ong-term studies are very s ignif icant  arid incorporate observations o f  

genetic as  well as somatic damage. 

A similar 

Other indi - 

Acute Exposure. Most experiments eval uati rig the e f f e c t s  of radia- 

t i o n  on the eggs o f  f i s h  o r  aquatic organisms have used acute exposure 

rather t h a n  chronic exposure. Many studies have d e a l t  with the sens i t i v i ty  
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o f  embryos a t  d i f fe ren t  stages of development. Welander" exposed the 

eggs o f  rainbow trout  (Salmti gn-irdrzeri) t o  x rays during different  

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

Mortal i t ies ,  abnormalities, and retardation i n  growth were observed 

among the hatched f ry .  

mined to have the highest radiosensi t ivi ty .  

were reported and La5., values for  the f ive other stages evaluated. 

noticeable retardation of growth and length was reported a f t e r  38 R 

exposure during the early-eyed stage.  

study on t h i s  experiment yielded s imilar  conclusions. 

The one-cell stage of development was deter- 

Doses o f  300 R t o  900 R 

A 

A more comprehensive follow-up 
46 

McGregor and New~ornbe~~ i r radiated the germ ce l l s  of t rout  

(SaImo gairdnsr?:) t o  acute ganlrria radiation a t  doses o f  25 rads to 

400 rads. A decreased mortality was noted with the lower doses indi- 

cating tha t  a beneficial e f f ec t  from radiation may ex is t .  Doses f rom 

200 rads t o  400 rads resulted in increased mortality of the eggs. The 

harmful e f f ec t  t o  the sperni a t  higher doses was presumed t o  be gross 

chromosonia1 rearrangements; a valid explanation was n o t  offered f o r  

the beneficial e f f ec t  of  lower doses. 

experiment and emphasized the need for cautilon before equating low 

doses of radiation to  human germ c e l l s  with a p p a r e n t  increase i n  f e t a l  

and infant mortal i ty. 

Newcombe4' reviewed this same 

Adult rainbow t r o u t  (Salmo gai idneri)  were i r radiated w i t h  

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

eggs and larvae were observed for  mortal i t ies  and abnormalities. 

Abnormalities increased with dose and survival of larvae decreased w i t h  

The 
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deve 1 apmen t . 
development stage. 

association of radiosensi t ivi ty  with mi t o t i c  index. 

eggs (Oncorhgnchus ts3zwagtscha) were exposed t o  x rays a t  four  devel- 

opmental stages in duplicate 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  the one-cell stage a t  the higher temperature produced a 

s ign i f icant  increase in mortality. This study indicated the existence 

o f  greater  radiosensi t ivi ty  a t  e a r l i e r  stages o f  development and a t  

higher temperatures. 

An LD,,, , as l o w  as 16 R was shown for  the ear ly  one-cell 

However, these sc i en t i s t s  were not able t o  show an 

Chinook salmon 

Several papers by Kulikov have reported the e f f ec t  oT 60Co gamma 

radiation on the embryos o f  tench (Tinea t i nca ) .  

ments" a single external i r radiat ion of the roe during early cleavage 

was used t o  demonstrate an LDIOO a t  hatch of 400 R .  

phological anomalies were appreciably increased a t  50 R for embryos 

i r radiated a t  the f i r s t  cleavage. 

o f  tench ( R k a  t i n c a )  i t  was demonstrated tha t  eggs receiving 25 R 

t o  50 R o f  "Co radiation during ear ly  cleavage followed by 4 kR o f  

supplementary radiation a f t e r  hatching showed a greater survival ra te  

than contro'ls. The  conclusion o f  t h i s  report suggested the presence 

of a beneficial e f f ec t  of low doses o f  radiation. 

exposed tench (~inea t i n c a )  t o  6oCo radiation during d i f fe ren t  devel- 

opmental stages and observed the e f f ec t  on time of hatch, number 

hatching, and abnormalities. Based on the number o f  larvae hatching, 

t h i s  experiment showed the most sensi t ive stage t o  i o n i z i n g  r a d i a t i o n  

I n  the f i r s t  experi- 

In  addition, mor- 

I n  a second study55 u s i n g  the eggs 

Kulikov5'  again 
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t o  be before the f i r s t  cel l  division. 

i r radiated a t  an exposure o f  250 R d u r i n g  early cleavage had an increased 

mortality r a t e  d u r i n g  the development period a f t e r  hatch. 

Prelarvac t h a t  hatched from eggs 

Belyaeva and Pokrovs k a y z ~ ~ ~  exposed embryos of loach (Misgumis 

fossilis) t o  external gamma radiation d u r i n g  several developmental 

stages,  

rearrangements 

t i e s .  

greatest  s ens i t i v i ty  was su f f i c i en t  t o  cause 30% m r t a l i t y  and produce 

a s t a t i s t i c a l l y  higher number o f  abnormalities- Allen and Mulkay con- 

ducted a similar experiment using the eggs s f  the paradise f i s h  (Macro- 

podus opercularis) .  

dose o f  1000 R d u r i n g  developmental stages. 'This level o f  exposure YEIS 

s u f f i c i e n t  t o  cause a suppression of mitotic ac t iv i ty .  

d u r i n g  the f i r s t  s i x  hours of development prevented hatching i n  99% o f  

the eggs. 

Sensi t ivi ty  was established by percentage o f  chromosomal 

percentage o f  mortal i t ies  , and percentage o f  abnormal i - 
I t  was reported tha t  an exposure as laid 3s 50 R a t  the time of 

58 

The eggs were exposed to  x rays a t  an exposure 

A dose o f  1000 R 

The e f f e c t  of fractionated doses of x rays 011 the eggs of 

FunduZus was studied by White.59 

the 2-16 ce l l  stage before being i r radiated w i t h  IO0 kVp x rays. 

Fractionated exposures were adnrini stered once every 24 hours a t  levels  

o f  100 R ,  250 R, 500 R ,  1000 R, and 2000 R .  T h e  c r i t e r i a  f o r  radiation 

e f f ec t s  were the r a t e  of development of each egg, survival of the 

embryo, and hatching. All doses produced a retardation i n  growth. 

No observable e f f e c t s  were noted on embryos i r radiated a t  100 RJday 

Embryos were allowed t o  develop t o  



25 

while exposures greater  than t h i s  caused an appreciable reduction in  

the number hatching. 

Another study demonstrating the variation in sens i t i v i ty  af 

embryos w i t h  time of exposure was conducted by Frank." 

(cyprinus carpio)  were f e r t i l i z e d  in the laboratory and exposed t o  

acute gamma radiation a t  levels  of 500 rads t o  16,000 rads. 

summarizes the findings i n  t h i s  study. A dose o f  16,000 rads a t  

24 hours did not i n t e r f e re  w i t h  hatching although 4000 rads or nmre 

caused gross abnormalities in most larvae. A t  40 hours 16,000 rads 

had no e f f ec t  on hatchabi l i ty;  no s igni f icant  increase in the number 

o f  abnormal larvae was noted. The most radiosensit ive stage of 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 the eggs 

were' in the zygote stage.  A dose o f  500 rads a t  this time caused a 

reduced number o f  embryos to  hatch. 

(Cyprinus carpio) 

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 -  

cant reduction was noted in the number o f  embryos tha t  hatched. 

dose o f  1000 rads a t  t ha t  stage prevented hatching o f  the eggs. 

Very l i t t l e  information i s  found i n  the l i t e r a t u r e  which 

Eggs o f  carp 

Figure 4 

In another study us ing  carp 

Blaylock and Griffi th" reported tha t  when eggs 

A 

reviews the genetic and cytogenetic e f f ec t s  o f  radiation on eggs of 

f i sh .  I n  a study u s i n g  i r rad ia ted  eggs of 9ryz ias  l a t i p s ,  Egami and 

Hyoda-Taguchi6' observed abnormalities i n  the gonads o f  f i s h  t h a t  had 

been i r rad ia ted  a t  e i g h t  different stages o f  development with doses 

o f  0 .5  kR t o  2 kR of x rays. 

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

A greater  number of s t e r i l e  t e s t e s  were 
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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 in i r rad ia ted  embryonic t i s sue  of Amc2ca splendens 

and obtained a dose-response curve. 

was s imi la r  t o  t h a t  found in mammalian systems. 

He noted tha t  chromosome damage 

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

of  f ish by Romashov e t  a l .64 evaluated three principal areas:  

body radiation damage t o  the gonads of carp (Cgprinus c a r p i o ) ;  diploid 

radiation gynogenesis; and persistence of radiation damage t o  chrorrio- 

somes in embryonic development. T h i s  study concluded tha t  f i sh  display 

stages of radiation injury known fo r  other  vertebrates;  however, le thal  

doses a re  higher. 

whole 

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

e f f e c t s  of external radiation other t h a n  gama or x rays. 

Hyodlo-Taguchi e t  a1.65 exposed embryos of Oryz ias  Zatipes a t  fou r  

developmental stages t o  various doses o f  2 MeV f a s t  neutrons a n d  

200 kVp x rays. Hatchability, mortali ty,  and abnormalities were 

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

15 rads t o  7600 rads for  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 radiated during 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  during 

the germ-ring stage (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- 

ning o f  blood circulat ion (80 hours a f t e r  f e r t i l i z a t i o n ) .  Because 

two types o f  radiation were used i n  the experiment, values fo r  r e l a t ive  

The culture medium, changed da i ly ,  

The neutron exposures produced a 
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biological; effectiveness ( R B E )  were calculated using median hatchabili ty 

f o r  a comparison o f  effectiveness. 

stage were reported as follows: 

(30 hours) ,  6.0; stage IT1 (80 hours), 7 . 1 ;  and stage IV ( 6  days),  1 . 7 .  

Values o f  RBE o f  neutrons for  each 

stage I ( 5  hours),  5.6; stage I1  

Blaylock e t  a1.61 exposed carp eggs ( ~ p r i n u s  earpio) t o  acute 

beta radiation using a plane disk source tha t  contained 350 rnCi  o f  

9oSr-90Y. 

and i r radiat ion was performed 30 minutes a f t e r  f e r t i l i z a t i o n .  

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 conduct.ed with gamiiia radiation and 

a1 t h o u g h  no quantitative RBE value was established, e.ffects were noted 

a t  lower doses o f  b e t a  radiation than gamma radiation. 

...... Exposure .. Q u r i n g  Development .......... i n  Radioactive .......... Solutions 

The dose r a t e  t o  the eggs was calculated t o  be 1 . 4  rads/second 

A s i g n i f i -  

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

f i s h  eggs were devel oped i n  concentrations o f  radioacti ve rnateri a l  s 

Templeton4' and Brown and ~ e r n p l e t o n ~ l  exposed eggs of  brown t r o u t  

( ~ a ~ r n o  t m t t u )  and plaice (PZeuronectes pza tessa)  t o  ''si-- 90 Y o v e r  

concentrations ranging from IO- '  i _ t C i / m l  t o  IO-' iJCi/rni. 

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, a n d  larval l e n g t h  were observed, The data indicated 

t h d i  neither a consistent reduction i n  hatchings nor' an increase i n  

Eggs  were 

the number o f  abnormal larvae could be demonstrated. During t hese  

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

developing may have affected the sorptive properties o f  the eggs and 

provided an a r t i  f i  cia1 protective rnechani sin. Strand e t  a1 Q6 exposed 
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t rou t  embryos (S&r~r/ gaCrdneri) t o  t r i t i a t e d  water d u r i n g  embryogenesis 

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

cept ibi l  i ty o f  the larvae t o  disease following i r rad ia t ion .  

F e d ~ r o v ~ ~  evaluated the e f fec ts  o f  radioactive Contamination 

on t he  l a t e r  stages of embryonic development using eggs o f  salmon a t  

the s ix th  stage o f  development (approximately seven days pr ior  t o  

hatching). 

3 x $i/rnl t o  5 x 

from 6 x pCi/ml t o  2.5 x pCi/rnl. I n  this study Fedorov 

concluded t h a t  even in l a t e  stages of development, roe were susceptible 

t o  radiation damage. Contradictory resu l t s  were reported by Templeton 

and by Kulikov e t  w h o  used 'OS, solutions having a greater con- 

centration of ac t iv i ty ;  no s igni f icant  e f fec ts  could be determined. 

Roe were placed in solutions of "Sr a t  concentrations o f  

&i/ml,  and ' 3 7 C s  a t  concentrations ranging 

42 

An excellent experiment was reported by Fedorova" in which the 

eggs and developing larvae o f  crusian carp (Ca~assius earaccius), the 

roach (fii-tiZus ru t i l u s )  , a1 burnum (Albumus albumus) and s t r iped perch 

(Acerina cemzm) were used t o  study the e f fec ts  o f  1 4 C  as CH314COOH. 

The ' ' C  ac t iv i ty  ranged from 2 x 

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

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

Viabili ty of ova, hatching speed, radioactivity o f  the larvae,  and 

abnormal i t i e s  were measured. 

mortal i t ies  was noted in solutions of: 2 x lo-* pCi/ml t o  2 x IO-'  uCi/ml. 

Hatching speed o f  14C contaminated eggs was s ignif icant ly  less  t h a n  

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

p C i / m l  t o  2 x 10-1 pCi/rnl. 

A signif icant ly  greater number of egg 
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a n d  roach. A1 t h o u g h  the ac t iv i ty  concentration was greater. than tha t  

used by Pol i karpov a n d  Ivanov69 and Fedorova6' and f iss ion products 

investigated by Mikami e t  a l .  ,7" deaths and abnormalities were s i g n i f i -  

cantly l e s s  w i t h  "C. 

energy of  the beta radiation froni 1 4 C  and also suggested t h a t  t h e  

T h i s  difference wars a t t r ibuted t o  the l ower  

absorbed energy depends on t h e  isotope used. 

Pol i karpov and Ivanov6' reported effects  on developing kamsa 

spawn and rock bass. tiatchabil i t y ,  growth retardation and abnormal i-- 

t i e s  resul t ing from "Sr ( 2  x lom5 $ i / m l  t o  0.2 1 . i C i j m l )  were observed 

Abnormalities f e l l  i n to  two groups: vertebral ,  or bending of the spine; 

and te ra to l  ogical effects  i ncl u d i  rig cycl opean o r  acephal i c effect5 and 

pigmentation of  the eyes. A diagram showing t h e  percentage o f  spawn 

which were  abnormal, and the percentage dying i n  the early stages of 

development i ndi cated t h a t  t h e  most sens i t i  ve e F f e c t s  observed were 

abnoriiial i t i e s .  

Ivanov71 conducted experinients on various species using several 

d i f fe ren t  radionucl ides. Accumulation factors were determined for- 

89Sr,  9oSr-90Y, 'lY, '06Ru, 137Cs, 144Cey 59Fe, and 3 5 S .  Radionuclides 

were d i v i d e d  i n to  two groups,  those tha t  accumulate on the egg surface 

(Y,Ce,Fe), a n d  those t h d t  local ize  i n  the t i s sue  of t h e  embryo (Sr,Cs). 

Ivanov7* also 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  rlarine f i sh  to  

calculate the accumulation factor  ( r a t i o  o f  t h e  concentra.tion i n  eggs 
14c 3ZP, 3s5 54,,+,, 5gFe, t o  water) f o r  the following radionuclides; Y Y 

In  t h i s  study Ivanov concluded tha t  most o f  the ac t iv i ty  was associated 
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with the egg  membrane rather  than the egg contents, Adsorption of 

radionuclides on the membrane was assumed t o  be independent of the 

ac t iv i ty  i n  the  cell and a lso independent of the type o f  egg being 

used. 

by embryos i s  due t o  passive diffusion th rough  the membrane. 

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

much more readily than charged complexes, 

permeation may be controlled by the degree of hydrolysis or polymeri- 

zation in the environment. 

I t  was suggested tha t  the mechanism o f  uptake of radionuclides 

Finally, 

Therefore the degree of 

TsytsuginaY3 investigated chrornosome breaks during anaphase 

and telophase in eggs o f  ruff (Seorprxenu porcus) developing in solutions 

containing 9oSr-goY. 

I O -  

I t  was concluded that  concentrations as low as 
6 pCi/ml produced more breaks than were observed in control solutions.  

Most o f  the experiments conducted by Russian sc i en t i s t s  lea 

t o  the conclusion t h a t  eggs o f  f i shes  are extremely sensi t ive t o  expo- 

sure from radiation, 

observed by other experimenters. Trabal kit74 repeated the experiments 

conducted by Poli karpov and I v a n ~ v ~ ~  using a d i f fe ren t  methodology i n  

an attempt t o  observe the e f fec ts  of l ow  concentrations o f  '44Ce-144Pr 

on developing eggs.  

head minnows (P?h?phah?S promeZas) in 144Ce-144Pr a t  a concentration o f  

This h i g h  s ens i t i v i ty  has generally n o t  been 

In his  s t u d y  Trabafka developed the eggs o f  f a t -  

en 

ment 

in 

I . Z  x uCi/ml. NO s t a t i s t i c a l l y  s ign i f icant  difference 

the treated and control groups could be demonstrated. This 

was conducted under careful ly  controlled environmental cand 

which an e n t i r e  community o f  organisms was exposed. 

betw 

exper 

t ions 
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Exposure t o  Urani . . . . . . . urn o r  Plutoni ---_c___ u m  

There have been no d a t a  reported in the l i t e r a tu re  on the e f fec ts  

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

performed with plutonium; however, there i s  no information on the uptake 

o f  plutonium by the egg contents. 

The niost extens i ve i nves t i  gation o f  pl utoni um was reported by 

Patin e t  a1.76 In  t h i s  experiment the accumulation of 23gPu(N03)4 

by l ive  and dead Misgumis  fossiZis spawn was studied. 

developed in solutions containing P39Pu(N03)4 a t  concentrations of 9 x 

Eggs were 

utonium was related t o  

i n  which plutonium was 

logical s t a t e  o f  the egg. 

impermeabi? i ty o f  the spawn 

/ml. P a t i n  suggested t h a t  the accumulation 

two sets of f a c t o r s ;  the physiocheniical 

present in the solution and the physio- 

Iso, i t  was concluded t h a t  in view o f  the 

membrane t o  components in the water medium, 

especially colloidal par t ic les ,  the plutonium was most l ikely concen- 

t ra ted  on the egg membrane. 

ac t iv i ty  with no tendency t o  saturate.  Finally, Patin demonstrated t h a t  

239Pu was eliminated from l ive  spawn, primarily during the f i r s t  10 hours 

a f t e r  they were transferred t o  an uncontaminated solution. 

the d a t a  presented in tha t  paper were useful in terms o f  bioaccumulation 

of 239Pu on f i sh  eggs, i t  was o f  limited use in providing any quanti- 

t a t i ve  infomation on the dis t r ibut ion 0 f  plutonium inside the egg 

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

Dead Misgw;Z i s  fo.ssi2i.s spawn accumulated 

Although 

Auerbach e t  a l .  77  reported t h e  resul ts  of some preliminary 

studies t o  evaluate the effects  OF 239Pu on carp (Cyprinus c a p i o )  
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eggs. 

ric) observable e f f ec t s  could be seen as determined by hatching 

frequency. 

A t  concentrations ranging from 5 x I O m 4  uCi/ml t o  5 x 

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

or abnormal 

PI e zipc:’ - 

m c t e s  p l a t e s m )  from act inide wastes which were released i n t o  the 

- Two di f fe ren t  who1 e egg concentration factors  were cal cul ated 

under identical  laboratory conditions. In  the f i r s t  case a cancen- 

t r a t ion  factor  of  5.8  a t  the time o f  hatching was observed, dnd i n  the 

second case a concentration factor  o f  35 was reported a t  the  time o f  

hatching. I t  was suggested tha t  the large difference between these two 

concentration factors was due t o  the phenomenon of surface adsorption 

of the 239Pu on the egg membrane. Another possible explanation offered 

for the higher accumulation factor  in the second experiment was tha t  

more bacteria were present. 

--_I-* Summa9 

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

knowledge of the e f fec ts  of radiation on developing f i sh  eggs. 

general some good d a t a  are available t h a t  discuss the e f fec ts  o f  beta 

I n  

and gamma radioactivity.  

o f  alpha emitting radionuclides and ,  in par t icu lar ,  plutonium o r  

There i s  almost no information on the e f fec ts  

urani urn. 

The dose f a r  which e f fec ts  are f i r s t  seen appears t o  vary consid- 

erably aniong s tudies  i n  the type o f  radiation used, and whether the 

exposure was from an external source or whether radioactive rriaterial 

was added t o  the solution in which the eggs were developing. 

census seems t o  be tha t  eggs are  most sensi 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 l i za t ion  and t h a t :  radiosensi t ivi ty  decreases a s  

development proceeds. 

With the exception of two papers by Ivanov 71 y 7 2  and one experi- 

ment by W ~ o d h e a d , ~ ~  no attempts have been made to evaluate the pene- 

t ra t ion  of the egg membrane by radionuclides. There are no quant i ta t ive 

d a t a  t o  show the fract ion of ac t iv i ty  associateed w i t h  the egg contents 

and the membrane o r  the dis t r ibut ion of alpha emitting radionuclides 

incorporated into the egg  contents. Thi s information i s  part icular ly  

important for  assessment of the dose from alpha radiation a s  well as 

from low-energy beta or gamma. radiation. Often no attempt was made t o  

evaluate the absorbed dose and resu l t s  were simply reported as observed 

ef fec ts  as a function o f  solution concentration. 

I t  was concluded from th i s  review t h a t  studies on the e f fec ts  o f  

plutuniui-n and  uranium on developing f i s h  eggs would contribute s ign i f i -  

cantly t o  the knowledge and understanding o f  the impact these materials 

have on certain biota in the environment. 

Purpose o f  .. . . This . . . . . . . . . . . . __. . Research . . .. . Isl - 

This research project has consisted of three principal tasks .  

1 .  To determine the behavior o f  plutonium and uranium in 

solution when associated with the developing embryos o f  

f i sh .  

2 .  To determine the radiological and chemical tox ic i ty  o f  

plutonium and uranium t o  developing eriibryos o f  f i sh .  



3. To assess the  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  s tudy o f  the  behavior  o f  p lu ton ium and 

uranium assoc ia ted  w i t h  the develop ing embryos o f  f i s h  i nc lude  the  

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

through the  chor ion,  t h e  concent ra t ion  and 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,  t h e  stage o f  development a t  which up- 

take occurs, t he  d i s t r i b u t i o n  o f  these elements i n  the  egg volume, and 

the 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  the  develop ing egg. 

A s tudy o f  the 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 ie ra rchy  f o r  

s p e c i f i c  t e s t i n g  follow detern i inat ions f o r  t o x i c i t y ,  pers is tence,  and 

d i s p e r ~ i o n . ~ ’  I n  o rder  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 r e  caused by 

rad i ioac t ive  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 ,  abnormal i -  

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 conc lus i ve 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 repo r ted  a 

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

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 ic rocu r ie  quan t i  t i e s  o f  238Pu and 239Pu. oo’81 Th is  d i f f e r e n c e  has 

been exp la ined by t h e  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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also been suggested tha t  chemical toxici ty  may a l s o  contribute t o  the 

difference8? since equal a c t i v i t i e s  imply approximately 3000 times the 

quantity o f  plutonium for 239Pu compared w i t h  2 3 8 P ~ ~ .  

The third objective i n  t h i s  study presents a practical  appli- 

cation of the experimental a n d  theoretical  findings on the biochemical 

behavior and toxici ty  o f  plutonium and uranium t o  developing embryos 

o f  f i sh .  This objective i s  accomplished u s i n g  d a t a  reported i n  the 

1 i t e r a tu re  on controlled and  uncontrolled releases o f  plutonium and 

uranium t o  the aquatic environment. 
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CHAPTER I 1  

CHARACTERISTICS OF THE TEST SYSTEM 

Fish Eggs as an Aquatic Test Organism 

C ~ J P Y ~ I . ! U S  eurpio (Linnaeus) 

- ReEoducti ve 8iol ogylEmbryology-. The  feasibi  1 i ty  of using eggs 

o f  Cyprinzis e m p i o  (Linnaeus), as a biological t e s t  system was f i r s t  

reported in the l i t e r a t u r e  by B l a y l ~ c k . ' ~  The percentage o f  hatch 

reported by Blaylock was approximately 97% f a r  28,762 eggs t h a t  were 

f e r t i l i zed .  

studies;  the behavior of the larvae i n  a contaminated stream was ob- 

s e r v e ~ ! . ~ ~  However, such a toxici ty  t e s t  i s  not adaptable t o  studies of 

plutonium and uranium due t o  the large experimental apparatus tha t  i s  

needed and the hazards t h a t  are involved i n  working with radioactive 

i sotopes o f  these elements. 

Carp larvae have also been employed for  toxicological 

The reproductive biology o f  C. earpici has been thoroughly  
85,86,87,88 The m a l e  s tud ied  and is well documented i n  the l i t e r a tu re .  

carp has a one-year sexual cycle which may be divided into f ive periods, 

each period being characterized by a typical change in the t e s t e s :  87 

1 .  

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

3. 

4. The period of active Spermatogenesis (5-6 months) 

5. The period of s low spermatogenesis (2-3 months) 

The period j u s t  before spawning (4-5 weeks) 

The period o f  regeneration (2-3 weeks) 
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I n  eastern Tennessee, the f i r s t  period occurs d u r i n g  March or  April. The 

i n i t i a t i o n  and the duration o f  the  spawning period depend oil wea the r  a n d  

spawning ground conditions, i . e . ,  lake leve ls ,  turbidi ty  of water ,  and 

waler temperature. 

spawning. 

when very l i g h t  pressure i s  e x e r t e d  on the abdominal walls. 

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

and rarely maintain sexual iiiaturity over ten years o f  age. 

Any change in these factors  may interrupt a d  delay 

During t h e  spawning  period, mil t  i s  discharged from t h e  males 

Males 

The sexual cycle o f  female carp a l s o  l a s t s  one year. Oogenesis 

may be divided in to  f ive  periods which are characterized by a change i n  

the ovaries: 87 

1 .  

2 .  

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

4. The period aT active Q O ~ W I E S ~ S  (3-4 mon ths )  

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

The period just  before spawning (3-4 weeks) 

The period o f  spawning (2-6 weeks) 

As with the males, the p e r i o d  j u s t  before spawning usually occurs d u r i n g  

Paarch or A p r i l  arid the spawning period i s  affected s ignif icant ly  by 

e n v i  ronrnen t a l  condi t i  ons.  Femal es reach sexual rnaturi ty  approximately 

one year l a t e r  than males. 

extracted froin the female by l i gh t ly  stroking the abdomen. 

dimorphism For fernales o r  tiiales i s  not evident by external examination 

except d u r i n g  the spawning season. 

Dur ing  the spawning period, eggs can he 

Sexual 

Fecundity as related t o  length, weight, and age o f  female carp 

has been studied i n  Lake S t .  Lawrence, Ontario.85 Among the specimens 



39 

examined, egg production varied from 36,000 eggs in a three-year-old 

f i sh  o f  394 mm length t o  2,208,000 eggs in a sixteen-year-old f i sh  w i t h  

a length of 851 mm. 

on Lake S t .  Lawrence are i l l u s t r a t e d  in Figure 5. 

The age composition and fecundity for  spawning carp 

Spawning carp are abundant in eastern Tennessee d u r i n g  spring. 

As temperatures in shallow grassy embayments beg in  t o  exceed approxi- 

mately 18" C ,  carp begin t o  migrate from the deeper waters. The sex 

r a t i o  of males t o  females in spawning areas i s  reported t o  be 1 .8 : l .  

During spawning, the female i s  usually followed in to  shallow areas by 

one or more males. Although the most act ive spawning was observed i n  

flooded grassy shores and i n l e t s ,  spawning occurred in embayments which 

contained f loat ing wood and other debris.  Spawning was also reported in 

an open deep water area of Watts Bar Lake on several occasions. 

Maximum spawning ac t iv i ty  was seen when water temperatures exceeded 22" C .  

85 

89 

Females a re  stimulated by males as the f i sh  swim together and 

both males and females move t h e i r  t a i l s  violently splashing the water. 

The eggs are released and are then f e r t i l i z e d  by milt .  The time o f  day 

which spawning occurs depends on. environmental conditions such as over- 

night temperature, r a i n f a l l ,  and lake levels.  Dur ing  the peak of the 

spawning period, ac t iv i ty  was observed from sunrise unti 1 sunset I 

Because the r a t i o  af males t o  females during spawning i s  nearly 

2:1, males are much eas i e r  t o  co l lec t  t h a n  females. In  addition, females 

usually expend t h e i r  eggs in a shorter  period t h a n  males expend the i r  

sperm. 

male then may seek another ripe female. 

After a female has completed spawning she leaves the area; t 
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t ions and water leve s are favorable, the duration 

o f  the spawning period may extend over several months. 

abseiPved in the lakes with warmer water temperatures f i r s t .  The normal 

sequence o f  spawning in the Oak Ridge National Laboratory area i s  Watts 

Bar Lake, For t  Loudon Lake, Cherokee Lake, Norris Lake, Douglas take,  

Melton Hill Lake and the Clinch River above Melton Hill Lake. In 1975, 

spawning began i n  Watts Bar Lake on Apr i l  25, 1975 and extended thraugh 

June, The peak period occurred during May. 

increasingly d i f f i c u l t  t o  co l lec t  r ipe specimens. 

Spawning was 

After this time i t  became 

The embryological development of  the C. c m p i o  egg and the 

sens i t i v i ty  o f  C. cmpio  eggs to  varying environmental conditions are 

well documented in the l i t e r a tu re .  90y91’92y93 Because carp are  n o t  used 

as a primary source o f  food in the United S ta tes ,  most o f  the l i t e r a t u r e  

about carp rearing and production comes from foreign countries,  particu- 

l a r l y  i n  Eastern Europe and Asia. 

The most comprehensive review o f  embryological development o f  

carp eggs was reported by Verma. 

development which included photographs of each stage. 

approximately 1 . 9  m i n  diameter a f t e r  water hardening occurs. The 

unferti  1 ized ovum i s  centroleci thal ,  containing yolk material accumu- 

la ted in the center of the egg surrounded by a cushion o f  cytoplasmic 

f lu id .  The f i r s t  cleavage begins approximately 30 minutes a f t e r  f e r t i l -  

ization and i s  meroblastic. The f i r s t  cleavage divides t h e  blastodisk 

in half and i s  followed by divisions which give 4,  8, 16,  32, 64 and 

128 ce l l s .  Each cel l  i s  known as a blastomere; and as cel l  division 

Frankg5 provided a review o f  egg 

Eggs of carp a re  



42 

progresses, blastomeres become increasingly d i f f i c u l t  t o  discern and 

spread t o  the opposite side o f  the yolk. 

Blastula follows and i s  characterized by a hollow b a l l  of c e l l s  a t  one 

e n d  o f  the yolk. 

This m d r k s  the end of  cleavage. 

The next stage of development i s  known as gastrulation. During 

t h i s  period, the blastoderm begins to  f l a t t e n  and spread over the yolk,  

forming the germ ring. 

closed. 

Gastrulation i s  complete when  the germ r i n g  has 

Somites may be v i s ib l e  along the spinal chord a t  this time. 

Subsequent development can be d i v i d e d  i n to  a number of stages which a re  

c haracteri zed by the forrnati on of organs i n  the embryo. Col 1 e c t i  vely 

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

mental period a re  presented i n  order o f  t h e i r  appearance: increasing 

number o f  somites; formation o f  the opt ic  cup; formation of the heart;  
96,97,98 moti 1 i ty  ; circulat ion;  hatching. 

The length of time i t  takes an egg t o  hatch a f t e r  f e r t i l i z a t i o n  

depends upon the k i n d  o f  egg and the environmental conditions, par- 

t i c u l a r l y  temperature. Higher ternperdtures impede the developmental 

process. 

72 hours. 

re ta in  a small amount o f  yolk material. 

Carp eggs tha t  are incubated a t  24" C hatch i n  approximately 

The newly hatched larvae a re  about 6-7  mm i n  length and 

Figure 6 shows seven stages of develapment of carp eggs incu- 

bating a t  24" C. A t  30 minutes Lhe blastodisk i s  beginning t o  appear a t  

the t o p  of the yolk. 

2 hours, 8 c e l l s .  When the embryo i s  16 hours old,  opt ic  cups are 

appearing and somites are vi s i b l e  a l o n g  the notochord. Organogenesis 

A t  50 minutes the blastodisk has two c e l l s  and a t  
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continues and when the egg i s  approximately 4? horns old and pigmen- 

ta t ion of the eyes arid bady begins. A t  68 hours, the larva i s  fu l ly  

developed and ready Far hatching, 

Qprinus carp?& Eggs as an Aquatic Test: .. .. . Organism. Nunierous 

tox ic i ty  t e s t  systems would have heen su i tab le  f a r  conducting t h i s  

research. A comprehensive review o f  some o f  the t e s t  systenis a s  applied 

t o  chemical mutagens was published by Hol laender.” There are ,  however, 

sevepal d i s t i n c t  advantages t o  using C. eaypio eggs fo r  radiological and 

chemical toxi c i  ty t e s t s .  Some of these advantages are summarized below: 

1 .  The fecundity of the ripe female carp implies a large sample 

f r om which t e s t  organisms may be taken. 

2 .  The short  developmental period o f  C. carpio eggs permits 

collecting t e s t  r e su l t s  rapidly. 

Approximately 100% f e r t i l i z a t i o n  occurs with laboratory 

spawning and greater than 97% hatch of the eggs can be expecled. 

3 .  

4. Eggs may be exposed t o  t e s t  solbations immediately a f t e r  

f e r t i l i z a t i o n  when the embryo i s  iiiost sensi t ive La radiological 

or chemical niutagens. 

Carp are found t h r o u g h o u t  most o f  the world, having been 

transplanted ewtensivcly outs ide  o f  t he i r  natural range. 

Therefore, the resu l t s  o f  these experiiiients can be related t o  

t h e  exposure of other biota i n  aquatic ecosystems. 

5 .  

Several disadvantages t o  C. carpio eggs a s  a toxici ty  t e s t  system are  

t h e  following: 
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1.  

2. 

3. 

4. 

A v a i l a b i l i t y  o f  eggs depends upon t h e  spawning season which 

l a s t s  approx imate ly  s i x  weeks. Experiments must be w e l l  

organized p r i o r  t o  conduct ing them, 

Carp must be ob ta ined from the  f i e l d .  M a i n t a i n i n g  a l a b o r a t o r y  

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  

pools 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 h e  t o x i c i t y  t e s t  depends upon t h e  t y p e  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  the  chor ion.  

Labora tory  spawning i s  n o t  a n a t u r a l  process and may a f fec t  

t h e  outcome of t o x i c i t y  t e s t s .  

Eggs a re  r e l a t i v e l y  i n s e n s i t i v e  t o  

P i m e p  ha 1 es prome Zas ( R a f i n es q ue ) 

Reproduct ive Biology/Embryology. The most s i g n i f i c a n t  d i s -  

advantage  t o  us ing  C. cmpio  eggs for t h i s  research was t h e  short 

spawning per iod .  The hazards assoc ia ted  w i t h  exper imental  research on 

p l  u t o n i  urn and uranium r e q u i r e  t h a t  experiments be conducted i n  s p e c i a l  ly 

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. rjlx~pio 

spawning season d u r i n g  1975 was re1  a t i  ve 

t e s t  system was developed which used t h e  

prorrielas (Rafinesque). Th i s  t e s t  system 

a l lowed key experiments t o  be repeated  u 

y sho r t ,  an a d d i t i o n a l  t o x i c i t y  

eggs o f  fa thead minnows '1 PimephaZes 

prov ided  a d d i t i o n a l  da ta  and 

i n g  another species o f  f i s h .  

The rep roduc t i ve  b i o l o g y  o f  P. promelas has been r e p o r t e d  in 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 extensively as C. curp?:o. 74'100'1101 I n f o r m a t i o n  cou ld  not 
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be found i n  the l i t e r a t u r e  which exp l i c i t l y  described t h e  manner in 

which eggs of P. promelas are  l a id  and f e r t i l i z e d .  Therefore, this 

process i s  reviewed i n  the fallowing paragraphs based upon t h i s  author 's  

observations during these experiments. 

I n  natural waters: the male fathead minnow locates a s u i t a b l e  

nesting s i t e  which i s  usually on the underside o f  f loa t ing  objects or 

vegetati on. O1 

of p l a s t i c  pipe ( 7 . 0  cm I . D . )  cut in half and approximately 7.6 cm in 

1 ength. 

the nesting s i t e .  

During the  time tha t  the nest  i s  being prepared, the male fathead con- 

tinuously brushes the surface of the nest  w i C i . 1  his  head, dorsal f i n ,  and 

caudal Fin. 

eggs rnay be attached. 

becomes dark and markings are  d is t inc t ive .  

trude from the forehead. 

two ver t ical  white s t r i p e s  located ahead of the dorsal Fin.  

~n 1 ahoratory aquaria, a r t i  f i  cia1 nests were constructed 

Male fatheads which are ready for  spawning continuously guard 

Other minnows t h a t  enter the nest are  driven away. 

This apparently maintains a clean surface on which the 

While males are  guarding nests ,  t he i r  color 

Light grey tubercles pra-  

The spawning male i s  a l s ~  eas i ly  ident i f ied by 

Nhen a female i s  ready t o  spawn, she enters  t.he nest. The male 

and female swim together,  the male rubbing the area o f  t h e  female just 

behind t h e  pelvic f in  w i t h  his  pelvic f in s .  Eggs a re  released and 

f e r t i l i z e d  as the pa i r  f l i p  t o  one s ide ,  then back t o  the ver t ical  

posit ion in a continuous motion. 

adhesive material on the chorion. 

could n o t  be accurately determined; however, i t  appears t ha t  i t  i s  niost 

o f t e n  between one and f ive.  

Eggs are  attached t o  the surface by an 

Tne number o f  eggs released each time 

Eggs are grouped together usually i n  rows 



47 

and occasionally are  layered as many as three eggs deep. 

female has expended hey supply o f  eggs, she i s  forced to leave the nest 

by the male. 

When t h e  

During the development period, the male continues t o  r u b  

the dorsal and caudal f in  gently a g a i n s t  the eggs. This l ike ly  prevents 

damage t o  the eggs by fungus.  

The embryology o f  P. promellas eggs i s  very s imilar  t o  the embryology 

of C. cazplo eggs although development takes approximately 168 hours a t  

24” 6 .  

however, i t  was necessary t o  produce a se r ies  o f  photographs t o  deter-  

mine more precisely the age of f reshly f e r t i l i z e d  eggs in water a t  

a temperature o f  25” C .  This “biological c lock”  i s  i l l u s t r a t ed  in  

Figure 7. 

development they were n o t  used for  toxici ty  t e s t s  i f  they could n o t  be 

Niazil” has published a detailed review of the embryology; 

Since eggs are most sensi t ive during the ear ly  stages o f  

placed in the t e s t  solution before blastula was completed. 

Although Niazi observed the embryological development of 

I). p m m l a s  eggs in d e t a i l ,  he made several attempts without success t o  

obtain specimens for  observation by placing spawning males and females 

in aquaria in the laboratory. Stripping techniques were also unsuc- 

cessful f o r  p r o v i d i n g  f e r t i l i z e d  

intervals .  For t h i s  research an 

eggs was necessary. This supply 

eggs i n  large quant i t ies  and a t  regular 

abundant supply of freshly f e r t i  ’1 i z e d  

was achieved a f t e r  considerable e f f o r t  

t o  es tabl ish s table  laboratory environmental conditions and a sui table  

technique f o r  re t r ieving the eggs arid u s i n g  them i n  experiments w i t h o u t  

physical injury. This method will be reviewed i n  detai l  i n  the fo l -  

1 owing chapter. 
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Pirnsphales p r v m c l a s  5 s  -_._- as  an Aquatic Test Organism. - 

advantages t o  using P. p r m ~ l a s  eggs for  radiological and chemical 

toxi c i ty  t e s t s  are  sumnari zed bel ow: 

The 

1. Eggs can be obtained in the Jaboratory by normal spawning 

o f  males and females throughout the year. 

2 .  T h e  short  developmental period of P. promelus permits rapid 

t e s t  resu l t s .  

A re la t ive ly  h i g h  percent hatch o f  eggs can be obtained. 

The small s ize  of the adult  fathead  inno ow i s  optiiiiuin f o r  

conducting laboratory experiments w i t h o u t  the nee 

extensive space o r  holding f a c i l i t i e s .  

Fathead minnows are  found throughout most of the United 

S ta tes ,  transplanted extensively o u t s i d e  t he i r  original 

range. Therefore, the resul ts of these experiments can 

be related t o  the exposure o f  other biota i n  aquatic 

ecosys terns. 

3 ,  

4. 

5 .  

Several of the disadvantages t o  using P. promelas eggs for  

radio1 ogi cal and chemical toxici ty  t e s t s  are a1 so 1 i sted bel ow. 

1. Eggs are usually in to  the early developmental stages 

before they can be placed i n  the t e s t  solution. 

The number o f  eggs la id  a t  one spawning varies s ign i f icant ly  

and often may not be suf f ic ien t ly  large for experimental 

use. 

2. 

3.  The fathead minnow i s  a nest builder;  therefore,  develog- 

ment of eggs tha t  are placed i n  the t e s t  solution may 

be affected by the absence of the male. 
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4. T h e  small s i z e  of P. pi.omela.s e99s mikes quant i ta t ive 

experiments t o  deterr i i ine membrane penetration by plutoriium 

and uranium d i f f i c u l t  t o  perform. 

The reproductive biology and embryology o f  C. cappio and 

P. promelas have been reviewed from the l i t e r a t u r e  and observations by 

'chis author. 

t e leos ts  as  a t e s t  organism t o  determine the tox ic i ty  o f  plutonium and 

r i ran i  ixri t o  aquatic biota.  

FrequencKof .........._.. Abnormal _____ C. carpio and P. promelas Larvae I-latched Under __ 

There are s ign i f icant  advantages t o  u s i n g  eggs o f  these 

Controlled Conditions ._I__........._._....... 

I n  order t o  evaluate rad ia t  on-induced ef fec ts  i n  f ish eggs, 

i t  was important t o  determine i n i t  a l l y  bascline data on 'the s t a t i s t i c s  

of abnormal hatchings occurring i n  the pre:;encc o f  natural background 

radiation. 

t o t a l  o f  1,592 larvae t h a t  hatched under. c o n t r o l  conditions. Only 

embryos with grass malformations such as  curvature of the spinal column 

were recognized a s  abnorma'ls. Therefore, l e s s  conspicuous teratological 

e f f e c t s  may have tieen present such as  malformations involving the eyes 

which were reported by McGregor and Newcombe. 

Frankg5 observed four abnormal c. cazy io  larvae among a 

47 

~ r a b a ~ k a ~ ~  .found f o u r  b a s i c  types o f  abnormalities aiiiong 

P. prorneZas larvae. The  most frequent abnormality was a dorsoventral 

curvature of the spinal col umn, usually associ ateel w i t h  a s e v e ~ e  " h u n c h -  

back" deformation. A second spinal abnormality was l a t e ra l  curvatur2 of 

t h e  s p i n a l  column. Non-spinal teratological e f f e c t s  were abdominal 
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t w i n s  and incompletely eveloped caudal f i n s ,  Trabalka reparted f i n d i n g  

seven abnormal 'larvae among 2,573 specimens collected.  Six o f  the 

abnormalities involved sp ina l  curvature, 

Dur ing  the present experiment only gross abnorrrial i t i e s  4nvol  v i r q  

curvature o f  the spinal column were observed. 

primarily t o  the complex ridlure o f  conducting the ex eriments inside a 

glove boxa 

Mechani 3m for P l  utogli -I -- urn __I and Urani um - penetration --x ..-..._._. of the Chorion . --- 

T h i s  iiiay have been due 

.-____ 

A P  previously m t ~ i t i o n e d ,  there are no data  iil the l i terature  tha t  

suggest the extent  t o  which plutonium o r  uraniunr i n  solution penetrate 

the chorion o f  a developin f i s h  egg. Only one a u t h o r  has reported 

values fo r  rriernbrane penetration by s p e c i f i c  elements. 6f, cons i deraba e 

d a t a  are avai lable ,  however, on the d i f f u s i o n  t h r o u g h  the chorion af 

certa-a'n elements esseritial i n  egg  eye^^^^^^^^ 

The chorion o f  G. caq& and P. p ~ o m ~ l a s  e g g s  i s  a mechanical 

structure produced a t  I q i n y .  Eggs usually t a k e  on additional water 

d f te r  they are  l a id  and f e r t i l i z e d  and then undergo 21 process o f  hardening. 

The chorion i s  considered t o  be impermeable t o  colloidal par t i c l e s  arid 

large molecules. Wader continues t a  pass t h r o u  h the membrane in both 

di rec t ions  throughout development. Ions o f  calcium and sodium are  

absorbed from the medium during development o f  f ish eggs sa t h a t  upon 

h a t c h i n g ,  the  f ina l  concentration o f  these elements i n  the eggs i s  

several times greater  than the i n i t i a l  concentration. '02 

chorion a1 so permits the passage o f  oxygen aiiimorri a ,  ~ ~ ~ ~ o g ~ n ,  and ~ ~ ~ r ~ ~ y ~  

ions  i n t o  the egg. On the other hand, carbon d iox ide ,  potassium an 

phosphate a re  l o s t  t o  the environment during deveiopment. 

The toughened 

103 
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Because of the complex chemical behavior of both plutonim a n d  

urani um, i t  was d i  f f  i cul t t(i pred i  c t  the quanti ty o f  these inateri a1 s 

t h a t  w o u l d  pass through the chorion. 

considerably larqer than t h e  ions of the inorganic s a l t s  discussed 

Complex ions o f  these elements a re  

abovrz. 

would he used i n  metabolic processes, Therefore, pr ior  t o  conducting 

these experiments, i t  was thought  t ha t  plutonium and uranium w o u l d  be 

Also,  i t  cannot be readily assumed t h a t  plutonium o r  uraniul-n 

absorbed by the egg  a t  approximately tile f ract ions l i s t e d  by the Inter- 

national Commission on Radiological Protection fo r  absoi-pt ion through 

t h e  G I  t r a c t  o f  human beings. ~1.1ese fractions a re  3 x fo r  plutonium 

and fo r  uranium, 104 

The mechani sin by which chorion penetration occurs i s  n o t  known, 

However, Ivanov suggested transport  was by passive diffusion. He a l s o  

reported t h a t  adsorption o f  radionuclides on the cel l  membrane was 

independent of ac t iv i ty  in the embryo and also independent o f  the type 
7 2  o f  egg. 

Radionuclides II _..._.-I__. Used in T h i s  Study 

lirarriurn 

...I__ Uranium-232. .I...........- Uranium-232 was selected fo r  use i n  t h i s  study 

because of i t s  potential significance in t he  thorimin fuel cycle as 

discussed i n  Chapter I ,  and because this isaLope o f  uranium possesses 

high specif ic  ac t iv i ty  r e l a t ive  t o  other alpha emitting uranium isotopes 

( 2 1 . 2  C i / g ) .  

232U are radi 01 o g i  cal rather than chemical . 
This l a t t e r  property implies t h a t  the e f f ec t s  produced by 
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Uranium-232 is prod ced in the t ~ ~ ~ i ~ ~  fuel cycle from neutron 
232 interact ions w i t h  230Th, *32Th, and 233U (Figure 8) .  The T h  ( n ,  2 n )  

231Th f d s t  neutron reaction w i t h  a threshul d energy ct-05s section 

and t h e  23311 ( n ,  2 n )  232U f a s t  a i i e u t w n  reaction w i t h  a 

threshold energy C ~ B S S  section o f  Q " O O 2  ?J are not as  s ignif icant  as 

the ''''~t~ bn, y )  rad ia t ive  capture reaction. 

bias a thermal neutron cross sec t i on  o f  23.2 b. '05 

 his interact ion 

i he re fo re ,  the 
2 32u content a f  2 3 0 ~ h  i n  thorium ore a f f e c t s  the  concentration c p ~  

which i s  u?%irmately mixed w i t h  other uranium isotopes i n  t h e  fuel .  

Natural thorium consists o f  232Th; however, i t  may contain 

m a l  I aiiioiints o f  2 3 0 ~ h ,  a ciaugtiter o f  234U. 

2 3 2 ~ k 1  range between 0.01 pprn i n  typical thorite-vein ore t o  100 ppm, 

w h i c h  i s  an upper l i m i t  f o r  raw niaterial thorium f o r  cairjmercl'al HTGR's. 

These level s o f  230Ph result: i n  2321J concentrations a t  equi 1 i b r i  urn 
106 recycle o f  360 ppm t o  1160 ppm. 

Es t ima tes  of 230Th i n  

106 

 he 2 3 2 ~ ~  decay chain i s  a member o f  the 4n o r  thoririrri series. In 

t h i s  decay chain there i s  no 'long-lived "stopping" nuclide such as 

e x i s t s  i n  other a c t i n i d e  decay chains. 

e f f e c t i v e  absorbed energy per dis integrat ion,  X E F ( R B E ) n ,  o f  p 3 2 U  i s  h i g h  

Thjs property implies t h a t  the 

w h e n  cornpared t o  other radionuclide chains. 

23214, 72 years ,  and the f a c t  t ha t  there i s  no " s t o p p i n g "  radionuclide i n  

the  chain result  i n  a rapid in -growth of aidghters a f t e r  2 3 2 ~  i s  i n i t i a l l y  

?he moderate h a l f - l i f e  of 

i sol atc-ld, Therefore, the b u i  Id-up o f  ex te rna l  exposure from p e n e t r a t i n g  

radiation must be considered i n  t h e  design cif my experiment u s i n g  2 32u 
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a 1.9 y 

-. .................... 

F i g u r e  8. Prsduction and Decay o f  2 3 2 U  and 228Th 
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The 23211 f o r  these experiments was obta ined  f rom the O; ik  R S d r ; +  

a t i  onal Laboratory. The isotope was or i  g i  ml l y  produced at, JRNI 

1962 by i r r ad ia t ions  o f  231Pa borrowed from Great Britain,  07 I J L C  

spectrum of the original batch and the mass spectrum calculaitf-ld f o r  IA:~75 

a re  l i s t e d  below. 

1962 1975 

I.&!-?. Atom % . Atoril ... . .. . .. % . . . 
99.2430 99.145 232u 

233u 
234" 
23SU 
2 3iliU 
238" 

The original batch o f  232U had 

this experiment. Therefore i t  

232U from i t s  daughters. T h i s  
232" 

.) Five milligranis o f  2 32u 

l i t e r s  were received on April 21, 1975. The ~~~~~~~~~~ expmure t - 3 9  

the  bottom a f  the v i a l  was 460 mRJhour. T h i s  bas ic  stock solutirzai >:as 

shielded i n  a lead p i g .  Because this radionuclide i s  ~~~~~~~~~~~ t r 5  be 

sf very h i g h  radiotoxicity ( c l a s s  1) according t o  t: e Odk Ridge Natjy-ma' 

Laboratory Wealth Physics Manual, a] 1 exper intents i n v s ~  v-ing -1: !?a;\ 

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 .  

.? 3 n 

Urdnium-233. Uranium-233 was selected as a t r a c e r  t o  detx 

t h e  penetration o f  uranium t h r o u g h  the choriuii and the d i s t r i b u t i o n  :lf 

~ r ~ a n i u m  i n  t h e  egg contents. This  isotope o f  umn-iurn i s  cksgl;~'u;dp%~d ? o  

have moderate radiotoxicity ra ther  than very h i g h  r a d i a t o x i c i  ty cb-r 
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. 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  by mu 
?33[, 108 e f f i c i e n c y  f i l  t l?rs i s  adequate f o r  ~xperirncnts w i t h  

A sample o f  240 mg o f  2J3U as U308 was rece ived on rebruary  19, 

1975 f o r  use i n  'ibis expt?r imnt .  Mass spectrum a n a l y s i s  detei-mined t h a t  

i t cons is ted  of  the fo; 1 owi ng i sotopes. 

.I so tope  
mu 
233u 
2 34u 
235" 
23GU 
238u 

___..... A t o m  % 

0.0008 

99.5400 
0.1840 

0.0620 
0.01 30 
0.2930 

The o r i g i n a l  sample, U308, was converted i o  U02(N0 ) 

v o l  uiiie o f  t w o  m i  11 i 1 -i t e r s .  

and ad jus ted  t o  a 3 2  

Uranium-233, an alpha 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  ser ies ,  must  be a r t i -  
233 f i c i a l l y  produced. Th is  sample o f  h i g h  p u r i t y  1J was produced f rom 

f e r t i l e  232Th through neutron capture and successive beta decays of 

233Th  and 233Pa. 

Uraniuni-235, . . . . . . .. . ._. -. .- .-__ 238. In  order  t o  de.l;ermitie t h e  chemical t o x i c i t y  o f  

u r a n i i m  t o  develop ing em~ryos ,  2 3 5 ~  and 238tj were s e l e c t e d  as t e s t  

rad ionuc l ides .  The low s p e c i f i c  a c t i v i t y  of these i s o t o p e s  i m p l i e s  t h a t  

any observed ef . fsc ts  t o  b i o t a  which had been exposed t o  235U and 238 U 

are due t o  chemical t o x i c i t y .  I h e r e f o r e  by comparing t h e  e f f e c t s  f rom 

232U t o  235U or IJ, one can deterrnine t h e  d i f f e r e n c e  between chemical 238 

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 .  
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The isotopic  composition of the 235U and 238U used i n  t h i s  

experiment as  determined by mass spectrum ana?ysis  i s  l i s t e d  below. 

Isotope 
2 33u 
2 34" 0.0290 

99.91 20 2 35u 

Atom % 
<0. 0001 

Isotope Atom *% 
~0 .0001  
<0.0001 
0.001 1 

233u 
234" 
23!jU 

<o. OOOl 
99 9990 

2 36" 0.01 60 23fjU 
2 38u 0.041 4 238u 

Approximately ZOO mg of each isotope as U308 was received on 

February 19, 1975. This was converted t o  U02(N03)2 and adjusted t o  a 

volume o f  two m i l l i l i t e r s .  The  Oak Ridge National Laboratory Health 

Physics Manual l i s t s  b o t h  235U and 238U as c lass  4 isotopes having 

s l i g h t  radiotoxici ty; lo8 a good chemical faboratory i s  adequate for  
235" or 238" experiments involving 

Both 235U and 238U decay by alpha emission and are  natural ly  

occurring radionuclides. The h i g h  enrichment fo r  these samples was 

obtained by electromagnetic mass separation. 

P l  utoni um 

P?utonium-238. Radiochemically pure 238Pu possesses ideal 

physical properties t o  determine the ef fec ts  from pllutoniurn radio- 

a c t i v i t y  t o  developing fish embryos. This isotope of plutonium has 

r e l a t ive ly  high spec i f ic  a c t i v i t y ,  17 .1  Ci/gg and may be obtained a t  

reasonable cost  and h i g h  isotopic  purity.  The spec i f i c  a c t i v i t y  of 

238Pu i s  very s imi la r  t o  the spec i f ic  ac t iv i ty  o f  232U.  This property 

permits a comparison of the radiological e f fec ts  o f  the  two elements 

without a s ign i f i can t  difference between the masses involved. 
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Plutonium-238 i s  a member o f  the 4n i- 2 o r  uranium decay chain. 

The decay o f  238Pu i s  "blocked" a f t e r  a lpha  emission by t h e  f i r s t  

daughter, 234U, which has a long h a l f - l i f e ,  2 .47  x 10 years (Figure s a ) .  

F i v e  milligrams o f  238?u as PuQ2 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. 

5 

- 
I he i s o t o p i  c composition o f  t h i s  

I sotope -. A t o m  . . . . . . . _- % 
238Pu 97.380 
239Pu 1.670 
24QP,, 0.887 
2 4 1 P u  <o. 040 
*4*p, 0.022 
244P,, <o. 001 

The Oak Ridge National Laboratory Health Physics Manual l i s t s  
108 238Pu as a c lass  1 radionuclide having very h i g h  radiotoxicity.  

Therefore experiments w i t h  238Pu must be conducted i n  special l y  designed 

a1 pha i sol a t i  on faci  1 i ti E S .  

Plutonium-244. The chemical toxici ty  o f  plutonium has n o t  been 

demonstrated because very long-lived isotopes of th i s  elernent are rare  

and extremely d i f f i c u l t  ts produce. Only one plutoniemtn i so tope ,  244Pl, , 
7 has a suf f ic ien t ly  long hl: l .F.- l i fe, 8.3 x 10 years,  which i s  needed t o  

conclusively determine the  chemical toxici ty  o f  plutonium. 

A re la t ive ly  pure sample of 244Pu  was acquired f o r  this  e x p e r i -  

iiient i n  order  t o  investi9at.e .the chemical toxici ty  o f  plutonium t o  

aquatic b i o t a .  
23gp, 109 For production o f  approximately f ive  I<i 1 oqrams o f  244~m from 

t t ic  most e f f i c i e n t  praduct ion:  the conversion o f  2 3 9 ~ u  t o  2 4 4 ~ m  was made 

' [ h i s  material was original ly  a by-product frorn the 
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2a2pu  . Second, N O p u  i n  several s tages .  F i r s t ,  239Pu was enriched t o  

was produced by successive neutron captures. Third, the 242Pu was 

fabricated in to  t a rge t s  and placed in the outer housing high f lux  region 

of  a reactor  a t  the Savannah River P l a n t .  The resul t ing plutonium, 

arneri c i  urn, and curi  urn were separated chemically. 

had a 244Pu content o f  approximately 2 5 % ,  

The p l  utoni urn recovered 

This sample was Further 

enriched t o  more than 98% (atom) by electrumagneti c mass separation 

(calutron)  . 110,111 

Isotopic composition o f  the 244Pu i s  l i s t e d  below w i t h  the 

corresponding radioact ivi ty  f o r  1 mg o f  sample. 

Activity i n  1 rng 
o f  Sample 

I sotope Atom % ___ (L!!L- 
0.003 1.7 x lo-’ ( a )  238pu 

239Pu 0.001 1.8 x lo-? ( a )  

40P u 0.305 9 .0  x 10-I (a) 

241 P u  8.074 7.3 x 10’ ( P - )  
242Pu 1.050 4.0 x lo-? (a) 

244Pl l  98.570 - - _ _ -  1.3 x (a) 

Total 0.95 IiCi/mg (a) 

Plutoniurn-244 i s  a member o f  the 4n o r  thorium s e r i s .  The 

radioactive decay i s  i l l u s t r a t e d  i n  F i g u r e  9b.. 

2 4 4 ~ u  i n i t i a l l y  received as p u o 2  were used in these experiments. 

chemical form was converted t o  P U ( N O ~ ) ~  by dissolving the s o l i d  i n  

concentrated ni t r i  c aci d. The t o t a l  radioact ivi ty  associated with one 

my o f  the 244Pu sample i s  s t i l l  re la t ive ly  h i g h  due t o  the presence o f  

Approximately GF; rng of 

 he 

h i g h  spec i f i c  ac t iv i ty  impurity isotopes. 

a c t i v i t y  associated with the sample results -frc-)m 240P~1 (74%) and i338Pu 

Most o f  the alpha radio- 
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(18%), Plutsnium-244 contributes less  than 2% of the to ta l  alpha ac t iv i ty .  

The s p e c i f i c  ac t iv i ty  o f  the 244Pu saniplc used i n  these experiments (9 .5  x 

I f 4  Ci /g )  i s  a factor  o f  64 times lower than the spec i f ic  ac t iv i ty  o f  

f-e’ssile 23%u (6,13 x ?O-*  C i / g ) ,  the most abundant and important plutonium 

isotope i n  the  nuclear fuel cycle. 

Table 7 surnniarizes some physical and chemical properties of the 

uran ium and plutonium isotopes as well as t he i r  protection c r i t e r i a .  

Chemical __ Forrn of Plutonium -- and -. Uranium -I for  This St& 

The most common chemical forms o f  uranium and plutonium fouti 

the 1 i te ra ture  on biological studies include oxides n i t r a t e s  I) f l  crorides 

chlor-ides, and c i t r a t e s .*  I t  was necessary t o  consider the following 

physical and chemical properties in order t o  se lec t  the best chemical 

form for  t h i s  study. 

I .  Valence s t a t e  and chemical form o f  plutonium and uranium 

in natural ecosystems. 

2. Hydronium ion concentration s imilar  t o  environmental w a t e r s .  

3. 

4. Toxicity o f  the anion. 

5. Chemical form tha t  i s  compatible for  both elements. 

A1 t h o u g h  the chemistry o f  plutonium in laboratory concentrations 

Highest so lub i l i t y  possible for  both elenients. 

has been well documented in the l i t e r a t u r e ,  6’11”’15y116 the most l ikely 

chemical form and valence s t a t e s  of plutonium i n  the environment have 

n o t  been well established. The most l ikely forms o f  release t o  the 

environment are Pu02 ,  mixed Pu-U oxide, s i l i c a t e s ,  and l iquids o f  various 

types, 
I 

Airborne par t ic les  depositing near t he i r  sources would be expected 
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a q u a t i c  medid, Typ ica l  concentratio i n  ocean wdter aad fresh w ~ k r  i s  

approx imate ly  10- ppm, 118 

The chemical forrri and vr3~Eence s t a t e  OF plutonium i n  natural 
waters inas been s t u d i e d  by Borndietti e t  a l .  ’ I g >  Silver 120,121, and 

w g h  concl us.; ve determi nat ions  of Val ence ’1 22 Rorref  I and ~ ~ ~ e ~ ~ ~ n ,  

s t a t e  have n o t  been reported, i t  i s  generally dccepted t h a t ,  isecduse o f  

intense hydrolysis and strong complexiny tendency, pllrtoris’um ( I V )  shokild 

dominate i 8;1 n n k w a l  water systems I 

F l  utorliuirll (126) forms e x c e p t i m a l  l y  s t rong  conlplexes w j t h  the 

c i t r a t e  i o n ,  ’ 
yw a t  which hydrolysis occII;Ix’s a’s greater  than pH = 8, 23 

P I  u ton i  urn L i  t r a t e  as good soi iub- i l . i ty  i n  water and the 

There fore 

hydrolysis. I f  p l u t n n j m  remains i n  solut ion as a c i t r a t e  complex, the 

greatest  t ox ic  e f f e c t  shoul  be observed because the so lub le  form i s  

The t o x i c i t y  o f  the c 

has r i o t  been reported in the 

t !I a’s ,I; he s 1’ s . 
The co??o-i’dall p r n p e r t  

sol u t i o n s  have been examined 

was conducted to c l a r i f y  t h e  

scussed 

i n  d i l u  
9 24 by Lindenbaum atid Westfa1 1. 

es a5 P u ( I V )  - c i t r a t e  

o p i  rig embryos 

l a t e r  i n  

e aqueous 

T h e i r  study 

c o n f l  i c t i  n g  reports i n  the  11’ terature C B ~  

t i s s u e  dis t r ibu t ion  o f  plutonium when  the same chemical form was being 
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tes ted. A common method wa5 e s t a b ?  i shed for preparing ul t r a  fi 1 terabl c 

p l u t o n i i i i n  c i t r a t e  t h a t  could be adjusted t o  a n e u t r a l  pH fo r  use in 

b i o 1 o g i ca 1 ex pe r i men ts . 
The chemistry o f  uranium has heen the subject o f  extensive 

research for many years and there are many coiiipr-chensivtl :-EJ~PCVS on 
2 34u urani un chemistry. 1 2 5 , 1 2 6 ~ 1 2 7 , 7 2 8  rhree isotopes o f  branium, > 

235U, and 2 3 8 U y  are found in nature. 

p r o p ~ r t i i e ~  o f  lrraniuiii f a v o r  t h e  U (VI)  valence s t a t e ,  and UO? 

w i t h  carbonate arid su l fa te  are prrdominart. 12’ 

concentration O F  approximately 3 x ppiii i n  ocean water and  1 x ppnr 

in fresh water. 

I n  natural  water<, the chemical 
2+ complexe? 

Uranium i s  p r e s c n t  a t  a 

118 

The uranyl ion forms strong complexes w i t h  the c i t r a t e  ion. 
2+ Uranyl c i t r a t e  i s  soluble in water a i  neutral pH and most o f  t h e  UO? 

remains complexed, pr-ovided excess c i t r a t e  i s  present in solution. 130 

As w i t h  plutonium, t h e  highest toxici ty  f r~i i i  ura.i+m t o  f i sh  eggs shou ld  

be observed when the uranium remains i n  solution. T h i s  physical form 

assures maximurn transport  through the membrane. 

I n  view o f  the above f i n d i n g s ,  the chemical form and valence 

s t a t e  of  plutonium and uranium selected f o r  t h i s  s tudy  !&!ere the following: 

Valence 
Chem-i cal For.? Element S t 3 . k  PH _. .-____- 

P1 utoni URTI IV 7.5 P u ( I V )  - Citrate  

IJrani um VI 7 . 5  U ( V I ) U 2  - Ci trati? 
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CHAPTER TI1 

MATERIALS AND METHODS 

Experimental -- Faci 11'ties 

All experimental work fo r  t h i s  research was conducted a t  the  

Oak Ridge National Laboratory, Oak Ridge, Tennessee, an 

f a c i l i t i e s  and materials o f  the Environmental Sciences Division, 

Kadl'onucl ides Having Very Hi* Radiotoxicity 

Aniony the radionuclides used i n  t h i s  study, 23BPU aff7 232u are 

considered t o  have very high radiotoxicity.  Experiments with iso- 

topes in t h i s  tox ic i ty  c lass  must be carr ied o u t  in a "Type A'' high- 

level laboratory consisting o f  glove boxes o r  h o t  cell f a c i l j t i e s  
33211 speci f i  cal l y  constructed fo r  hand1 i ng such materi a1 s. T h e  use G f  

i t i  an unshielded area l's permitted, provided s igni f icant  daughter b u i l d -  

u p  has n o t  occurred and penetrating radiation dose ra tes  are n o t  exces- 

s ive.  

Limited space was available in glove boxes operated by the 

Environmental Sciences Division in the Alpha Isolation Fac i l i ty ,  

Building 3508, a t  O R N L .  Portions of two glove boxes, one standard " s i x  

foot" glove box and one standard " three foot , "  were available.  Basic 

stuck solut ions were prepared and maintained in the small glove box, 

Toxicity and penetration t e s t s  were conducted in approximately two- 

t h i r d s  o f  the large glove box. 
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Operational procedures for Ruilding 3508 are outlined in 8KNLJ 

TM- 3938. 3i 

tor ing,  1 irnited access areas,  and bag-in/bag-out techniques required 

This manual describes protective clothing, personal moni- 

f o r  hand1 ing hazardous radioactive materials. 

s a f e t y  summary must be submi tted and approved before experiments may 

A ttiorough problem 

be conducted in Building 3508. Only personnel who have been trained 

in proper glove box techniques are permitted t o  perform experirnenis i n  

Building 3508. T h i s  a u t h o r  began glove box training on February 10 ,  

1975 arid continued t h i s  training t h r o u g h  Apri l .  O n  Flay 1 ,  1975 com- 

pletion o f  the g love  b ~ x  trainitiy was cer t i f ied  (Appendix A ) .  A l t h o u g h  

two persons m u s t  be present f o r  bay-inlbag-out operations, cer t i f ica t ion  

per-mi t ted the a u t h o r  t o  continue experiments on weekends and weeknights 

without assistance from supervisory personnel. Materials can be p u t  

in to  the box through a sphincter p o r t  without a complete bag-sin pro-  

cedure. Figure 10  shows the large glove box and sphincter port. 

Experiments with P u  were a l s o  carried o u t  in a glove box in 

Building 3508 because of the presence o f  very  high toxici ty  impurity 

isotopes. I t  was also desirable to  conduct a s  many t e s t s  as  possible 

with isotopes other t h a n  232U, 238Pu, and  244Pu i n  the glove box t o  

minimize differences in environmental conditions between experiments. 

Radi onucl ~ ..... _. ides H a v i n g  .............II. Other ~ Than Very H i  gt Radiotoxi ci  t y  

Building 2001 was the location o f  experiments involving the  

3 . The work area WEIS 
23311 235& and 238" l e s s  radiotoxic isotopes, 

protected from routine pedestrian t r a f f i c  and marked w i t h  contamination 
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Figure 10. Glove Box and Sphincter Por t  
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zone s igns  and tape (F igu re  11) .  

stances were conducted ou ts ide  o f  the  contaminat ion zone area. 

Larvae S u r v i v a l  S tud ies  

Experiments w i t h  non rad ioac t i ve  sub- 

Larvae s u r v i v a l  was observed by r e a r i n g  young fry 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  Contamination o f  t he  environmental  chambers o r  sur -  

rounding work areas. 

Prepara t ion  o f  Test  So lu t i ons  

Basic  Stock So lu t i ons  

I d e n t i c a l  p l  utonium and u ran i  um c i t r a t e  t e s t  so l  u t i o n s  were pre-  
124 pared accord ing t o  the  method o u t l i n e d  by Lindenbaum and Wes t fa l l .  

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  con ta in ing  

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  concentrated 10 M NaOH before  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 cont inuous ly  moni tored w i t h  

a Corning General Purpose pH Meter hav ing a combinat ion probe and r e f -  

erence e l e c t r o d e  t o  p revent  exceeding the  des i red  pH. 

100% o f  t h e  U02*+ and t h e  Pu4+ are  complexed w i t h  c i t r a t e  a t  a pH = 

Approximately 

7.5.124'132 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  concentrat ions.  

Stock s o l u t i o n s  o f  244Pu(N03)4 and 2 3 3 3 2 3 5 y 2 3 8 ~ ~ 2 ( ~ ~ 3 ) 2  were 

prepared s i m i l a r l y  except t h a t  approx imate ly  15 m l  o f  c i t r a t e  s o l u t i o n  
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Figure 11. Building 2001 Work Area 
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were used t o  assure tha t  excess c i t r a t e  ion would be present. 

case,  no observable prec ip i ta te  was present in the f ina l  stock solut ion.  

In each 

Aliquots from basic stock solutions were added t o  one l i t e r  

polyethylene bot t les  containing s p r i n g  water t h a t  had been f i l t e r e d  

using 0.45 l~ f i l t e r  paper. In Building 3508, l i t e r  bo t t les  containing 

the radioact ivi ty  or  mass concentration t o  be studied were prepared 

in the small glove box and t ransferred t o  the large glove box fo r  use 

in  experiments. 

Radioassay of Test Solutions 

Each concentration of uranium and plutonium used in this  study 

was analyzed by radioassay a f t e r  the solution was prepared. 

alpha analysis was performed by evaporating samples onto  f i ve  centi-  

meter s ta in less -s tee l  planchets, heating the planchets t o  f i x  the radio- 

nuclide t o  the planchet, and covering the planchets with ZnS wafers. 

A s c i n t i l l a t i o n  detector  having an overall eff ic iency o f  49% was used 

t o  count alpha ac t iv i ty .  

Gross 

Because 232U has a chain of r e l a t ive ly  short-l ived daughters 

and because there i s  no long-lived stopping radionuclide i n  the chain, 

daughter buildup increases the alpha ac t iv i ty  present in solution as 

well as  the external dose rate .  One objective of t h i s  study was t o  

compare the tox ic i ty  of 238Pu t o  232U. 

equivalent concentrations of t o t a l  alpha ac t iv i ty  present in solution 

ra ther  than individual ac t iv i ty  from the 238Pu o r  232U. 

daughters did not contribute s ign i f icant ly  t o  the to t a l  ac t iv i ty  from 

this isotope because decay i s  e s sen t i a l ly  blocked by the f i r s t  daughter, 

This comparison was based on 

Plutonium-238 
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. Buildup o f  232U daughters, on 234!, 

o f  t o t a l  a c t i v i t y  d u e  t o  2 3 2 ~  i t s e l f  

the experiment. Figure 1 2  shows the 

the other hand, caused the fract ion 

to  decrease d u r i n g  the course o f  

fraction o f  t o t a l  alpha ac t iv i ty  

contributed by 232U and alpha emitting daughters a5 a functior-s o f  the 

time elapsed between i n i t i a l  separation and use. 

ion exchange separation, the 232U daughters contributed more than 10% 

o f  the  t o t a l  alpha ac t iv i ty .  

a t  approximately 200 days, the 232U daughters contributed 46% of the 

Within 30 days a f t e r  

By the tirrie the experirnents were completed 

t o t a l  ac t iv i ty .  The mass of 232U present a t  200 days was s t i l l  99.5% 

of  t h e  ar iginal  quantity. Gross alpha analysis provided an accurate 

est-a'mate o f  the amount o f  alpha ac t iv i ty  present i n  the t e s t  solution 

a t  a g i v e n  time, However, the effect ive energy per disintegration 

increases considerably as  d a u g h t e r  buildup continues. This increase 

i n  effect ive energy per disintegration was incorporated in to  dose cal-  

culations and w i l l  be discussed i n  fur ther  de ta i l  i n  Chapter JV.  

The 232U daughters were i n i t i a l l y  removed f rom the sample by ispo 

exchange separation on April 18, 1975. Portions o f  t h i s  same s tock  

were used i n  experiments over t h e  following 190 days. Samples a t  two 

in t e rva l s  from this  stock were assayed fo r  L3Lll and *08Tl by spectrum 
1 3  

analysts t o  ver i fy  the content o f  *% and daughters i n  so lu t ion .  T 

r a t i o  a f  2 3 2 ~  and *''TI a c t i v i t y  to  to ta l  a lpha  a c t i v i t y  fer these 

analyses i s  l i s t e d  i n  Table 8. 

buildup o f  daughters i n  solution and t o  determine the quant i ty  o f  

These data were used t o  confirm the 
my 

present., 

w i t h  theoreti  cal val ws  e 

Ratios computed by spectrum analysis are i n  good agreement 
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Figure 12. F r a c t i o n  o f  t h e  Total !Alpha R a d i o a c t i v i t y  
from 2 3 7 u  a n d  2 3 2 u  Daqi1ters 
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-. Laboratory ........... -. - S p a ~ n ; ? :  nq ...* ............... o f  o,jp rims caqcio .~ 

- Collect,ion ....................... o f  Ripe Males . and Females ......... 

The h i g h  tox ic i ty  o f  t h e  radionricl ides being iavestigated,  t h e  

limited space available t o  perform the experiments, and t h e  short 

spawninq season of carp required considerable organization and advance 

planning be qiven t o  'chis study. I n  order to catch r ipe  male and 

female carp ear ly  i t 7  the  spzwiiing season, local residents and  other  

laboratory employws who condlacl. r ~ s e a r - c h  in the f i e l d  were asked t o  

inform the author whrn they f i r s t  sighted spawning carp .  I n  addi t ion,  

known spawning grounds were checked f o r  spawning ac t iv i  ty and water 

temperature on warm days a f t e r  April 1 ,  1935. 

Figure 13 marks t i l e  l oca t ions  whew spawning c a r p  were observed 

or  collected during t h e  spring o f  1975. ihe most. act ive spawning area 

was on Port Loudon Rcservoii appw'oximati.ly 10 miles west  of Knoxville, 
- lennessee. This i s  a shal low ernhaywrit approximately three acres in 

s i z e  w i t h  a heavy outgrowth o f  willow trees a t  one end- Since t h i s  

location was on p r i v a t e  property, permission was obtained from the land 

owner t o  gather r ipe specimens. 

Samples were usually collected with a dip net;  however, in 

cer ta in  i n l e t s  having a n a r r w  chdrlniel leading t o  open water,  s seine 

net was employed. Ripe specimens were checked t o  determine whether 

the  eggs o r  sperm had hrcn spei-it. 

placed in 0.44 rn ( I n )  x 0.56 m p las t i c  drums f i l l e d  w i t h  fresh lake 

water. Males and remales xclere seydw a t e d  d u r i n g  t ransport .  Portable 

I [ hose  s e l e c t ~ d  f o r  use were carefdl ly  
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Figure 13.  S i g n i f i c a n t  Reservoirs i n  Proximity t o  the Oak R i d g e  
Nat iona l  Laboratory  Where Active Spawning o f  

Pgprinz/.s cmpio Occurs During S p r i n g  
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aerators provided a forced ai '9" supply t o  maintain oxygen concentrations 

inside the drum. 

Figures 14  and 15 i l l u s t r a t e  a typical habitat  fo r  r ipe carp 

as well as the iiiethods used t o  col lect  specimens for- t h i s  study. 

__ SLawning Procedure -. 

A technique for spawning C. carTio in the laboratory was 

reported i n the 1 i teratut-e by Blayl ock and Gri f f i  t h .  83 Approximately 

1,000 eggs were stripped from the ripe female into a Nalgene (trademark) 

beaker containing 250 ml o f  0.6% NaCl in f i l t e r ed  spring water a t  25°C. 

The use o f  Nalgene provided a s ignif icant  improvement over Ellaylock and 

G r i f f i t h ' s  technique because the eggs did n o t  s t i ck  t o  the beaker walls. 

The d i lu t e  s a l t  solution removes the adhesive coating on the outside 

of the eggs and  prevents them from clumping Loyether. 

vigorously while several drops of milt  were stripped from the ripe inale 

in to  t he  beaker. Ferti liaat-ion was almost instantaneous. Eggs were 

then poured into 3.5 x 8.5 cm (10) p las t i c  dishes which contained 

approximately 75 ml o f  t e s t  solution. Eggs s t i l l  possessed adhesive 

properties and became fixed t o  t h e  bottom of the dishes. 

Fggs were swirled 

The spawning procedure i s  i l l u s t r a t ed  in Figure 16. Three 

persons were needed t o  carry out  the laboratory spawning. 

viduals h e l d  a iiiale or  female f i s h  while the third held the beaker 

Two indi- 

mum number o f  eggs f o r  one 

t h i s  number of eggs can be 

and poured eggs into the dishes. The o p t  

di sh i s approximately 1 S O .  W i  t h  practi ce 

poured and  di s t r i  b u t 4  uni forrnly. 
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Figure 14. Collectic., o f  Ripe Carp i n  the Field 
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Figure 15. Collection o f  Ripe Carp i n  the Field 
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Figure 16. Laboratory Spawning o f  Carp 
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The f e r t i l i z e d  eggs were not moved or disturbed during the 

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  prevent physical damage during 

the ear ly  development stages. 

mixture was discarded and the dishes were f i l l e d  w i t h  100 m l  of fresh 

t e s t  solution. 

a t  t h i s  time. 

After t h i s  period the NaCl t e s t  solution 

Large clumps o f  eggs and excess eggs were a l s o  removed 

The number of eggs i n  each dish was obtained using a hand 

counter and a grid placed under the dishes t o  prevent counting eggs 

more t h a n  once. 

often called "r ingers ,"  were also removed on a daily basis. 

cedure prevented the buildup of bacteria or fungus. 

Test solutions were changed daily and dead eggs, 

This pro- 

When toxic i ty  t e s t s  were performed inside the glove box,  eggs 

were spawned on the outside in 250 ml Nalgene bot t les ,  the top was 

placed on the bot t les ,  and they were p u t  in to  the glove box through 

the sphincter port .  This procedure required approximately one minute 

from the time eggs were stripped from the female until  they were 

placed i n t o  the t e s t  solution. 

In  natural waters, eggs are f i r s t  deposited by the female, and  

subsequently f e r t i l i z e d  by the male. The ideal s i tua t ion  fo r  these 

tox ic i ty  experiments would have been t o  strip eggs from the female 

in to  the t e s t  solution then add the sperm. However, the glove box 

imposed physical r e s t r a in t s  and required a delay period between when 

the eggs were stripped and when the sperm was added. 

In  the process of impregnation, an egg i s  penetrated by a sper- 

matozoon through an opening known as the micropyle. Almost immediately, 
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the opening i s  blocked by fur ther  entry o f  spermatozoa by a cor t ical  

reaction inside the An experiment was performed t o  determine 

the effectiveness o f  f e r t i l i z a t i o n  as a function o f  the t i m e  between 

st r ipping the eggs and adding the mil t ,  

in Figure 17. 

various intervals  of time while in the control group sperm was added 

immediately a f t e r  s t r ipping the eggs. The resul ts  of t h i s  experiment 

indicate t h a t  the most e f fec t ive  f e r t i l i z a t i o n  occurs when mil t  i s  

added within a few seconds a f t e r  the eggs are stripped from the female. 

Based on these da ta ,  i t  was decided t h a t  eggs should be f e r t i l i z e d  

before they were p u t  in to  the glove box. 

11- Attext .  t o  Delay Spawning 

These data are i l l u s t r a t ed  

In the t e s t  g r o u p  the addition o f  sperm was delayed for 

The spawning season f o r  C. eary~io may extend over a three month 

period during years when water temperature and other environmental 

conditions are favorable. However, i t  was desirable t o  have ripe male 

and female carp available f a r  t o x i c i t g  t e s t s  for  longer than three 

months i f  possible. Therefore 20 carp were collected during ear ly  

April and placed i n  1 m deep x 3 rn diameter pools i n  which water tem- 

perature was maintained a t  approximately 13°C. On June l o 3  the water 

temperature was siowly raised over a period of 14 days to induce 

spawning ac t iv i ty -  

T h i s  attempt t o  delay spawning was e f fec t ive  in producing rl’pe 

males th rough  July; however, no ripe females resulted f r o m  the experi- 

ment. Although there are reports i n  the l i t e r a t u r e  tha t  carp spawning 

ac t iv i ty  has been delayed successfully, there are several reasons 
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at t r ibuted t o  the f a i lu re  to  produce r ipe males and females in t h i s  

experiment. 

a d j u s t  well t o  the limited space available i n  the pools and a sui table  

spawning habi ta t  was not present. 

specimens jumped o u t  of the pool and died before July 1. I n  addition, 

the change from a n a t u r a l  d i e t  t o  a laboratory d i e t  may have inter-  

rupted normal sexual maturi ty. 

The most l ike ly  reasons were tha t  wild carp did n o t  

Approximately one-half of the 

Laboratory Spawning of PimepkzZes promelas 

Technique for  Obtaining P. promelas ~- E= 

I t  was necessary t o  design a system which would provide a plent i -  

ful supply of freshly f e r t i l i z e d  P. promeZcts eggs for use i n  toxici ty  

experiments with plutonium and uranium. Niazil” reported tha t  he was 

n o t  successful in f e r t i l i z i n g  fathead minnow eggs by s t r ipping eggs 

and mil t  from r ipe females and males. 

allowed the eggs t o  be l a id  and f e r t i l i z e d  by the f i sh  was desirable.  

Therefore a natural system which 

Eggs could t h e n  be checked t o  determine the stage o f  development. 

the a i d  of the biological clock for P. promeZas outlined in Chapter I1  

( p .  47) ,  those eggs which were not past the blastula stage were used 

W i t h  

fo r  toxici ty  t e s t s  and older eggs were discarded. 

Several techniques as well as two s t r a ins  of f i sh  were evaluated 

t o  provide a re l iab le  source of P. prometas eggs. 

obtained from a local f i s h  ba i t  dealer. The other s t r a in  was obtained 

from the Environmental Protection Agency, National Water Qual i ty  Board 

Stack a t  Diluth, Minnesota. 

One s t r a i n  was 
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The fathead minnow lays eggs in c lus t e r s ,  usually one egg deep, 

on the underside o f  objects. 

may be removed from the surface w i t h  a sgatala.  

cvrr-, i s  n o t  recommended due t o  potential physical injury t u  the eggs, 

Fggs are attached by an adhesive coat and 

T h i s  procedure, how- 

Nesting s i t e s  were cons t ruc t4  by cutting 7' cm (15)  p l a s t i c  

pipe i n  h a l i  arid i n  lengths o f  8 cm. The inside o f  the pipe was covered 

w i t h  a piece of 1 mm thick translucent polyethylene. 

was attached t o  the bot tom edges of tile pipe  w i t h  p l a s t i c  tape. 

e ra l  other materials t o  cover the inside o f  the pipe were tested. 

Among these were t e f ?on ,  a c e t a t e ,  and alriminurn f o i l .  Each o f  these 

had disadvantages of  e i t h e r  he jny  expensive, toxic to  the f i s h ,  or n o t  

acceptable by the f i sh  as a sat isfactory surface on which t o  build a 

nest and polypthylenc was used i n  subsequent work. 

The polyethylpne 

Sev- 

The use o f  polyethylene t o  cover the m d e i - s i d ~  of she l t e r s  has 

several d i s t i n c t  advantages. This material i s  f lexible  and assumes t he  

shape o f  the pipe. The polyethylene can he eas i ly  cut w i t h  a pair o f  

scissors  t o  provide a t es l  group of eggs and a contra? q r o u p  o f  eggs. 

Because this illaterial i s  translucent,  fresh eggs may be Qbse'sved under 

a microscope w i t h o u t  removing them f r om the polyethylene. 

The procedure followed t o  obtain eggs i s  i l l u s t r a t e d  i n  Figures 

18 and 13. 

arid placed i n  a l iving strearri or  aquarium, ( b ) .  The male fa thead pre- 

pared the nest  fo r  t h e  feliiale ( c )  and guarded the eggs attached to  tt ip 

t o p  o f  the she l t e r  ( d ) .  The polyethylene was removed from the  shelter 

af ter  t he  eggs were l a id  and excess polyethylene was discarded, Figure 

The polyethylenc was attached t o  t h e  she l t e r ,  Figure 1 8 ( a ) ,  
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Figure 18. Technique Followed 

f 

to Obtain Fathead Minnow Eggs 
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Figure 19. Technique Followed to Obtain Fathead Minnow Eggs 
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1 9 ( a ) .  The group of eggs was cut in to  two pieces, each piece containing 

approximately the same number of eggs ( b ) .  

lene were floated in s p r i n g  water in p l a s t i c  dishes with the eggs 

facing downward ( c )  a n d ,  i f  necessary, transferred to  the glove box ( d ) .  

The two pieces of polyethy- 

Three d i f fe ren t  sized containers were used for  holding the parent 

fathead minnows. 

470 l i t e r s ,  90 x 47 x 47 cm aquaria containing 170 l i t e r s ,  and 60 x 

30 x 30 cm aquaria containing 32 l i t e r s .  

yielded the most eggs. 

the eas ies t  t o  maintain. 

These were 210 x 54 x 54 cm living streams containing 

The small aquaria ultimately 

In  addition, the 60 x 30 x 30 cm aquaria were 

A total  of eight aquaria, each containing 

approximately four males and s ix  females, provided most of the eggs 

for  t h i s  study. 

Lighting, Temperature, and Feeding Regime 

I t  was determined t h a t  the type of food, the quantity of food 

administered a t  each feeding, and the regularity of feeding were s ig-  

n i f ican t  factors  influencing egg production. Breeders were given t r o u t  

s t a r t e r  mash, frozen adult  arternia, and l ive  newly hatched artemia 

dai ly .  The f i sh  were fed a l l  they would ea t  in the morning and in the 

afternoon on weekdays and once each weekend day. 

t o  reduce egg production. 

Excess food seemed 

Standard 40-watt fluorescent lamps a t  normal intensi ty  were 

operated by a timer t o  provide 16 hours of l i gh t  and 8 hours of dark-  

ness. The water temperature was maintained a t  25°C. Although most 

aqua r i a  were equipped with aerators ,  egg production in those aquaria 
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w i t h  no a e r a t i o n  was approximately t h e  same as i n  aquar ia  w i t h  aera- 

t i o n .  Each aquarium had a cont inuous s p r i n g  water f low.  

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, t h e  percent  o f  eggs hatching, o r  t he  s u r v i v a l  o f  l a r v a e  

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  are inc luded.  

Groups of 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.  promeZas under C o n t r o l l e d  Condit 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 (% 1 

2446 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  f o l l o w e d  

d u r i n g  t o x i c i t y  t es ts ,  i .e. ,  eggs which had passed t h e  b l a s t u l a  stage 

o f  development were n o t  used f o r  t o x i c i t y  t es ts .  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 t h e  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 fa thead minnow eggs r e q u i r e  approximately a l s o  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 bacteria.  

e f fec t ive  t o  remove a l l  o f  the eggs in the area o f  the fungus. 

Once fungus developed, i t  was often more 

111 P1 utoni urn and__lrani urn Chorion Penet ra t jm Experiments 

~.--------. Quant i ta t ive  Analyses 

One major objective of t h i s  study was to  invest igate  the bio- 

chemical behavior o f  plutonium and uranium associated with the devel- 

o p i n g  embryos of f i s h .  This included determining the quantity of these 

elements passing through the chorion and depositing in the egg  contents. 

The inforniation permitted an estimate o f  the dose to  the egg from alpha 

radioacti  vi t y  emi t t ed  by these el emerets. 

Carp eggs were placed i n  solutions containing approximately 

uCi/ml af  2 3 8 ~ u  o r  233U. Eggs were i n i t i a l l y  placed in  the radio- 

ac t ive  solutions a t  four stages o f  maturity: 

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 .  

not. imnediately exposed t o  238Pu or 233U were allowed t o  develop in 

f i l t e r e d  spring water unt i l  they were placed in the radioactive ss lu-  

Lion. 

e g g ,  saniples were taken and analyzed a t  f ive  in te rva ls  f o r  each of the 

f o u r  stages o f  maturity l i s t e d  above: (1)  2 hours, ( 2 )  8 hours ,  ( 3 )  

24 hours, ( 4 )  48 hours, and ( 5 )  72 hours. Quant i ta t ive meas~~renents 

of chorion penetration were m d e  by analymi rig radiaact ivi  ty  associated 

with three types of samples - t o t a l  egg, egg content, and egg membrane. 

The procedure outlined above i s  i l l u s t r a t e d  in Figure 20. 

( 1 )  iinmediately a f t e r  

Eggs t ha t  were 

In order t o  evaluate the accumulation o f  radioact ivi ty  by the 
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F i g u r e  20. Samples Taken f a r  Q u a n t i t a t i v e  Penetration Experiments 
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Thi s technique provided three speci f i  c types o f  information. 

F i r s t ,  i t  showed the accumulation o f  plutonium o r  uranium by the egg 

a s  a function o f  the time t h a t  the egg had been exposed t o  radioact ivi ty  

Second, t h i s  method demonstrated how chorion penetration was affected 

by the stage o f  development o f  the egg. Finally,  the three types o f  

samples, to ta l  egg, egg content, and egg membrane, helped t o  quantify 

radioact ivi ty  inside the egg  and radioact ivi ty  adsorbed t o  the egg 

men b r ane . 
Prior  t o  taking samples, eggs were t ransferred t o  a clean p l a s t i c  

d i s h  and rinsed with d i s t i l l e d  water. 

remove debris attached t o  the chorion and a so t o  remove radioact ivi ty  

not permanently fixed t o  the outside of the egg .  

separated fram the membrane by placing the 

paper. (product of W&R Balstan Limited), gently holding the egg 

f ine  forceps, and bursting the egg with a dissect ing needle.. 

content was absorbed by the paper and the membrane was retained by the 

tweezers for  separate analysis.  After the contents of approximately 

50 eggs had been absorbed onto  a small section of t he  paper usually 

about 4 cm in area,  excess paper was removed and the small piece con- 

ta ining the absorbed egg contents was p u t  i n to  a 15 rnm x 175 mm t e s t  

tube for  future  analysis.  Similarly, the membranes were p u t  in to  

another test  tube. 

eggs was placed in to  a t h i r d  tube. 

This procedure was followed t o  

The egg content 

gg on Whatman No. 42 f i l t e r  

The egg 

2 

In addition, a sample consisting of 50-100 t o t a l  

Pr ior  t o  analysis  by gross alpha counting, samples were t rans-  

ferred t o  30 ml beakers. Test tubes were rinsed w i t h  1 M n i t r i c  acid 
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t o  remove any plutoniiani or uranium t h a t  remained in the  battoin o f  t h e  

tube. Total eggs, egg membranes, and egg contents absorbed by the 

f i l t e r  paper were digested in a solution o f  10 rnl o f  concentrated n i t r i c  

acid and 5 ml o f  d i s t i l l e d  water maintained a t  low heat, Several drops 

of 30% hyclragen peroxide were a l s o  added a t  one hour intervals .  The 

pyrex beakers were covered with watch gS asses t o  reduce evaporation, 

and d i s t i l l e d  water ~ t ’  concentrated n i t r i c  acid were added periodically 

t o  keep the to ta l  volurne a t  15 m l .  

only t o t a l  eggs or meiiibranes could be completed in 2-4 h o ~ r s ;  however, 

digestion o f  the egg contents t h a t  had bean absorbed onto  f i l t e r  paper 

required 6-8 hours. 

Digestion o f  samples containing 

When the solution in a beaker became c l ea r ,  the 

watch 

2 .9  m 

s tee1 

The 1 

was h 

glass was reiiisved and the volume was evaporated t o  approximately 

. The solution was then transferred t o  a 5.0 cm (ID) stainless-. 

planchet. Beakers were r i n s e d  w i th  2-3 nil o f  1 . 0  M n i t r i c  acid. 

q u i d  in the planchet was evaporated t o  dryness before the sample 

a t e d  by f lame t o  f ix  the radionuclide t o  the planchet. Samples 

were analyzed for  gross alpha ac t iv i ty  using a gas-flow proportional 

co unte I’ f 

___ Autoradiograph ...... I M a t e r i  a1 s and .- Procedures 

Slide Preparation. Autoradiographs were made of egg sections 

t o  determjne the dis t r ibut ion o f  plutonium and uranium inside the egg-  

Two o r  three eggs were taken from each group exposed t o  238Pi1 o r  

in the quant i ta t ive penetration experiments and placed into a 10 x 72 mm 

233u 

t e s t  tube. 

following the procedure reported i n  the l i t e r a tu re  by Orlowski e t  a1 . 
Subsequently eggs were emhedded in a polyacrylamide gel 

133 
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Eggs were preserved in the gel under refr igerat ion until  they were pre- 

pared -for sectioning. 

The gel was renioved from the tube by pressure applied with a 

syringe f i l l e d  with d i s t i l l e d  water. 

nitrogen and 16 1~ thick sections c u t  w i t h  a microtome. 

e ight  sections were placed onto each s l ide  t h a t  had been coated with 

Haupt’s  Gelatin Affixative. 

Eggs and gel were frozen in l iquid 

Approximately 

Slides were dried f o r  30 minutes a t  35°C. 

... AutoradioJKapJ-.Procedure. The 1 iquid eiiiul sion dipping method 

di scussed by Gude’ 34 was fa1 lowed t o  prepare autoradiographs o f  s l ides .  

Kodak Nuclear Track Emulsion, type NTB, was melted in a water b a t h  a t  

42°C in a dark room. 

t o  assure uriiforni coating and dried i n  a ver t ical  position t o  allow 

Slides were dipped into the emulsion three times 

excess elnu 

sea 

e r a t i o n  t o  

O p t  

sion t o  drain away. Following t h i s ,  s l ides  were placed in 

ed t o  prevent exposure from l igh t ,  and kept  under re f r ig-  

prevent deterioration. 

inurn exposure period was determined by developing two o r  

three sl i des peri odi cal ly  a n d  observing the number o f  a1 pha par t i  cl e 

tracks tha t  had ‘ormed. Following exposurep autoradiographs were 

developed in Kodak D-19 deveJoper and Kodak f ixer .  

by dipping f o r  three minutes into a solution containing 1 .0  CJ o f  hema- 

toxylin,  0.6 g o f  aluminum ammonium sul fa te ,  and 1 . 2  g o f  mercuric 

oxide in 400 ml o f  water fallowed by one minute in an aqueous solution 

of 0.5% eosin. Slides were then dried a t  35°C. Photographs were 

prepared of selected s l ides  using Kodak Banatarna’c X film and a photo- 

mi croseope. 

Slides were stained 
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The second objective of this study was t o  determine the radio- 

logical and chemical toxici ty  of plutonium and uraniuin t o  developing 

f i s h embryos. 

investigations t o  es tab l i sh  an upper l imi t  o f  toxici ty  to  f i s h  eggs 

from exposure to radiation e f f e c t s  or chemical e f f ec t s  o f  plutonium 

or  urani urn. 

Procedure f o r  Toxicity Experiments 

There have been no previ aus concl us? ve experimental 

Toxicity t e s t s  were performed employing the eggs o f  carp and 

fathead minnows tha t  were obtained following the procedure outlined 

i n  the preceding sections. Eggs were placed i n to  the t e s t  solution 

immediately a f t e r  f e r t i l i z a t i o n  fo r  carp and between t h e  one cel l  stage 

and early blastula for  fathead minnows. 

disturbed d u r i n g  exposure except t o  change the t e s t  solution daily and 

t o  remove etnbryos tha t  had died. 

o f  eggs removed pr ior  t o  hatching and the number hatching. 

larvae were also observed. 

Developing embryos were not 

A record was maintained of the number 

Abnormal 

Usually three groups QF eggs, each group i n  a separate d i s h ,  

were tested f a r  each concentration of solution. However, i n  some cases 

where the quantity of isotope available was r e s t r i c t ed ,  fo r  example, 

244~u, only one o r  two groups per treatment concentration of eggs were 

examined a t  the higher concentrations. 

Procedure fo r  Survival Experiments ~~ 

Larvae were removed from the tes t  solution w i t h  an eye dropper 

a f t e r  they hatched. Approximately 100 larvae were retained t o  observe 
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su i -v iva1  f s l  lowing hatching for  most concentrat 

transferred to  13 x 20 x 33 cm p l a s t i c  pans and 

in an environmental chamber. L i g h t i n g  was regu 

ons. These f i s h  were 

maintained a t  24 i 1°C 

ated i n  the chamber t o  

provide 16 hours o f  l i g h t  and 8 hours of darkness. Each pan was 

equipped w i t h  a forced a i r  supply through an airstone. 

tained f ive  l i t e r s  o f  spring water and additional water was added as 

Each pan con- 

necessary t o  make u p  fo r  lasses by evaporation. Dead larvae were 

removed from the pans  a t  approximately three day intervals  and the 

nurnber removed was recorded, Live larvae were counted a t  three week 

i n t e rva l s  and the  water i n  the pans replaced w i t h  a fresh supply. 

Carp and fiattiead minnow prolarvae were not f e d  unt i l  7-10 days 

a f t e r  hatching. 

Postlarvae were fed a d i e t  of powdered freeze-dried mtemia  sprinkled 

on the surface of the wate r .  Dur ing  the f i r s t  30 days a f t e r  hatching 

larvae \ r~ere fed  a t  3 or  4 day intervals .  

interval s were decreased t o  dai l y  feedings. 

During this  period the yolk sac i s  be ing  absorbed. 

As growth progressed the 

Toxic Substances Evaluated .I_m_ 
~ . . . . .-. 

%MPu 232" In addition t o  evaluating the  toxici ty  o f  238Puy Y Y 

235Uy and 238U, t ox ic i ty  tests were also performed w i t h  trisodium 

c i t r a t e ,  Na3C6H507, and potassium fluoride,  KF. Upper l imits  f o r  

c i t r a t e  tox ic i ty  were needed because the c i t r a t e  complexes of plutonium 

and uranium were used. Potassium f luoride tox ic i ty  t o  developing eggs 

was a1 so investigated because o f  the potent-ial s ign i f icant  importance 

f l u o r i d e s  will  have as  a common chemical form of plutonium and uranium 

i n  t h e  nuclear fuel cycle. 
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CHAPTER I V  

RESULTS 

E i  Chorion Pe?etration .. .. by Plutonium and Uranirnni 

Quant i ta t ive . ... .. . .. . Experiments 

-. Plutonium. _.. . . . .- Appendix B l i s t s  the r e su l t s  o f  plutonium penetration 

experiments i n  which the egg conterit, the egg membrane, and the to ta l  

egg  were analyzed for  238Pu uptake. 

tes t  solution was 2 x low2 pCi/rnl. 

The concentration of the *'%u 

Three samples were prepared from 

eggs taken from each d i sh -egg  contents, egg membranes, and to ta l  eggs. 

The concentration o f  ac t iv i ty  i n  the carp egg was calculated by d i v i d i n g  

t h e  a c t i v i t y  per egg  by the egg volume, 4.2 x rnl ( a s s m i i n g  a mean 

e g g  diameter o f  2.0 m m ) .  The concentration factor  i s  a unitless value 

calculated by d i v i d i n g  the ac t iv i ty  concentration i n  the egg volume by 

the a s t iv i  ty concentration i n  the t e s t  solution. A concentration factor  

of one implies t ha t  the concentraLion i n  the egg contents i s  the same as 

the concentration i n  t he  test solut ion,  

Figure 21 graphically i l l u s t r a t e s  the data presented i n  Appendix B 

f o r  238Pu uptake by the to t a l  egg. 

plutonium uptake by the t o t a l  egg occurred continuously throughout devel- 

opment. fo r  eggs placed in solution immediately a f t e r  f e r t i l  i za t i sn  and 

two hours a f t e r  f e r t i l i z a t i o n .  Although n o t  included i n  Appendix B, a 

s imilar  s e t  o f  data fo r  t o t a l  egg uptake o f  238Pu were obta ined by 

I t  was concluded from Figure 21 t h a t  
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rinsing the eggs in EDTA chelating agent pr ior  t o  placing them in the 

t e s t  tube. Phis procedure was followed t o  remove plutonium loosely 

adsorbed t o  the egg membrane. 

Although the EDTA was e f fec t ive  i n  s l i gh t ly  reducing the to t a l  ac t iv i ty  

associated with each egg, the saine pa t te r  for  uptake was observed, 

narnely, a constant accumulation of pluton um. 

These data are depicted in Figure 22. 

Figure 23(a) shows the ac t iv i ty  o f  238Pu in t h e  contents of the 

egg. Uptake by the egg content continued throughout development a t  

approximately the same r a t e  regardless o f  the time a t  which the egg 

was f i r s t  exposed t o  the plutonium. Figure 23(b )  i l l u s t r a t e s  the 

percent of the to t a l  egg ac t iv i ty  tha t  i s  associated with the egg  

con t e n t s  

o u t  development, the f ract ion of ac t iv i ty  on the membrane and in the 

contents remained a t  a re la t ive ly  constant value. 

of the to t a l  egg ac t iv i ty  was inside of the egg and 67% remained w i t h  

the chorion. 

A1 though the egg continuously accumulated pl utoni urn t h r o u g h -  

A man value of  33% 

The concentration fac tor  for  238Pu i n  carp eggs exposed t o  

2 .0  x 10-L pCi/ml i s  i l l u s t r a t e d  in Figure 24. 

t e s t  solution 0, 2, and 23 hours a f t e r  f e r t i l i z a t i o n  exhibited s imilar  

uptake charac te r i s t ics .  

t o  plutonium, the concentration in the egg contents was greater  than 

the concentration o f  the t e s t  solution. A t  50 hours a f t e r  f e r t i l i z a t i o n ,  

the  concentration fac tor  for  eggs exposed immediately had increased t o  

a value of approximately three. Several conclusions were drawn from 

these data. 

Eggs placed i n t o  the 

Within 10 hours a f t e r  the eggs had been exposed 

F i r s t ,  plutonium uptake by f i s h  eggs occurs continuously 
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t h roughou t  development ra ther  t h a n  before water hardening o f  the chorion. 

Second, the ra te  of  plutonium uptake by the egg  contents i s  similar for- 

eggs placed into the t e s t  solution a t  0 ,  2 ,  and 23 hours a f t e r  f e r t i l i -  

z a t i o n .  

progressed indicating t h a t  a saturation level would be reached for  eggs 

Third, the r a t e  of plutonium uptake decreases as egg development 

which had an embryological development period longer than several days. 

lhe  concentration o f  p l u t o n i u m  i n  the egg contents was a function 

o f  the length o f  time t h a t  the eggs had been exposed t o  plutonium. 

Likewise, the absorbed dose r a t e  from alpha  radiations emitted in the 

egg was a function of the exposure period. I n  order t o  calculate the 

dose rate  a t  any given time d u r i n g  development, a function representing 

the uptake of plutonium by the contents of the egg had t o  be determined. 

Figure 25 shows a leas t  squares f i t  o f  the function y = c& where c i s  

a constant. The function was obtairiecl empirically and, w i t h  c, = 0.44, 

f i t s  the d a t a  well for  eggs exposed immediately a f t e r  f e r t i l i z a t i o n .  

___I..._ Uranium. The resul ts  o f  quantitative experiments t o  determine 

the penetration o f  uranium t h r o u g h  the chorion of carp eggs are in- 

cluded in Appendix 6.  Concentration of 233U in the t e s t  solution was 

1.2 x IO-* pCi/ml. ‘Three samples were again prepared - egg contents:, 

egg membranes, and to ta l  eggs. The technique used t o  obtain samples 

was identical t o  that  for  plutonium, 

Figure 26 depicts the uptake of 233U by the to ta l  egg as a 

function of the time a f t e r  f e r t i l i za t ion .  Unlike the graphical plot  

of similar data for  plutonium in Figure 21, i t  i s  d i f f i c u l t  t o  discern 

any regular pattern of uptake for  uranium. In general, however, i t  i s  
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IMMEDIATELY AFTER FERTlLl ZATION 
A 2 hr AFTER FERTILIZATION 
111 23 hr AFTER FERTILIZAT1ON - 

O 10 20 30 40 50 Go 70 80 9 

TIME AFTER FERTlLlZATlQN ( h r )  

Figure 25, Least Squares F i t  o f  t h e  Concentration Factor 
fo r  238Pu i n  Carp Egg Contents 
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noted tha t  the t o t a l  a c t i v i t y  per egg was l e s s  fo r  uraniurn than fo r  plu- 

tonium. 

cent of the to t a l  a c t i v i t y  in the egg contents as a function of time 

a f t e r  f e r t i l i z a t i o n  a re  well i l l u s t r a t e d  i n  Figures 27(a )  and 2 7 ( b ) .  

In contrast  t o  plutonium, a h igher  percent o f  the to t a l  egg a c t i v i t y  

T h e  a c t i v i t y  of 233U i n  the contents of carp eggs and the per- 

was associated w i t h  the egg content rather than the membrane. 

t h a t  the percent of t o t a l  ac t iv i ty  i n  the egg contents remained approxi- 

Assurning 

mately constant, a mean value o f  60% was calculated. 

The concentration factor  f o r  uranium i n  the egg contents as a 

function of the time a f t e r  f e r t i l i z a t i o n  i s  displayed i n  Figure 28. 

f o r  eggs exposed irmediately, t he  concentration factor  increased t o  a 

maximirm o f  0.8 then decreased t o  a value of 0.1 a t  50 hours. 
. 

Similarly,  

w i t h  eggs exposed l a t e r  d u r i n g  embryological development, the concen- 

t r a t ion  factor  increased t o  a maximum then decreased again. The d i s t r i -  

bution of these data suggested t h a t  uranium was absorbed and l a t e r  

excreted by the embryo d u r i n g  development. 

analyzed the carp spawning season was over and i t  was not possible t o  

When these data were 

repeat the experiments t o  verify the uptake pattern i n  F i g u r e  28. 

fore ,  a s e r i e s  o f  experinients were performed ta  evaluate the uptake of 

233ti u s i n g  fathead minnow eggs as a t e s t  organism. 

the fathead egg  made quant.i t a t i v e  experiments i n  which the membrane 

There- 

 he small s i ze  of 

arid egg  contents were separated d i f f i c u l t  t o  perform and only uptake 

by the to t a l  e g g  was analyzed. 

solution fo r  varying periods o f  time before the sample was taken 

although exposure began befare the blastula stage i n  each case. 

Eggs were exposed t o  t he  233U t e s t  

T h e  
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EGGS PLACED IN 233U SOLUTION: 

IMMEDIATELY AFTER FERTIL IZATION - 
A 2 h r  AFTER F E R T l L i Z k T l O N  
I 25 hr AFTER FERTILIZATION 

1.4 

1.2 

0.2 

I 

'10 ?5 20 25 30 35 40 45 5 0  0 5 
TIME AFTER F E R T l L I Z A T l O N  (h r )  

Figure 28. Concentration Factor f o r  233U -in 
the Contents of  Carp Eggs 
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concentration factor  was calculated by assuming 60% o f  the t.atal egg 

a c t i v i t y  was i n  the egg  contents. 

The r e su l t s  of this experiment are shown in Figure 29. These 

data suggest t h a t  t he  concentration f a c t o r  did n o t  vary  considerably 

over the incubation period, 

indicated i n  the figure. 

A mezn concentration f a c t o r  0.f 0.38 i s  

Several conclusions were drawn f rom these data regarding the pene- 

. The concentration o f  uraniutii i n  the mu t r a t i o n  o f  t h e  chorion by 

egg  contents varied widely dilririg emhryslogical development as a resIrl t 

o f  physiological changes i n  the egg ,  

was n o t  great ly  accumulated by the developing fish egg.  

t r a t ion  factor  o f  0.42 was calculated f r o m  the &ta i n  Figure 28 and a 

f ac to r  o f  0.38 i n  Figure 29. 

dose calculations used l a t e r  i n  t h i s  study i t  was assumed tha t  the concen- 

t r a t ion  f ac to r  f o r  urani'um i n  the egg  contents was a constant value of 

0.4 throughout develspment even though i t  was recognized t h a t  there 

appears t o  be a wide variation i n  the data i n  F ig t i res 28 and 29. 

f i c i e n t  data a r e  available a t  this time t o  incorporate the uptake o f  

uranium as a function o f  time i n t o  dose estimates. 

Summary . . . . o f  QJjantitative Data. . .... . . 

These d a t a  indicate t h a t  uranium 

A mean concen- 

These values were i n  good agreement. For 

I n s u f -  

The preceding discussions on p l  u- 

tonium and uraniurri penetrat ion of the egg  chorion are s~immarizcd below. 

1.  Plutonium uyt.ake by t h e  egg contents assuming uniform 

d i s t r i bm t i on 
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where 

6 ( t )  = concentration factor  (dimensionless) for  the 

egg con ten ts  a t  time t ,  

t = time a f t e r  t he  eggs were placed i n t o  the t e s t  

sol u t i  on , and 

IC = 0.44. 

2 .  Uranium uptake by egg contents assuming uniform dis t r ibut ion 

where 

6 :r iiiean concentration factor  for  t h e  egg contents, 

Autoradiographs 

Pl utoni urn. Autoradiographs were prepared accord ing  t o  the pro- 

These autoradiographs can- cedures outlined i n  the preceding chapter. 

firmed t h a t  although a buildup o f  ac t iv i ty  occurred on the chor ion, 

plutonium a l s o  entered the contents o f  t h e  egg and was uniformly d i s -  

tr ibuted. 

autoradiographs. 

The optimum exposure period was four days fo r  plutonium 

Figures 30(a) and 3Q(b) depic t  autoradiographs made from carp 

eggs t h a t  remained i n  the t e s t  s a l u t i o n  fo r  two separate lengths of 

t i ne .  

zation; i n  Figure 30(a) the egg was removed and embedded i n  gel a f t e r  

23 hours and i n  Figure 3 0 ( b ) ,  a f t e r  68 hoinrs. 

water pr ior  t o  embedment. 

Both eggs were placed i n  the solution irrrniediately a f t e r  f e r t i l i -  

Each egg was rinsed w j t h  

In Figure 30(a) the per iv i te l l ine  space i s  
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v i s ib l e  as well as outlying layers of the germ ring. 

i s  noted by the alpha pa r t i c l e  tracks,  mast of which are  located on the 

egg membrane. 

observed although more accumulation of plutonium has taken place both 

on the membrane and in the egg contents. 

however, i s s t i  11 re1 a t i  vely u n i  forin. 

Plutonium a c t i v i t y  

In Figure 30(b) ,  the sariie dis t r ibut ion o f  ac t iv i ty  is  

Dis t r ibu t ion  inside the egg, 

Some alpha pa r t i c l e  tracks were noted on the outside of the egg 

These tracks most 1 i kely resulted membrane i n  the embedding material 

froni plutonium which was mobilized before the acrylamide gel became 

firm. 

t o  determine whether the m i  crotorrie kni  f e  spread p l  utoni urn through the 

section d u r i n g  cutt ing,  

i t  was predicted tha t  one area o f  the embedding gel outside the membrane 

would have a h i g h  concentration o f  alpha pa r t i c l e  tracks.  

observed. 

t e s t  solution fo r  a l l  i n t e rva l s  and dis t r ibut ion was uniforni throughout 

the pe r iv i t e l l i ne  f l u i d ,  yolk, and embryo. 

Autoradiographs were careful ly  scanned around the circumference 

I f  the knife had redistributed the plutonium, 

This was nat 

Plutonium was found i n  the contents of eggs exposed t o  the 

One charac te r i s t ic  of plutonium adsorptian t o  the egg chorion 

was the formation o f  intense localized ac t iv i ty .  

were observed on a l l  o f  the plutonium autoradiographs. Figure 31 shows 

a typical hot spo t  on the outside surface of a carp egg. A study of 

the hot spots under h i g h  magnification clear ly  demonstrated t h a t  the 

points o f  intense localized ac t iv i ty  were located an the outside of the 

chorion. 

pa r t i c l e  emissions a t  these points was insignif icant  compared t o  the 

These "hot spots" 

Therefore the absorbed dose t o  the embryo from the alpha 
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absorbed dose from alpha radi0activit.y originating inside the egg. Hot 

spots were n o t  observed within the egg contents. 

Several eggs t h a t  had been exposed to plutonium were rinsed with 

a 10% solution of EDTA chelating agent before they were embedded in gel.  

A count was made to  determine the number of hot  spots on eggs tha t  had 

been rinsed w i t h  and without EDTA. A total  of 31 hot spots were found 

on 25 egg sections made from eggs rinsed only in water while 14 h o t  spots 

remained on sections o f  eggs that  had been rinsed in EDTA. These data 

confirmed tha t  the points of localized ac t iv i ty  were n o t  permanently 

attached t o  the she l l .  

__.- Uranium. Autoradiographs o f  egg sections tha 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 des  were dipped in the NTB emulsion. 

interval they were kept under refrigeration i n  l igh t - t igh t  boxes t o  mini- 

mize deterioration of the emulsion. 

Most o f  the 233U autoradiographs were developed between 50 and 

Dur ing  t h i s  

The dis t r ibut ion o f  uranium associated w i t h  the developing f i sh  

Hot spots were n o t  observed on egg contrasted greatly w i t h  plutonium. 

egg sections containing 233U. Uranium did n o t  adsorb t o  the chorion as 

readily a s  plutonium. More important, uranium was not dis t r ibuted 

equally throughout the egg contents bu t  was localized primarily in the 

yo1 k. 

Figures 32(a) and 32(b) are composite photographs showing 16 p 

sections o f  carp eggs incubated in 233U and 238Pu. Each composite was 

prepared by joining seven individual photomicrographs or iginal ly  taken 
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a t  a m a g n i f i c a t i o n  o f  x83 us ing  a green l i g h t  f i l t e r .  

p o s i t e s  were 1.2 m i n  length.  

233U f o r  approximately two hours be fo re  i t  was embedded i n  t h e  a c r y l a -  

mide ge l ,  The egg i n  F igure  32(b) remained i n  the  238Pu t e s t  s o l u t i o n  

The o r i g i n a l  com- 

The egg i n  F igure  32(a) was exposed t o  

for  approx imate ly  23 hours and organogenesis was i n  progress when t h e  

sample was taken. Autoradiograph exposure pe r iods  were 52 days f o r  

uranium and 4 days for  plutonium. 

T o x i c i t y  ,Experiments 

P1 u t o n i  uin 

,...-II Plutonium-238. One o b j e c t i v e  t o  the  t o x i c i t y  experiments was t o  

e s t a b l i s h  an upper l i m i t  for  t h e  t o x i c i t y  o f  p lu ton ium and uranium t o  

f i s h  eggs. T h i s  had n o t  been done by prev ious  i n v e s t i g a t o r s .  Auerbach 

e t  a l . ”  r e p o r t e d  t h a t  no e f f e c t s  were observed on t h e  ha tch ing  o f  carp 

eggs o r  t h e  number of abnormal l a r v a e  o c c u r r i n g  when the  eggs were 

exposed t o  5 x p C i / m l  o f  P ,u ( IV ) -c i t ra te .  There fore  i t  was decided 

t o  beg in  these experiments a t  a concen t ra t i on  o f  238Pu o f  approximately 

0.1 $ i / m l  and inc rease t h e  concen t ra t i on  u n t i l  e f f e c t s  were produced. 

The t o x i c i t y  o f  238Pu as determined by the number o f  C. carpio 

eggs t h a t  hatched and t h e  s u r v i v a l  o f  l a r v a e  i s  dep c t e d  i n  F igure  33. 

The data from which t h i s  t o x i c i t y  graph and the  fol  owing t o x i c i t y  

graphs were taken a re  conta ined i n  Appendix C .  A l l  da ta  p o i n t s  repre-  

sen t  t h e  mean number of eggs t h a t  hatched expressed i n  percent.  

t h r e e  dishes of eggs were exposed a t  each concen t ra t i on  tested.  

Usua l l y  

T o x i c i t y  graphs show 95% conf idence l i m i t s .  These l i m i t s  were 

computed by us ing  the  normal approximat ion t o  t he  b inomia l  d i s t r i b u t i o n  
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CONCENTRATION OF 2 3 8 ~ u  SOLUTION (pc i /m l )  

Figure 33. Effect o f  238Pu on the Hatching of Carp 
Eggs and the Survival o f  Larvae 
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since t h c  number of eggs tes%ed a t  each concenlration  as large. 

Exac.7. T P S ~  w a r  iiscd t i 1  determine whether there was a signif icant  d i f -  

Fisher's 

ferehrcx bctcveerr tire number of abnormal 1 arvae produced i n  control and 

contFm1nated solutions.  A discussion o f  t h i s  test  was reported by 
135 Osile. 

A concentration o f  7 . 5  pCi/ml o f  2 3 8 P ~ i  d i d  no t  ent i re ly  inh ib i t  

caip eggs from h a t c h i n g .  Hoir'ever, s ign i f icant  numbers of abnariiialities 

resulted and m o s L  o f  'the larvae d i e d  w i t h i n  several hcrurs a f t e r  h a t c h i n g .  

A t  3 - 9  pCi/rnl a normal h a t c h i n g  occurred a l t h o u g h  there was a s i y n i f i -  

ca: i t iy  higher number o f  abnormalities t h a n  i n  t h e  control group and 

lar-vae d i d  n o t  survive more than 48 hours a f t e r  hatchinq. 

t i m s  o f  1.6 pCi/ml and 0.16 wCi/ml d i d  not a f f e c t  ha tch ing  and no 

Concentra- 

s ign i f icant  e f f e c t  was observed on t h e  survival o f  larvae exposed t o  

1tit3"se levels o f  ac t iv i ty .  I I< 

F i  gure 34 i 11 ustriites the results of t o x i  c i t y  experiments and 

suivival of larvae us i l i g  P. promeZas eggs as the t e s t  organism.  

data p o i n t s  a r e  present i n  the  graph  because there were no time limi- 

More 

ta t i i jns  imposed by the spawning season as w i t h  carp. Again, three sepa- 

ra te  gr'oujis o f  eggs constit.ut?d each point and 95% confidence l imits  

a r e  indicated. 

instead o f  three as w i t h  carp,  e f f ec t s  were predicted a t  lower concen- 

t r i t i o n s .  

coi-ica3trations greater  t h a n  t h i s .  Most o f  t h e  larvae were abnormal a t  

0.85 pCi/ml and many hatched prematurely. Even a t  0.26 vCi/ml there 

were a s ign i f icant  number o f  abnormal larvae and approximately one-third 

Because the fathead e g g  required seven days t o  hatch 

Ha tch ing  was severely inhibited by 1.3 pCi/ml of 238Pu and 
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EGGS PLACED IN 2 3 e P ~  SOLUTION 
I M M ED I AT E LY A F T E R FE RT I L I 2 AT I Ohi 

WITH CITRATE 
ONTROLS IN FILTERED SPRING WATER 
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F igu re  34. E f f e c t  o f  238Pu on the Hatching o f  Fathead Minnow 
Eggs and t h e  S u r v i v a l  o f  Larvae 
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o f  i i r ~  l a r v a e  hiiir-lied 12-24 hours ear ly .  The survival of fathead minnow 

l a r u ? :  rlcsrly deliionstrates t h a t  0.26 liCi/ml o f  238Pu prsduccd no viable 

F r y .  A h i (3her m o r t a l i t y  r a t e  lrdas also o b s e r v ~ d  d u r i n g  the t i m e  the yolk 

r j r i n g  absorbed f o r  0.076 $i/ml and 0.02 uCi/ml. There 3nlet-e no 

obd-cius e f f e c t s  a t  0.0056 ILi/ml OBI e i t h e r  hatching o r  survival .  

l ie m s s  concentration o f  2 3 8 ~ u  a t  t h e  maximum a c t i v i t y  s t u d i e d  

i n  til ;; r.xper.iiiiieni, 7 . 5  pCi/ml, was approximately 0.44 ppm. A maximuin 

uppot- 'I liiit i i i t  ci t,ratc was 3 x 1 0 * - ~ % .  

P I  I Litoni  --I___ uui- 244. The r e s u l t s  n f  tox ic i ty  experiments i n  whi ch 

carp eggs and f a t h e a d  ininnow eggs were exposed t o  2441'u are shown i n  

F i q i i r c  3s. A t  20 pprn 2 4 4 P u ,  the  

a1pi-i; a c t i v i t y  wac approximately 2 x uCi/mi and an upper l i m i t  f o r  

c i t r a t e  coticer;trzltion wac  3 x 10 %. PIlatoniu11-1-238 and c i t r d t e  were 

x!d& t o  c o n t f o l  solut ions to  provide s imilar  radioactivi  t y  and c i t r a t e  

cr"lilrE;ii.r-;ltialis t h a i  ?xistad i n  the t e s t  medium. 

Ths datr: are presentcd i n  Appendix C .  

-2 

' ~ w n t y  p a r t s  per m i l l i o n  o f  2 4 4 ~ u  i n  the t e s t  solution prevented 

Carp embryos i n  20 ppm 2y4Pu did n o t  h o i i ~  L Y ~ K S  o f  eygs  fro^ hatching. 

w a i h  the eyed s tage  before  dying and 9 ppm delayed hatching appraxi- 

y s i x  hours l a t e r  than controls.  

Contru i  groups f o r  20 ppm 2 4 4 ~ u  had normal hatches. 

Fathead minnow eggs were dead by 

the rw i - t i i  NO 

r l iFCr rence was ohserved between the survival o f  control and tes t  larvae.  

The 1 imi tcd quanti t y  o f  7qqPu avai 1 able for  these experiments 

prohi h-i teed deterninat i  ons f o r  t n x i  ci t y  a t  concentrations between 10 pprn 

anti 211 ppm. The test. solut ion was recycled in an attempt t o  o b t a i n  
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F i g u r e  35. Ef fec t  o f  244Pu on the Hatching af Carp 
and Fathead Mifincaw Eggs 
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more d a t a  a t  2 0  ppm; however, the results o f  experiments using the 

recycled mixture were e r r a t i c  and inconclusive. 

Urani urn ~ - - ~  

Uranium-232. The e f f e c t  o f  232U on the hatching of carp eggs 

and  larvae survival i s  i l l u s t r a t e d  i n  rigure 36, 

prevented a t  12.5 uCi/ml and eggs d i d  n o t  l i v e  f o r  48 hours. 

exposed t o  5.0 1 i C i / m l  developed f u l l y  b u t  were n o t  viable a t  hatching. 

A normal hatch N ~ S  observed a t  1.2 riCi/ml and  0.3 pCi/ml; however, none 

o f  the larvae exposed t o  these levels survived more than 13 days. 

12 abnormalities resul ted among the 1.  '2 pCi/ml group. 

Hatching was e n t i r e l y  

Embryos 

Also, 

Similar data f o r  fa thead minnows are presented graphically i n  

Figure 37. 

o f  0.5 pCi/nil or greater .  

a t  0. '2 pCi/rnl and 5 abnoi-rnals were observed a t  0.85 uCi/ml. 

vival p lo t  indicated t h a t  0.21 pCi/ml was lethal ¶ while no e f f e c t  or, 

None of the eggs hatched tha t  were exposed t o  concentratioris 

Gross abnormalities resul ted among larvae 

The sur- 

survival was noted a t  exposure levels  below this value. 

The uranium mass concentration a t  12.5 pCi/ml was approximately 

0.6 ppm and t h e  rapper l i m i t  f o r  c i t r a t e  in solution \vas estima,. fed t o  

be 5 

Urani ... u m - 2 s r . . . ? ? ,  233 

The chemical tox ic i ty  of  uranium t o  deve lop ing  carp eggs i s  

demonstrated i t i  Figure 38 along w i t h  survival data f o r  t e s t  groups. 

I s o t o p e s  eiiiployed t o  obtain each da ta  point are  indicated.  C i t r a t e  

was not added t o  the solutions i n  which t h e  control groups were devel- 

oped. These experiments f a i l e d  t o  establ i sh a cons1 usive upper 1 i m i  t 
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.. ... __ .. . .. . . . . 

TIME A F T E R  HATCHING (doys)  

Figure 3 6 .  Effect o f  232U on the Watching of  Carp 
Eggs and t h e  Survival o f  Larvae 
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QRNL-DWG 75- 16406 
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60 

232U ( +  DAUGHTERS) SOLUTION IM-  
MED I AT E LY AFTER FE R I  I LI Z A T  ION 

40 

10-2 2 5 lo-’ 2 5 100 2 5 10’ 2 

20 

0 

CONCENTRATION OF 232U + DAUGHTERS BASED ON GROSS A L P H A  ANALYSIS (pC i /m l )  

W 
a 

TIME AFTER HATCHING ( d a y s )  

Figure 37. E f f e c t  of 2 3 2 U  on the  Hatching o f  Fathead 
Minnow Eggs and t h e  S u r v i v a l  o f  Larvae 
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f o r  uranium chemical toxicity.  

.test group. 

experiment may have been affected by radiological effects .  Only 82% 

of the eggs hatched t h a t  were exposed to 10 ppm 238U while the control 

g roup  had a 94% hatch. Also,  s ix  abrrorrnal larvae were present. The 

survival o f  control larvae was n o t  included in t h e  lower g r a p h  i n  

Figure 38 i n  order t o  minimize the number of lines i n  the g r a p h .  There 

was , however, no significant difference be t~~een  t h e  survi val of t e s t  

1 arvae and  control 1 arvae, 

-.. Citrate  ... ... 

A t  70 ppm a 76% hatch resu1t.d in the 

However, 233U was the isotope used and t h e  outcow of this  

The toxicity o f  trisodium c i t r a t e ,  Na r H 0 as determined by 

the nuinber of carp eggs hatching i s  shown a t  the  top o f  Figure 39. A 

concentration o f  0.1% of Na3C6H507 caused the eggs t o  die a f te r  24 hours 

and a noticeable reduction i n  hatching occurred a t  5 x 

a normal h a t c h  m s  observed a t  

hours l a t e r  t h a n  controls. 

______._._I_ Potassium Fluoride 

3”6 5 7‘ 

Al though 

the test. group hatched several 

P, toxici ty  experiment was conducted to establish the e f f e c t  o f  

potassium fluoride, KF, on carp eggs. The  results are depicted i n  the 

bo t tom graph a f  Figure 39. Hatching  as not  affected by ~ o n c e n t ~ ~ i t i ~ ~ n s  

o f  fluoride i o n ,  F - ,  of 100 ppm and less.  

190 pprn did n0.L survive more .than 12 hours. 

larval survival was not performed. 

Larvae t h a t  hatched a t  

A long-term study o f  
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Figure 39. The Effect o f  Trisodium Citrate and Potassium 
Fluoride on the Hatching o f  Carp Eggs 
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Assessment o f  t h e  Dose 
-_---L-----..-~ I.-.- 

___I...... Introduction 

The dosimetry for f i sh  embryos exposed t o  238Pu and 2321i involved 

several variables. These included the rate o f  transport of the  radio- 

nuclide! through t he  chorion, concentration of the radionuclide in the 

contents, distribution o f  the  radionuclide inside the e g g ,  geometric 

characterist ics of the egg, length o f  time i t  takes f o r  the egg t o  

hatch, and the type of radioactivity being considered. 

ture ,  there have been no a t tempts  t o  incorporate a l l  o f  these variables 

In the  l i t e r a -  

into dosimetric calculations. 

The dimensions f o r  C. earpio eggs and P. promelas eggs are shown 

in Figure 40. 

assumed by Woodhead3’ and Traba7ka.74 

These dimensions are approximately the same as  those 

P o i n t  P indicates the region o f  

the egg where embryonic development takes place. Embryo diameters and 

chorion thicknesses were based on measurements made by the author .  

The maximum range o f  an alpha par t ic le  f rom 232U o r  238Pii i n  water 

i s  approximately 40 b. 

and the protection afforded by the per ivi te l l ine space surroundi rig the 

yo1 k and bl astodi sk duri ng early embryoni c development, i t  was assumed 

t h a t  alpha par t ic les  originating i n  the medium surrounding the egg and 

Considering the 20 1-1 thickness o f  the chorion 

on the chorion surface did no t  cantribute appreciably t o  the dase a t  

point P i n s i d e  the egg. 

The geometry was a l s o  simplified by assuming t h a t  eggs were 

en t i  rely surrounded by radi oacti ve sol uti on. 

estimate o f  the dose since eggs were a t tached  t o  the bottom of the dish 

Thi s leads t o  an over- 
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or t o  (.he underside of a piece o f  f l o a t i n g  polyethylene.  

required 72 hours f o r  C. carpi0 eggs and 168 hours f o r  P. promeZas eggs. 

Embryogenesis 

I n  the  case o f  238Pu,  the  dose r a t e  was a f u n c t i o n  o f  the 238P~i  

concentrat ion i n  t he  egg content .  Based on autoradiographs,  i t  was 

assumed t h a t  t ~ t e  2 3 8 ~ u  was u n i  formly d i  stri  bint.ed t:hr-ouyhout the egg 

volume. 

The t o t a l  dose t o  the egg from 232U was the r e s u l t  o f  three 

types o f  r ad ia t ion  alpha,  be ta ,  and gamma. The cont r ibu t ion  i o  tire 

t o t a l  dose from each type o f  rada’at ion i s  a funct ion of the degree of 

ecjui 1 i bri urn between 232U and daughters. Since exposure froiii a1 pha 

r ad ia t ion  occurred only when t h e  a l p h a  o r i g i n a t e d  in  the egg conten ts ,  

exposure immediately a f t e r  eggs were placed i n  Lhe contaminated solu- 

t i o n  was from beta  and gamma r ad ia t ion .  As the alpha-emitt ing radio- 

nucl ides  penetrated the c h o r i o n ,  t h e  dose r a t c  t o  t h e  egg contents from 

t h a t  alpha r a d i o a c t i v i t y  exceeded t h e  dose r a t e  from beta and gamma 

r a d i o a c t i v i t y .  

I n  t h i s  study,  232iJ was used approximatply 35 days a f t e r  separa- 

t i o n  from daughters f o r  C. carpio eggs and 180 days a f t e r  separa t ion  

from i t s  daughters for  P. p r m e l a s  eggs. The concentrat ion of alpha 

a c t i v i t y  in  the test  so lu t ion  was determined by gross a lpha  ana lys i s .  

Dose ra tes  were ca lcu la ted  far  alpha,  beta,  and gamnia r a d i a t i o n  f o r  

1 pCi/rnl o f  alpha r a d i o a c t i v i t y  i n  the medium surrounding the egg, 

The e f f e c t i v e  energy f o r  a lpha,  beta,  and ganutia r ad ia t ion  per d i s in te -  

gra t ion  of alpha r a d i o a c t i v i t y  as a f u n c t i o n  of the t i m e  a f t e r  232U had 

been separated f rom i t s  daughters a re  shown in Figure 41 and Figure 42. 
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ORNL - DWG 76-1637 

TIME AFTER SEPaRATlON OF 232U FROM DAUGHTFRS [ d a y s )  

0 R N L- DIV G 7 6- 4 69 6 

2 { o - ~  
0 40 80 120 460 200 240 

TIME AFTER SEPARATION 
nF 232u FROM DAUGHTERS (days) 

Figure 42. E f f e c t i v e  B e t a  and Ganirrla Ener y per Disintegration 
o f  Alpha A c t i v i t y  in a Solution o f  q 3 2 U  3. Daughters 
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.-- Dosimetry f o r  P1 utoni um-238 

T h e  dose r a t e  t o  the embryo from 238Pu was calculated using the 

following expression: 

b (t)  = 2.13 C 6 ( t )  rad/hour a (3)  

where 

d,(t) = dose r a t e  a t  time t (rad/hour) to  the egg contents 

from alpha rad ioac t iv i ty ,  
-rad 2.13 = a normalizing constant -(pCi-hoir MeV/dis 

E: = ef fec t ive  absorbed energy (MeV/dis) for  alpha r a d i o -  a 

ac t  i v i ty  , 
C = concentration (&i/ml) of alpha radioact ivi ty  i n  the 

tes t  solut ion,  

6 ( t )  = concentration fac tor  (dimensionless) for  the egg 

contents a t  time t ,  and 

t = time a f t e r  the eggs were placed in to  the test  solut ion.  

For the purpose o f  dosimetric calculat ions,  i t  was assumed t h a t  b o t h  

e. carFio eggs and P. promelas eggs were placed into the t e s t  solution 

immediately a f t e r  f e r t i l i z a t i o n .  

Equation 3. 

The dose was calculated by integrat ing 

t 
D ( t )  = 1 6 c1 (.r) d-c rad 

0 
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where 

Da(t) :: d o s e  ( r a d )  t o  t h e  egg con ten ts  .from f e r t i l i z a t i o n  t o  

t i m e  t ,  and 

T =. time v a r i a b l e  of i n t e g r a t i o n  ( h o u r ) .  

As p r e v i o u s l y  discussed, the c o n c e n t r a t i o n  f a c t o r  f o r  t h e  egg contents  

for 2 3 8 ~ u  as a f u n c t i o n  o f  t i m e  t was determined t o  be 

S u b s t i t u t i n g  t h i s  f u n c t i o n  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  t h e  

exp ress ion  f o r  dose f r o m  238Pu. 

D (t)  = 0.625 E C t3/* r a d  a a 

'The va lue o f  E 

func t i ons  f o r  t h e  c o n c e n t r a t i o n  o f  238~)u i n  the e g g  con ten ts  f o r  b o t h  

c'. carpio eggs and P. promeIas egqs a r e  i d e n t i c a l ,  then the  dose For 

a u n i t  c o n c e n t r a t i o n  o f  a lpha  a c t i v i t y ,  C := 1 p C i , h 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  t h e  e g g  development p e r i o d  o f  each species f o r  t h e  t ime 

o f  i n t e g r a t i o n ,  t. The t o t a l  h ~ i n o g e n e o ~ s  dose t o  ca rp  eggs incuba ted  

i n  1 pCi/nil o f  238Pu was es t ima ted  t o  be 

for- 238Pu was 5.49 MeV/dis. I f  i t  i s  assumed t h a t  the a 
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D a (carp)  = (0 .625)(5.49)( l ) (72)3/2 rad 

Da(carp) = 2096 rad 

e corresponding dose t o  fathead minnow eggs was calculated by subst i -  

t u t i n g  t = 168 hours.  

Da(fathead minnow) = 7472 rad 

The  dose r a t e  in rad/hour as a function of tinle fo r  eggs exposed 

t o  1 I.Ki/rnl of 238Pu i s  i 1 lus t ra ted  in Figure 43, 

Dos irrietry for  - Urani um-232 

Dose from Alpha R a d i o a c t i v a .  - The dose t o  the f i s h  embryo from 

alpha rad ioac t iv i ty  of 232U and daughters was computed using Equation 3. 

However, the expression f o r  the concentration f ac to r ,  6 ( t ) ,  was assumed 

t u  be independent of time and remained constant t h r o u g h o u t  development. 

The concentration fac tor  f o r  uranium was estimated i n i t i a l l y  t o  be 0.4 

based on the r e su l t s  o f  quant i ta t ive  penetration experiments using 23 3u 

(see p .  1 1 0 )  and assuming unifom dis t r ibu t ion  throughout an egg volume 

o f  4.2 x m l .  However, autoradiographs l a t e r  revealed tha t  the 

233U present in  the egg contents was localized primarily i n  t h e  yolk sac.  

For dosimetric calculat ions,  i t  was assumed tha t  a l l  o f  the uranium 

i n  the  contents o f  the egg  was located in the yolk  sac even though i t  

was observed tha t  some o f  the uranium was d is t r ibu ted  across the yolk- 

t i s sue  in te r face .  Therefore the dose computed f o r  the yolk described in 
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the following paragraphs would also be approximately equal t o  the dose 

a t  the yolk- t issue interface.  

The volume o f  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 mi; a corres- 

ponding value just p r i o 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 rnrci a t  hatching. 

For the purpose o f  dose calculat ions,  mean yolk s a c  diameters o f  1.0 m 

f o r  carp and 0.64 mm f o r  fathead minnows were assumed. These diameters 

resul ted i n  yo1 k volumes of 5.2 x lo-‘ ml and 1.5 x 

Based on measurements by this author a mean yolk sac  diameter 

ml , respectively.  

The concentration fac tor  f o 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 local izat ion of uranium in the  yolk 

sac,  

4.2 ~ 3 . T 3  

5.2 I O - ~  ml 
&(yolk sac of carp) = 0.4 x -- 

&(yolk sac o f  fathead minnows) = 0.4 x ’ ‘ O  lo-’ mj- = 2 - 6 7  (12) 
1.5 m 1  

The dose r a t e  from 232U may now be computed u s i n g  Equation 3 and a value 

~f 6 = 3.23 f o r  carp eggs and 2.67 for fathead minnow eggs. 

b,(carp) = 6.88 E. C rad/hour 
c1 

b,(fathead minnows) = 5.69 E~ C rad/hour 
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where 

dN = dose ra te  (rad/hnur)  t o  the egg yolk from alpha 

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  alpha radio- a 

a c t i v i t y ,  and 

C = concentrat ion (!Li/ml) o f  alpha r ad ioac t iv i ty  i n  the 

t e s t  so lu t ion .  

Total  dose i n  rad t o  the yolk o f  an egg exposed t o  uraniuiii i s  

ca lcu la t ed  by in t eg ra t ing  Equations 13 and 14  w i t h  respect t o  time. 

D = 6.88 (or 5.69) E C t rad (15 )  a a 

The va lue  of 

conducted a t  35 days a f t e r  232Ll daughter separa t ion ,  ca = 5.39 MeVldis, 

Corresponding E 

180 days. The time, t ,  was 72 hours f o r  carp and 168 hours for f a thead  

i s  taken from Figure Sal. For carp experiments which were 

f o r  fa thead minnow experiments was 5.67  MeV/diz a t  
(y. 

minnows. Subs t i t u t ing  these data  i n t o  Equation 15 ,  the dose from a 

1 pCi/iiil concentrat ion o f  232U alpha a c t i v i t y  was 

D,(carp yo lk )  = 2670 rad (16)  

DJfathead minnow yo lk )  = 541% rad (17 )  

Dose from Beta--and Gam~.a-Radioactivity. The dose t o  f i s h  eggs 

f r o m  beta and gamma rad ioac t iv i ty  o f  232U daughters was s i g n i f i c a n t l y  
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less than the dose from alpha r a d i o a c t i v i t y  of  232U and daughters .  The  

b e t a  dose was c a l c u l a t e d  u s i n g  the procedure o u t l i n e d  by Woodhead.39 

I n  his paper Woodhead d iv ided  the dose r a t e  i n t o  three components: 

dose r a t e  from a c t i v i t y  i n  the egg con ten t s ;  the dose r a t e  from a c t i v i t y  

the 

adsorbed on the s h e l l ;  and the dose r a t e  from a c t i v i t y  i n  the water .  

T h e  dose was c a l c u l a t e d  f o r  1 uCi/ml o f  a lpha r a d i o a c t i v i t y  from 23ZU 

and daughters .  

eggs than f o r  carp eggs because fa thead  minnow eggs requi red  longer  t o  

The beta p a r t i c l e  dose was g r e a t e r  for f a thead  minnow 

23241 had been p u r i f i e d .  More be ta  r a d i o a c t i v i t y  was 

a t  180 days than a t  35 days as  i l l u s t r a t e d  i n  Figure 

hatch and because these experiments were performed 180 days a f t e r  the 

present i n  s o l u t i o n  

42. Maximum es t i -  

mated be ta  p a r t  

1 uCi/ml (a lpha 

c l e  doses  t o  carp  eggs and f a thead  m nnow eggs from 

r a d i o a c t i v i t y )  of 232U and daughters  a r e  l i s t e d  below. 

. Dg(carp)  = 3 rad 

D ( f a thead  minnow) = 25 rad  ( 1 9  B 

The  most important  con t r ibu t ion  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 2Q8T1 (2.62 MeV, 100%).  

mean a t t e n u a t i o n  path i n  water  f o r  a photon a t  this energy i s  approxi-  

mately 22  cm. 

the p l a s t i c  d i shes .  

f r a c t i o n s  f o r  uniformly d i s t r i b u t e d  sources  i n  small 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 t ed  by Ellet and Humes. 36 

The 

T h i s  range was cons iderably  g r e a t e r  than the diameter  of  

T h e  gamma dose was estimated u s i n g  t h e  absorbed 

Estimated 
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2096 a 

P. promelas 7472 

C. carpi0 

gamma doses f o r  carp eggs and fathead minnow eggs in a solution of 

1 iLi/ml (alpha rad ioac t iv i ty)  of 232U and daughters are  l i s t e d  below, 

2670 3 0.0014 2673 

5420 25 0.012 5445 

D (carp)  = 1.4 x rad (20)  Y 

B (fathead minnows) = 1 . 2  x rad (21 )  Y 

Sumary o f  the Dose Assessment 

Table 10 summarizes the  dose t o  C. carpi0 eggs and P. promeZas 

eggs f rom 1.0 uCi/rnl o f  238Pu or  232U as c a l c u l a t e d  f o r  this experiment. 

Table 10. Maximum Estimated Dose t o  C. ca+o Eggs 
and P. prorngZas Eggs Exposed t o  1 .0  pCi/ml 

of 2 3 8 P u  or 2 3 2 U  During  
Embryo1 o g i  cal Devel opment 

Dose rads ) 

ct D D C  
c1 Y 

D 

Doses were calculated assuming a 35 day b u i l d u p  o f  2 3 2 U  
daughters. 

'Doses were calculated assuming a 180 clay buildup of  2 3 2 U  
daughters. 

'Dose was calculated assuming 2 3 2 U  localized in the yolk sac.  

a 
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CHAPTER V 

DISCUSSION 

Behavior o f  P l u t o n i u m  and Uranium Associated 

W i t h  the Developing Embryos o f  Fish 

Quantitative Penetration Experiments 

Quant i ta t ive experiments led t o  the conclusion t h a t  both plutonium 

and  uranium penetrated the egg chorion and became deposited in the egg 

volume. The ra te  of uptake of these elements by f i sh  eggs contrasted 

s ignif icant ly .  

although the rate  o f  accumulation decreased, 

Plutonium accumulation continued throughout development 

This indicated that  a 

1 imited number o f  s i t e s  were available for plutonium transport through 

the chorion. As the s i t e s  became f i l l e d ,  the ra te  o f  accumulation 

decreased. A t  the same time, however, plutonium migrated t h r o u g h  the 

chorion into the egg contents. 

The unusual distribution o f  the quantitative data showing the 

ac t iv i ty  o f  233U in the contents of carp eggs (Figure 28) suggested tha t  

urani urn was selectively absorbed and then eliminated. However, accumul a- 

t i an  by fathead minnow eggs, obtained by analyzing total  egg ac t iv i ty ,  

d i d  n o t  yield a similar pattern for  uptake. 

tion of uranium i n  the egg contents, the mean concentration was 0.42 for  

carp eggs and 0.38 for  fathead minnow eggs. I t  was concluded from these 

Assuming a uniform distribu- 

data t h a t  the concentration factor for uranium i n  the egg contents was a 

constant value d u r i n g  embryological development. More experimental data 
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are required t o  conclusively establish the selective absorption and 

elimination of uranium before t h i s  behavior can be incorporated into 

dose ca l  cul a t i  o m .  

A u  tor  adi oy raphs 

Autoradiographs were essential in t h i s  study t o  determine the 

distribution o-f plutonium and uranium i n  the egg contents and t o  slipport 

the da ta  obtained in the quantitative penetration t e s t s .  The auto- 

radiographs showed t h a t  plutonium was highly localized on the chorion 

and  t h a t  subsequent distribution in the egg contents was approximately 

uniform. 

Hot spots o f  plutonium act ivi ty  were found on the outside of t h e  

membrane. 

dose received by the embryo diAe t o  the prot.ection afforded by the chorion 

and per ivi te l l ine space, A more in-depth study i s  necessary t o  explain 

the cause of the formation of h u t  spa ts .  

plutonium attaches t o  insoluble impurities in the t e s t  solution and the 

impurities adsorb t o  the egg shel l .  

penetrate the membrane and remain fixed t o  the outside. 

t h a t  the number of h o t  spots increased proportionately with the length 

o f  time the eggs remained in the t e s t  solution. 

the theory t h a t  h o t  spo ts  are insoluble impurities. 

These hot spots d i d  n o t  contribute significantly t o  the total  

One explanation may be t h a t  

These particles are too  large t u  

I t  was observed 

This increase supports 

Anather explanation f o r  h o t  spats  was explored, I t  was t h o u g h t  

t h a t  t h e  plutonium may continuously accumulate at specif ic  s i t e s  on the 

e g g  chorion causing them t o  I 'gmv. ' '  T h i s  theory was rejected,  however, 

because the s ize  o f  h o t  spots did not vary appreciably dur ing the 
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developmental period o f  the embryo. 

and d i s t r ibu t ion  to  the  one shown in Figure 31. 

accumulation a t  spec i f i c  s i t e s  was not occurring. Therefore, h o t  spots 

Hot spots were s imilar  in s i ze  

T h i s  suggested t h a t  

most l ike ly  r e s u l t  from plutonium which i s  attached t o  insoluble pa r t i c l e s  

i n  the tes t  solution. 

Once inside the egg volume, plutonium and uranium behaved quite 

d i f fe ren t ly .  

i n  the  yolk. 

Plutonium was uniformly d i s t r i b u t e d  and uranium localized 

This contrasting biochemical behavior can be explained by 

t h e  d i f f e ren t  chemistry o f  these elements and their d i s t inc t ive  tendency 

t o  react  with biological materials.  

The s t a b i l i t y  of plutonium complex ion formation decreases i n  

the  order: P u  ( IV) > Pu (111) > Pu (VI) > Pu ( Y ) .  Biological f lu ids  

contain 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 plutonium (IV) 

s t a t e .  137 Therefore i t  was assumed tha t  the plutonium reacting with 

components of the f i s h  egg remained in the (‘IV) valence s t a t e .  Pluto- 

nium in the t e s t  solution became bound t o  biological substances in the 

chorion. As accumulation continued, some pl utonium diffused through the 

chorion and complexed w i t h  consti tuents -in t he  contents. Complexes of 

plutonium w i t h  ligands in biological material have l imited mobility. 

However, nutr ients  in the embryo, yolk, and cytoplasm are  in dynamic 

equilibrium. 

probably the r e s u l t  o f  t h i s  equilibrium as well as  the physical mixing 

The uniform dis t r ibu t ion  o f  plutonium in the contents was 

o f  egg f l u i d s  caused by muscular contractions o f  the embryo during 

development. 
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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  actin-ides l i k e  Pu( IV) form 

stronger associ a t i  ons w i t h  donor 1 i gands than do oxygenated a c t i  ni des 

o f  the uranyl type. T h i s  property implies t h a t  i n  biological t i s s u e ,  

complexes w i t h  the uranyl ion have more mobility than complexes w i t h  

the plutonium ion. 

contents was primarily located i n  the yo1 k material .  A typical t e  eost  

egg i s  approximately 23% protein by mass and essent ia l ly  a l l  o f  t h  s 

protein i s  i n  the egg contents. lo3 Protein i n  the egg contents i s  

Autoradiographs showed t h a t  the uranium i n  the egg 

concentrated i n  the yolk sac. The uranyl ion i s  s t rong ly  eornplexed by 

protein and t h e  formation of uranium-protein complexes i n  the yolk sac 

may explain the b u i l d u p  o f  uranium a t  t h i s  s i t e .  

nu t r ien ts  i n  the y o l k  sac are assimilated by the embryo d u r i n g  deve lop-  

ment. 

t i o n  f a c t o r  o f  uranium i n  Figure 28. 

Protein and other 

This may account f o r  the general trend reported f o r  the concentra- 

The .- Toxicity o f  Plutonium and Uranium 

t o  the Developing . ... Ernbrjas ... .. ... ._. o f  F i s h  

Doses Wffecti ng Hzltchabi 1.i t y ,  Survival , .I_ and Abnormality Production . . . . . 

___^. Summary o f  the  . Doses. .... . .. .- Table 11 l i s t s  the doses which produced 

e f f e c t s  on hatching, survival ,  and abnormalities o f  carp and fathead 

ininnow eggs, These values were computed u s i n g  the data l i s t e d  i n  Table 10. 

These data were mu1 t i p 1  ied by t h e  minimum ccmcentwtion o f  test  solution 

a t  which the e f f e c t  was observed. For example, hatch ing  o f  fa thead 

m-innow eggs was inhibi ted by 0 .5  u&i/ml o f  232U and higher concentra- 

t ions.  The t o t a l  dose t o  fathead minnow eggs incubating i n  1.0 pCi/ml 
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o f  232U was estimated t o  be 5445 rads (Table 10) .  Therefore the dose 

wh?:ch prevented egg hatching i s  calculated as shown helow. 

rads 0 .5  lici X 5445 ---- = 2720 rads 
in 1 $1 /ml 

Interpretat ion of the data i n  Table 11 requires fur ther  cl a r i  f ica-  
232  t i o n .  F i r s t ,  the doses to  eggs from 1J are assumed t o  be the doses t o  

t h e  egg yolk only ,  while the doses from 238Pu may be applied t o  a l l  of 

the const i tuents  o f  the egg. 

represent leve ls  of rninimurn s e n s i t i v i t y .  

Second, the doses l i s t e d  do not necessarily 

Many data points a re  needed on 

each t o x i c i t y  curve t o  es tab l i sh  the concentration t h a t  f i r s t  produces 

an e f f e c t  on abnormalities, survival , or hatching. Of par t icu lar  

importance is  the need t o  es tab l i sh  an LD50 value which would permit 

a common b a s i s  f o r  comparing rad iosens i t iv i ty .  

A n a a s i s  o f  t h e  ____ Doses. The doses in Table 11  are  l i s t e d  in 

units o f  rads. 

of the dose equivalent ,  rem. For alpha radioact ivi ty  t h i s  i s  calcu- 

la ted by multiplying thhe dose i n  rads by the qua l i ty  fac tor  f o r  alphas 

w h i c h  i s  10. '04 Therefore, doses in Table 11 i n  units o f  rem would be 

a fac tor  of 10 greater  than the doses l i s t e d  in uni ts  o f  rads.  These 

h i g h  dose values suggest t h a t  f i s h  eggs are  re la t ive ly  insens i t ive  

t o  thhe e f f e c t s  o f  alpha radiat ion.  However, f i s h  eggs  ere  protected 

from exposure by alpha radioact ivi ty  u n t i l  the alpha-emitting radio- 

nuclide has penetrated the chorion and has been dis t r ibu ted  a t  c r i t i c a l  

These doses would be s igni f icant ly  grea te r  is7 units 

s i t e s  i n  the embryo. Therefore, eggs were protected from exposure 

d u r i n g  the most sens i t ive  period of development , immediately af ter  
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f e r t i l i za t ion ,  As the plutonium or  uranium penetrated the chorion, 

t h e  dose rate  increased, b u t  the radioresistance of the embryo also 

increased. For penetrating radiation such as h i g h  energy beta o r  

gamma, energy i s  deposited throughout the egg volume as soon as exposure 

begins. 

i n  t h i s  s t u d y  in units of the dose equivalent without a more in-depth 

Therefore, i t  would n o t  be correct t o  report doses calculated 

study of the transport t h r o u g h  the chorion and distribution of the 

plutonium and uraniutn in the egg contents. 

The data in Table 11  also suggest t h a t  fathead minnow eggs 

were more sensit ive t o  b o t h  238Pu and 232U t h a n  carp eggs. However, 

although the embryologic character is t ics  o f  these two eggs are similar,  

they may n o t  have the same radiosensit ivity.  One reason f o r  this i s  

t h a t  the fathead ml’nnow i s  a nest builder, and the male protects the 

eggs c lur ing  development. Carp do not protect the i r  eggs d u r i n g  develop- 

ment and hence carp eggs may be more res i s tan t  t o  biological damage t h a n  

fathead minnow eggs 

In general, e f fec ts  were observed t o  occur a t  lower total doses 

for  232U t h a n  for  238Pu. This greater radiotoxicity for 232U may be 

at t r ibuted t o  one of the following factors or a synergism between these 

factors.  

(1)  The to ta l  dose from 232U was calculated assuming the concen- 

t ra t ion  factor  for  uranium in the egg contents reinained constant 

t h r o u g h o u t  development. Consequently, the dose rate  from 232U was a 

constant value. However, the concentration factor for  uranium was 

determined using 233U which has a much lower specif ic  ac t iv i ty  than 
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232U. Therefore, i t  i s  possible t h a t  the concentration fac tor  determined 
23ZU u s i n g  233U may have been less than the concentration f a c t o r  f o r  

in tox ic i ty  experiments. 

The concentration fac tor  f a r  plutanium, on t he  other hand ,  was a 

Function o f  the time the egg  remained i n  the tes t  solut ion.  

r a t e  from 238Pu was low d u r i n g  the ear ly  stages o f  development and 

increased t o  a maximum value a t  hatchinq. Therefore, embryos received a 

qreater dose from 232U t h a n  from 238Pu while thev were i n  the  most 

The dose 

sens i t ive  Periods o f  embrvoqenesis, 

( 2 )  The mobilitv of uranium caused a rapid buildup o f  this 

element in the eqq yolk where i t  was passiblv bound a s  uranium-protein 

comPlexes. ~ a s a r e t t , ' ~ '  i n  reviewinq the e f f e c t s  o f  radiation on 

proteins ,  discussed several mechanisms t h a t  lead to the l o s s  o f  function 

o f  proteins. These mechanisms included radiation-induced chanqes i n  a 

c r i t i c a l  s ide chain attached t o  the pro te in  molecule and breakase o f  

hydroqen o r  d i su l f ide  bonds which maintain the protein s t ruc ture .  I n  

addition t o  d i r e c t  darnaqe t o  protein molecules, radiolysis  o f  aqueous 

solut ions leads t o  the formation o f  hydrsqen atoms, hydroxyl rad ica ls ,  

and mol ecul ar h.ydroqen and hydroqen peroxide -' 39 Thest?: reactants  may 

be chemically toxic  t o  the develaninq enibryo. Future work i s  needed t o  

determine more arecisel  y the radiohiolaqical e f f e c t s  o f  232U d u r i l a q  

embryoqenesis o f  t h e  f ish eqq. 

( 3 )  The r a d i o t o x i c  e f f e c t  o f  232U dauqhters mav have contributed 

s iqni f icant ly  t o  the overall t o x i c i t y  o f  232U. 

o f  each dauqhter, incl udinq t r a n s w r t  throuqh the chorion and complex 

The biochemical behavior 
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ion formation with const i tuents  in the egq contents,  was l i k e l y  very 

d i f f e ren t  from uranium. In addition t o  biochemical differences,  several 

232U daughters emit alpha pa r t i c l e s  of unusually h i g h  energies.  This 

high energy ionizing radiation may have produced more biological damage 

than lower energy alpha radioact ivi t~y.  

( 4 )  Eggs incubating in 232U received exposure from three types of  

radiat ion - alpha, beta, and gamma. Alpha radioact ivi ty  did not con- 

t r i bu te  significant1.y t o  the absorbed dose unt i l  a f t e r  the 232U pene- 

t ra ted  the chorion. Beta and gamma radi0activit.y deposited energy i n  
232” the egg contents immediately a f t e r  t h e  egg was placed in the 

solut ion,  during the most sensi t ive stage of embryological development. 

However, due t o  the low dose r a t e s  o f  beta and gamma radioact ivi ty  i n  

the  232U solut ion,  the importance of t h i s  fac tor  was considered t o  be 

minimal 

One important physiological e f f e c t  t ha t  was noticed a t  high 

concentrations of 23sPu a c t i v i t y  was premature embryo hatching. T h i s  

e f f e c t  was most l i ke ly  due t o  the buildup o f  238Pu on the egg chorion 

which resul ted in physical damage b.y intense alpha radioact ivi ty .  

As embryogenesis proceeded and mot i l i ty  began, muscular contractions 

by the embryo created pressure on the inside of the weakened shell  and 

eventually ruptured i t  prematurely. 

Comparison of --- t h e  Doses t o  Li terature  Data. Most o f  the l i t e r a -  

tu re  reviewed in Chapter I which dea l t  with experimental data on chronic 

exposure f a i l ed  t o  incorporate estimated doses into the findings- 

Usually only the  concentrations o f  radionuc? ides i n  solution were 
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reported. T h i s  lack of information, along w i t h  the limited amount o f  

experimentdl data on chronic exposure avai lable ,  made i t  d i f f i c u l t  t o  

compare the  doses calculated in t h i s  study to  those reported i n  o ther  

experiments. Also,  caution had t o  be exercised when comparing ilcuiely 

adrnioistered doses t o  those delivered chronically.  

Brown and Templeton4’ and Tenlpleto11~~ chronica’i l y  exposed the 

eggs o f  plaice (Pleuronectes pla’ iessa)  to exposures u p  t o  500 I? bu t  d i d  

no t  observe a s ign i f icant  e f f e c t  on the number o f  abnormal larvae pro- 

duced. 

(Gncorhynchus -I;shcmytschn) d u r i n g  developmefit and markedly inhibited 

gonadal development a t  a to ta l  dose o f  approximately 700 rads.  

Bonhani and Donaldson i r rad ia ted  the eggs o f  chinook salmon 

Frank“ demonstrated t h a t  very large doses o f  radiation were 

requ red t o  s igni f icant ly  i n h i b i t  hatching and t o  produce abnormal i t i e s  

when acute  doses were administered during the l a t e  stages of embryologic 

developiiient. 

zation d i d  n o t  i n t e r f e r e  w i t h  hatcfriing although 4,000 rads o r  more 

caused the formation of gross abnormal i t i e s .  Hyodo-Taguchi65 a1 so 

reported t h a t  h i g h  doses of neutrons were needed t o  a f f e c t  the hatching 

o f  Oryz ias  Zatipes embryos when exposure occurred d u r i n g  1 a tt? embryogenesi s 7  

A t o t a l  dose of 16,000 rads a t  24 hours a f t e r  f e r t i l i -  

Recent experiments by Trabal ka’ 40 found t h a t  chrani c exposure ~f 

carp eggs i n  a solution having 5 mCi / rn l  o f  tritium d i d  not prevent 

hatching a1 t h o u g h  s ign i f icant  numbers o f  gross abnormal i t i e s  resul ted;  

The t o t a l  dose t a  the embryos d u r i n g  development was estimated t o  be 

approximately 4 . 4  x i o 3  rads in 72 hours.  
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Therefore, a1 though doses affect ing hatchabi l i ty ,  survival ,  and 

dbnormality production computed i n  t h i s  experiment could not be compared 

d i r e c t l y  t o  values determined by other  invest igators ,  doses were well 

within the range of values reported i n  the l i t e r a t u r e .  Future exper;- 

nnents evaluating the t o x i c i t y  of radionuclides t o  develaping embryos i n  

aquatic environments should incorporate quant i ta t ive fac tors  f o r  bio- 

dccumu? at ion and a c t i v i t y  d i  s t r i  bution a'nto dose estimates.  

__II___ The Chemical 'ToxicitLof _.. Plutonium a g  Uranium 

A mass concentration o f  20 ppm o . ~  2 4 4 ~ u  i n  solution prevented 

both carp eggs and fathead minnow eggs from hatching, The control 

groups were developed i n  a solut ion having the same c i t r a t e  concen- 

t r a t i o n ,  3.0 x lQ-*%, and a c t i v i t y ,  2.0 x uCiim1, as  the 244Pu. An 

a c t i v i t y  o f  238Pu of 2.8 x lo-' PICilrnl corresponds t o  a dose of 42 rads 

t o  carp eggs and 149 rads to  fathead minnow eggs. 

were conducted w i t h  one or  two dishes o f  eggs because only a l imited 

arnoernt o f  the 244Pu was avai lable  f o r  this study. Attempts t o  recycle 

Experiments a t  20 ppm 

the t e s t  solution following f i l t r a t i o n  were not successful.  

t o  the r e s u l t s  o f  c i t r a t e  tox ic i ty  on developing eggs shown in Figure 39, 

According 

a c i t r a t e  concentration o f  3.0 x lo-*% was on the shoulder of the t o x i c i t y  

curve. Therefore, the potential  e f f e c t  of c i t r a t e  tax ic i  t y  ra ther  than 

plutonium t o x i c i t y  cannot be e n t i r e l y  ruled out .  

however, based on the absence o f  e f f e c t s  from 238Pu a t  42 rads and 149 

rads t h a t  hatching was most ' likely prevented a t  20 pprn 24.4Pu because of 

the chemjcal t o x i c i t y  of  e i t h e r  p l u t o n j u m  o r  c i t r a t e .  

I t  was concluded, 
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She p o t e n t i a l  chemical t o x i c i t y  o f  plutonium a t  20 pprn l's s i q n i f i -  

The most abundant p l u t o n i u m  i s o t o p e  by mass i n  t he  n u c l e a r  fue l  can t .  

c y c l e  and i n  t h e  environment i s  2 3 9 P ~ ~ .  I h i s  i s o t o p e  has a h a l f - ? i f e  of 

2 .44 x 1 0 '  years,  a s p e c i f i c  a c l i v i t y  o f  6.2 x l o - '  C i /g ,  and decays by 

a lpha  elr i iss ion. 

a c t i v i t y  c o n c e n t r a t i o n  o f  app rox ima te l y  1.2 u C i / r i i l .  

corresponds t o  a t o t a l  dose o f  2600 rads t o  carp embryos and 9270 rads 

t o  fa thead  minnow cmbryos. A d o s ~  of  2600 r ads  would n o t  p r e v e n t  carp 

e g g 5  from h a t c h i n g  and i s  a l s o  less  than t hc  dose a t  ~ ~ r h i c h  a b n o r m a l i t i e s  

were observed (4270 r a d s ) .  The re fo rp  carp eggs exposed t o  1.2 l j 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 l u t o n i u m  rather .  

t han  t h e  r a d i o t o x i c i t y .  Fathead minnows on the  o t h e r  hand would more 

l i k e l y  bc a f f e c t e d  by I h e  r a d i a t i o n  a l thaugh  t h e  h i g h  c o n c g n t r a t i o n  o f  

p lu ton ium present. i n  1.2 uCi/rnl o f  Pu may cause a s y n e r g i s t i c  

9 f - f  c t  k'rween chemical and r a d i o l a g i c a l  t o x i c i  ty. Conseyuentiy, t h e  

t o x  c i t y  o f  ' j 9 P u  t o  a q u a t i c  b i o t d  which possess a h i g h  degree o f  r a d i o -  

r e s  star ice may be based on chemical rather than r a d i o l o g i c a l  f d c t o r s .  

- 

A. 

An aqueaus s o l u t i o n  of 20 ppm o f  239Pu would have an 
- /his  c o n c e n t r a t i o n  

239 

An upper l - i m i t  f o r  t h e  chetriical t o x i c i t y  o f  uranium was n o t  

coticl i i s i v e l y  e s t a b l  ishcd. 

a f f e c t e d  by 60 pprn o f  urat i ium having an a c t i v i t y  c o n c e n t r a t i o n  less  t h a n  

2.0 x pCi/riil. T h e  r e s u l t s  o f  these exper iments 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  the chemical t o x i c i t y  of  uranium. 

Hatch ing and s u r v i v a l  o f  carp eggs were n o t  

Carp eggs were a l s o  v e r y  insensitive t n  the t o x i c  2 f f e c t  o f  

f l u o r i d e s .  

S ince t h e s e  2xper i rnents ?/ere n o t  exhaust ive,  t h ' i s  shou ld  n o t  be i n t e r p r e t e d  

Concen t ra t i ons  l e s s  than I00 ppm F- d i d  n o t  a f f e c t  h a t c h i n g .  
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t o  represent an upper l imit  for fluoride toxicity.  More extensive 

research i s  needed which focuses actively on fluoride toxici ty  in a n  

dyuatl’c environment before an upper 1 iniit can be established. 

Doses t o  Fish Eggs from Plutonium and Uranium i n  a t u r a l  Waters - ~ ~ - ~  ____ --._ ~ ~ . . ~ - . ~  ...- 

Measured values of actual plutonium concentrations i n  natural 

waters have varied s ignif icant ly  from one l o c a t i o n  t~ another. Several 

o f  these values taken from the l i t e r a tu re  are l i s t ed  i n  Table  12. The 

highest concentrations, 1 x lQ-’ pCi/ml, were in ocean waters near the 

nuclear reprocessing plant at Windscale, England and i n  d ho ld ing  pond 

a t  the Rocky Flats, Colorado plutonium fac i l i t y .  More typical values 

ranged between 1 x lo-’‘ pCi/ml i n  Lake Michigan to 4 x uCi/ml i n  

the North Sea. The most s ignif icant  source o f  plutonium en t ry  i n t o  the 

aquatic environment today i s  from controlled releases a t  nuclear facil- 

i t i e s  a n d  uncontrol led releases a t  waste bur i a l  grounds. l1 Therefore 

higher concentrations of plutonium are expected to occur i n  surface 

waters around these s i t e s .  

Table 13 l i s t s  the doses estimated on the basis o f  the present 

work f a r  several species of f i s h  eggs developing in n a t u m l  waterpt, 

having plutonium concentrations given in Table 12, 

r ads  was calculated using Equation 7.. 

The total dose i n  

All  o f  the doses are below levels 

a t  which e f fec ts  on hatchability, survival, or ~ b ~ o ~ ~ ~ l  i t y  product-Eon 

would be expected t o  occur. 

There have been essent ia l ly  no releases caf 232U t o  t h e  environ- 

rrient up  t o  th i s  t ime because the thorium fuel cycle has n o t  y e t  beefi 

Su l ly  developed.. Therefore, i t  was no t  possible to  estimate doses t o  
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T a b l e  12. C o n c e n t r a t i o n  o f  P l u t o n i u m  Found i n  Natura l  Waters 

Loca t ion  

M i  ndsca l  e 

P I  utonieirn Concen t ra t ion  
Year Reference _.____I______ p C i / m 7  ...... ._.._ 

1 1975 11 ’ 

White Oak Lake, ORNL 9 x lo-” 1974 141 

Pond, Hanford 

En i we t o  k , Lagoon 

8 d3 1974 142 

4 x 1972 143 

Lake Michigan 1 x 1971 144 
__________I ... - _.__pl____ ....- __l_._l___ ...... 
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f i s h  eggs developing in  na tura?  waters containing low concent ra t ions  of 

232U. 

ca rp  and fa thead  minnow eggs in a so lu t ion  of 232U a t  8 .0  x l om6  iiCi/ml, 

t h e  MPCw (168 hours/week) e s t a b l i s h e d  by the ICRP. lo' This concentra-  

t i o n  would del i v e r  a dose o f  2.1 x lo-' rads  t o  carp  embryos and 5 .3  x 

r ads  t o  fa thead  minnow embryos. 

which observable  e f f e c t s  would be expected t o  occur .  

However, f o r  comparative purposest  the  dose was ca lcu la t ed  f o r  

Again, t hese  values a r e  below l e v e l s  a t  

In summary, l e v e l s  of plutonium and high 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 in  natural  waters  do not  impart  a s i g n i f i c a n t  r ad io log ica l  

dose t.o developing f i s h  embryos. 

An Evaluation o f  __ls- Fish E m a s  a P o x i c i . - . T e s t  . -- System 

T h e  advantages and disadvantages a s soc ia t ed  w i t h  t h e  use of f i s h  

eggs a s  a t o x i c i t y  t e s t  system were discussed in Chapter 11. In view o f  

the f ind ings  i n  t h i s  s tudy,  addi t iona l  e l abora t ion  o f  t h i s  t e s t  system 

i s  poss ib le .  

Generally high l e v e l s  o f  rad io logica l  and chemical t o x i c a n t s  

a r e  requi red  t o  a f f e c t  t h e  hatching 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 the surv iva l  o f  l a rvae .  T e s t s  i n  which h a t c h a b i l i t y  i s  the only 

c r i t e r i o n  f o r  b io logica?  damage a r e  o f  l imi t ed  value.  The next step i n  

s e n s i t i v i t y  i s  obtained by observing the survival  o f  l a rvae  a t  l e a s t  

through the pos t - la rva l  s t age  up  t o  the t i m e  the yolk sac  i s  absorbed. 

The produc.tinn of abnormal l a rvae  adds y e t  another degree o f  s e n s i t i v i t y  

although this 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 the 

work i s  being performed under the phys ica l  r e s t r a i n t s  imposed by a glove 

box. 
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I t  i s  l i ke ly  t h a t  the sens i t i v i ty  would be increased fur ther  i f  

fecundity and abnormality production in o f f sp r ing  o f  f i sh  exposed during 

embryogenesis could be monitored. T h e  fathead minnow t e s t  system developed 

i n  t h i s  study would be idea l ly  sui ted fo r  t h i s  kind of experiment because 

t h i s  f i s h  i s  r e l a t ive ly  small and could be maintained in laboratory 

aquaria. Also, breeders reach sexual maturity in approximately four 

months. 

Experiments in which eggs are  exposed during development t o  

contaminants dissolved i n  the solution should incorporate quant i ta t ive 

measurements o f  accumulation o f  the  contaminant as  well as d i s t r ibu t ion  

i n  the egg contents. 

gating the  e f f ec t s  of alpha and beta radioact ivi ty .  

These data are  par t icu lar ly  important when invest i -  
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CHAPTER VI 

CON CL US IONS 

Research t o  assess the to ta l  impact o f  plutonium and uranium i n  

t e r r e s t r i a l  and a q u a t i c  ecosystem must proceed concomitant with the 

devel opment o f  the nucl ear industry. 

chemical behavior and po ten t ia l ly  h i g h  t o x i c i t y  t o  man, has been stud ed 

P I  utoni u m ,  because of i t s  compl ex 

extensive?y by s c i e n t i s t s  since i t  was f i r s t  discovered i n  1941. 

potential  use of 233U as a f i s s i l e  material and the presence a5 i m p u r  t y  

23211 in this fuel require t h a t  additional researc-h he canductcd on high 

r p e c i f i c  a c t i v i t y  uranium. This study has focused on the  tox ic i ty  o f  

uranium and plutaniuni t o  one type o f  a q u a t i c  biota ,  the f i s h  egg. 

The 

The 1 i t e r a t u r e  review established t h a t  considerable d a t a  wczre 

avai lable  on t h e  e f f e c t s  t h a t  ionizing rddiation has on t h e  developing 

embryos o f  f i s h .  However, e s s e n t i a l ? y  no information was reported an 

the e f f e c t s  o f  alpha-emitting radionuclides, spec i f ica l ly  plutusriinrn and 

u r a n  i urn - 

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, Cypr3I:nus 

c a T i o  L., and f a t h e a d  minnows, Pimephales promeZas R . ,  was used t o  

determine the  radiological and chemical laxicity o f  plutonium arid uranium. 

Carp eggs were obtained following a laboratory spawniriy technique reported 

in t he  l i t e r a t u r e .  A plent i ful  supply of fathead minnow eggs was provided 

by placing breeders in  laboratory aquar ia  equipped w j t h  a r t i f i c i a l  

she? t e r s .  
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Plutonium penetrated the chorion and was accumulated by the 

contents of the embryo during development. 

carp eggs was approximately 3.0 a t  the time the eggs hatched. 

concentration factor for  uranium, assuming uniform distribution i n  the 

egg, remained constant a t  a mean value of 0.4. 

The concentration factor in 

The 

Autoradiographs indicated t h a t  plutonium was uniformly distributed 

throughout the cytoplasm, embryo, and yo1 k sac. 

the plutonium ac t iv i ty  associated with the total  egg was on the chorion. 

Although hot spots of plutonium act ivi ty  were present on the outside o f  

the egg she l l ,  they d i d  not contribute s ignif icant ly  t o  the absorbed 

dose -in the contents of the egg. 

Approximately 70% of 

Autoradiographs of egg sections tha t  

were exposed to uranium revealed t h a t  t h i s  element was primarily localized 

in the yo1 k sac. 

Relatively h i g h  doses and hence high concentrations of 238Pu and 

232U, were needed to  a f fec t  the hatchability of e i ther  carp eggs or  

fathead minnow eggs. 

the production of abnormal larvae. A signif icant ly  higher number o f  

A more sensit ive t e s t  for toxicity,  however, was 

abnormalities were produced a t  doses ranging  between 4.27 x 18 3 rads for  

2 carp eggs exposed to  238Pu and 2.71 x 10 

exposed to  232U. 

f o r  2 3 2 ~  t h a n  f o r  2 3 8 ~ u .  

r ads  for  fathead minnows 

I n  general, e f fec ts  were observed a t  lower total  doses 

A chemical toxic e f f ec t  from plutonium was observed by the 

f a i lu re  of bo th  carp eggs and fathead m i n n o w  eggs t o  hatch i n  a s o l u t i o n  

having a mass concentration of 20 ppm and an ac t iv i ty  level o f  2.0 x lo-" 

pCi/ml. Chemical e f fec ts  from the presence of c i t r a t e  could n o t  be 

n 
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e n t i r e l y  ruled out;  however, the potential  chemical t o x i c i t y  o f  plutonium 

t o  a large par t  of the aquatic biota may be more important t h a n  the 

radiological tox ic i ty .  Further study i s  d e f i n i t e l y  needed i n  t h i s  area 

and experiinents should be expanded to  include mammalian systems. A 

chemical toxic  e f f e c t  from low spec i f ic  a c t i v i t y  uranium was not observed 

Doses t o  f i s h  embryos in natural waters contaminated w i t h  p l u t o -  

nium o r  uranium were calculated u s i n g  the accumulation, d i s t r ibu t ion ,  

and dosimetry developed i n  t h i s  study. Even in waters where l eve ls  a r e  

t h r e e  orders of magni t u d e  greater  than mean concentrations, doses would 

1 i kely not exceed 1.8 x l o m 4  rads f o r  an egg t h a t  requires 58 days to  

hatch. This dose i s  well below the level a t  which e f f e c t s  would be 

expected t o  occur. 

The metabolic and environmental behavior o f  h i g h  s p e c i f i c  a c t i v i t y  

uranium, in par t icu lar  2 3 2 ~ ~ ,  require fur ther  invest igat ion.  very l i t t l e  

information i s  available i n  the l i t e r a t u r e  on 232U and i t s  daughters 

even though t h i s  isotope o f  uranium may be present in s ign i f icant  quan- 

t i t i e s  i n  the  thorium fuel cycle. 

This work has established the s u i t a b i l i t y  o f  f i s h  eggs as an 

indicator  f o r  toxic  e f f e c t s  from dissolved alpha einittxrs. However, 

f ish eggs are not a very radiosensi t ive system, and fur ther  work may 

be needed t o  r e l a t e  e f f e c t s  i n  f i s h  eggs to  biological e f f e c t s  it1 other 

oryani sms 
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APPENDIX A 

GL.OVE BOX OPERATIONAL CERTJFICATION 
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March 18, 1976 

Tor R.  E .  Leuze 

From: F .  A .  Kappelmann 

Subject :  Personnel Cert i f ied f o r  Glove Box Operation, Building 3508 

During 1975 the fo l  lowing personnel were c e r t i f i e d  t o  perforin glove 

box o p e r a t i o n s  i n  B u i l d i n g  3508. 

G .  D .  Davis 
R .  I_. Hickey 
F.  A. Kappelmann 
L .  E .  Morse 

Chemical Technology Division -- 

C h e m i s t r y  Division - M. A. Fr-iedrnan 

Enviraaimentdl Sciences Division -- Marilyn Frank 
M. H .  Shanks 
Fred Sweeton 
J .  E .  T i l l  

7he above personnel will  be requested t o  attend the annual meeting 

for r e c e r t i f i c a t i o n  t o  be held in April ,  1975. The reason I picked A p r i l  

i s  because t h e  Operatiqns Flcinual and II___ Radiation .,.. Safety-. Procedures f o r  

Buildin~33508 ~ ____ should be coiiipleted o r  nearly completed a t  t h a t  time. 

F. A. Kappelmann 

FAK: j p 
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APPENDIX D 

ANAL Y T I CAL DATA FOR QUANTITATIVE PEN ETKATJ ON STUD E E S 
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T a b l e  14. Analytical Data for  2 3 8 P u  
Quantitative Penetration Studies 

Time After 
F e r t i l i z a t i o n  
T h a t  Eggs Time Eggs Type of 
Were Placed Reniai ned Samp 1 e 
in the i n  the e = co 11 ten t s 

Sample Test Sol  u t i  on Test Solution M=Membrane S amp 1 e 
N iiiii b e 1" (hours) ( h o l m )  T-To ta l  Egg Size 
-. 

1-7 
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- ?. 
9- 3 

1 0- 1 
10-2 
10-3 

Q 
0 
0 
0 
D 
0 
0 
0 
0 
0 
0 
0 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 3  
23 
23 
23 
23 
23 

2.4 
2.4 
2 .4  
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. Q 
2.0 
2.0 
2.0 

25.0 
25.0 
25.0 

a. 8 

C 
M 
T 
C 
M 
'7- 
C 
M 
T 
c 
M 
T 
C 
M 

C 
M 
T 
c 
M 
T 
C 
M 
T 
C 
M 
T 
C 
M 
T 

.r 

50 
50 
79 
53 
53 

100 
48 
48 
50 
31 
31 
72 
53 
53 
81 
50 
50 
63 
43 
43 
50 
27 
27 
34 
51 
59 
61 
25 
25 

104 
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Table 14. Continued 

A c t i v i t y  
Tota l  A c t i v i t y  Concentrati on Con cen t ra t i on 
A c t i v i t y  Per Egg in Egg Factor 

Sample of Sample or Membrane Contents for Egg 
Number (UCi ) (UCi 1 ( l f J i l m 1 )  Cantents 

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 10-3 
5.8 x 10-3 
9.1 x 10-3 
4.6 x 10-3 
7 .8  x 10-3 
3.1 x 
8.7 x 10-3 
1 . 6  x 
2 .2  x 10-2 
8.1 x 
1.4 x 
7.6 x 
3.6 x 10-3 
7.1 x 10-3 

5.3 x 10-3 
1 . 4  x 10-3 
1.6 x lo-’ 
8.8 x 
1.5 x lo-’ 
2.3 x 
4.8 x 10-3 
1..6 x lo-‘ 
3.9 x 
5.6 x 10-3 
5.7 x lo-?  
1 . 1  x 
3.5 x 10-3 
6.8 x l o q 3  
4.4 x 

1.4 x lo-’ 

6.0 10-5 
1 . 2  x 10-4 

8.7 x 10-5 
1.4 x 10-4 
3.1 x 10-4 
1.8 x 10-4 
3.4 x 10-4 
4.4 10-4 

4.4 x 1 0 - 4  
1 . 1  x 10-3 
6.9 10-5 

1.3 x 1 0 - 4  
1.8 x 10-4 

2.9 x 10-4 

1.1 x 7 0 - 4  
3.5 x 10-4 
4.6 x 10-4 
1 . 8  x 10-4 
5.9  x 10-4 
1.1 x 10-3 
1 .1  x 1 0 - 4  
1.1 x 10-4 

1.4 x 10-4 
2.7 x 10-4 
4.3 x 10-4 

1.2 x 

2.6 x lo-’+ 

1.1 x l o -& 

2.6 x 

2.2 x lo-‘+ 

1.4 x 

2.1 x 

4.3 x 

6.1 x 

1.6 x 

2.6  x 10” 

2.6  x 10” 

4.3 x lo-2 

2 . 6  x 

3 - 4  x lo-’ 

0.70 

1.05 

2.15 

3.05 

0.80 

1.30 

1.30 

2.15 

1.30 

1.70 
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Table 15.  Analytical Data f a r  2 3 3 1 J  
Q u a n t i  tative P e n e t r a t i o n  Studies 

Time A f t e r  
F e r t i  1 i z a t i  on  
Tha t  Eggs Time Eggs Type o f  
Were Placed Remained Sampi t? 
i n  the  i n  the C- Contents 

Sarnpl e Test Sol u t i  on l e s t  Solut- ion M= blemb r a ne Sample 
Number ( h a i r s  ) (hours 1 TZTotal 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 
1-2  
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 
49.0 
49.0 
49.0 
2. 0 
2.0 
2.0 
8. 0 
8.0 
8.0 

25.0 
25.0 
23.0 
48.8 
48.0 
48" 0 
3.0 
3.6 
3.0 

18.0 
18.0 
18.0 

25. a 

C 
M 
1' 
c 
M 

c 
M 
T 
c 
M 
'1 
C 
M 
T 
c 
Pi 
T 
C 
M 

c 
M 
T 
C 
M 
T 
C 
M 
T 

'r 

.r 

52 
52 

100 
52 
52 

103 
so 
50 
50 
40 
40 
50 
63 
6 3  

100 
50 

101 
53 
53 

101 
31 
31 
50 
50 
50 
82 
27 
27 
53 

50 
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Table 15. Continued 

Acti v i  t y  

Per Egg i n  Egg Factor 
Total  Act i v i t y  Concentration Concentration 
Act! v i  t y  

Sample o f  Sample o r  Membrane Contents f o r  Egg 
Number ( W C i  (PCi 1 ( u c i l m l )  Contents --- -I I___--LI _I--- 

1-1 
9-2 
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 lo-”  

3,6 x I O m 3  
IJ x 10-3 

2.1 x 10-3 
6.2 x 10-4 

1 . 0  x 10-3 

1.9 x 10-3 
2 - 3  x 10-4 
1 . 9  x 10-4 
5.9 x 1 0 - 4  

2.0 x 1 0 - 4  
1 , 2  x 10-3 
2 . 5  x 10-3 

3.0 x 10-3 
1.4 x 10-3 

7.5 x 1 0 - 4  
1.1 x 1 0 - 4  
1.7 x 10-3 
1.6 x 10-3 
1.1 x 10-3 
3 . 1  x 10-3 
1 - 3  x 10-4 
1 . 7  x 1 0 - 4  

3.0 x 

6.5 x 

3,s x IO-’+ 

3.7 x 

1.6 x 
6 - 7  x 

3.5 x I o - 3  

1.8 x 10-5 

4.1 x 10-5 
1 . 2  x 10-5 
2.9 x 1 0 - 5  
2.1 10-5 
1.3 x 10-5 

1.2 x 10-5 

1.2 x 10-5 
5.0  x 1 0 - 5  

2 .7  x 70-5 

2.1 x 
3.6 x 

3.8 x 
5.9 x 
4.9 x lo -6  

5.6 x 
3 . 2  x 

7.3 x 1W6 
3.0 x 

2 . 9  x lo-s  
6.6 x 
4.9 x 
3 . 7  x 
3.4 x 

2.2 x 
3.8 x lo-’ 
5.0 x 
6.3 x 
6.5 x lo-’’ 

3.1 x 1 0 - 5  

4.3 x 10-3 

9.7 x 10-3 

4 .9  x 

1.4 x 

1 . 3  x 10-3 

1.2 x 10-2 

6.3  x 

9.2 x 10-3 

7.4 x 10-3 

1 .2  x 10-3 

0.36 

0.81 

0,41 

0.12 

0 -  1 1  

1 .oo 

0.53 

8.10 

0.62 

0.10 
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APPENDIX C 

DATA FOR TOXICITY EXPERIMENTS 
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Table 16. Data f o r  Tnxicity Experiments (Fathead Minn~ws/'~'Pu) 

Mean 
Percent Standard Number o f  

S i  g n i  f i cant 

Treatment Number Eggs Hatch Number Error o f  Abnormals a t  
(uCi/mf) Number Dishes ( X )  Abnormal Mean Hatch 95% Level  Commen ts  

6.5 185/2 0 0 Eggs dead by 48 hrs. 

3 . 2  37 31 3 0 0 Hatched prematurely 

1.3 31 3/3 2 0 0.8 Hatched p rema t ure 1 y 

control 251 /2  89 0 2.0 

control 31 5/3 74 0 2.5 

control 272/ 3 90 0 7.8 -1 

U 0.85 369/ 3 sa See comments 2.2 Most were abnormal d 

control 343/3 79 1 2,2 
0.26 31 1 / 3  86 See comments 2.0 

control 340/3 88 0 1.8 
0.076 454/ 3 81 15 1.8 

control 408/2 77 0 2.1 c. 02 326/ 3 92 0 1.5 
control 365/ 3 87 0 1.8 
0 006 434/ 3 90 0 1.3 

control  169/1 88 0 2.5 

Most were abnormal 
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Table  16. Data f o r  T o x i c i t y  Experiments (Fathead Minnows/2 3 2 U )  

~ 

Mean S i  g n i  f i  c a n t  
Percent Standard  Number o f  

Treatment Number Eggs Hatch Number E r r o r  o f  Abnormals a t  
(pCifm1) Number Dishes ( % )  Abnormal Mean Hatch 95% Level Cornmen ts  

18 .6  
c o n t r o l  

8 .9  
c o n t r o l  

4 . 4  
c o n t r o l  

2 . 9  
c o n t r o l  

1 .1  
c o n t r o l  

0 . 5  
c o n t r o l  

0.2 
c o n t r o l  

0.05 
c o n t r o l  

0.01 
c o n t r o l  

533/3 
37 8/3 
239/3 
257/3 
31 5 / 3  
2 5 7 / 3  
425/3 
321 /3 
320/3 
307/2 
154/2 
169/2 
41 5 /  3 
260/3 
2 38/ 3 
266/3 
269/3 
252/3 

0 
92 

0 
81 

0 
90 

0 
72 
0 

82 
0 

80 
76 
94 
83 
87 
88 
79 

0 
0 
0 
0 
0 
1 
0 
0 
0 
1 
0 
0 

See comments 
0 
5 
0 
0 
0 

Eggs dead by 48 hrs. 

70% dead by 24 hrs. 
1.5 

2.4 

1.9 

2.5 

2.2 

3.1 
2.1 
1 . 5  
2.4 Yes 
2.0 
2.0 
2.6 

A 

-4 
W Eggs dead by 96 hrs .  

Most were abnormal 
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Table 16. Data for Toxicity Experiments (Carp/2"U~235U,2"BUj 

Mean 
Treatment Percent Stan da rd 
( P P R  - Number Eggs Hatch  Number Error of 
i sotope)  Number Ciishes (%> Abnormal Mean Hatch c GTTITT; e !7 S 

co n t r o 1 
2 0 - 2  3 @U 
cont ro 1 
4 0 - 2 3 5 , 2 3 8 U  

control 

con t ro 7 

con t  ro 1 

6 0 - 2 3 5 9 2 3 8 u  

76-2 3 3 u  

5 2 2 / 3  
41 O /  3 
5281 3 
467/3 
531/3 
46 71 3 
67713 
6281 3 
667 /3  
62813 
363/3 
411313 

95 
97 
82 
94 
9s 
94 
94 
95 
95 
95 
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 

ND c i t r a t e  added 1.1 
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 Yo c i t r a t e  added 



Table 16. Data for Toxic i ty  Experiments (Carp/Na3C6H507) 

Mean 
Percent Standard 

Treatment Number Eggs Hatch Number Error  o f  
( %Na3C6H507) Number Dishes (7:) Abnormal Mean Hatch Comments 

1 x lo- '  
control 
5 x lo -*  
control 
1 x l o -2  
control 

control 

control 

control 

contro 1 

5 x 10-3 

1 x 10-3 

5 x 10-4 

1 x 10-4 

37 3/ 3 
467/3 
555/3 
467/3 
485/ 3 
467/3 
45 7 /  3 
41 0/3 
528/ 3 
41 0/3 
520/3 
41 0/3 
599/ 3 
41 0/3 

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 . l  
1.6 Delayed hatching 24 hrs. 
1 . 7  
1 . 4  Delayed hatching 
1 . 1  
1 .o 
1.3 
1 .o  
1.3 
1 .O 
1.3 
1 .2  
1 .3  



Table 16. Data fo r  T o x i c i t y  Experiments {CarplKF) 

Mean 
Percent S t a n d  a rd 

Treatment Number Eggs Hatch Number Error of  
(ppm F - j  Number fiishes (%)  Abnornal Mean Hatch r, omme p. t S 

1900 
control 

950 
ccrntrsl 

190 
control 

95 
control  

I 9  
contra 1 

control 
9 .5  

42513 
344/2 
492/3 
3441 2 
43113 
34412 
6 9 0 / 3  
344/2 
61 2 J 3  
34412 
493/ 3 
344/2 

0 
93 

0 
93 
55 
53 
95 
93 
96 
93 
97 
96 

1.3 

1 . 3  
2.4 Larvae lived 12 hrs. 
i .3  
2. 8 
1 .3  
0.8 
1.3 
0.8 
3.3 
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