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This report  analyzes over 200 careful ly  selected papers t o  provide 

concise data s e t s  and methodology for  estimation of bioaccumulation 

fac tors  for tritium and isotopes of strontium, cesium, iodine, manga- 

nese, and cobal t i n  major b i o t i c  components of freshwater environments 

Bioaccumulation factors  of d i f f e ren t  t i s sues  a re  distinguished where 

s ign i f i can t  differences occur. 

of ten unnatural i n  terms of chemi cal and ecological re1 a t i  onships 

t h i s  review was r e s t r i c t ed  as f a r  a s  possible t o  bioacciiniulation 

fac tors  determined f o r  natura? systems. Because bioaccumu at ion 

fac tors  were n o t  avai lable  f o r  some shorter-l ived radionuc ides ,  a 

methodology f o r  converting bioaccurnul a t i o n  fac tors  o f  s tab  e isotopes 

t o  those o f  shorter- l ived radionuclides was derived and u t i l i zed .  

Since conditions i n  the laboratory are 

The bioaccumulation fac tor  f o r  a radionuclide i n  a given organism 

o r  t i s sue  may exhib i t  wa’de var ia t ions among bodies of water t h a t  a r e  

re la ted  to  differences i n  ambient concentrations of stable-element and 

carrier-element analogues. To account for  these var ia t ions simple 

models a r e  presented t h a t  r e l a t e  ~ i o a c ~ u ~ ~ ~ a ~ ~ o ~  fac tors  t o  s tab le-  

element and carrier-element concentrations i n  water. The e f f ec t s  o f  

physicochemical form and other  f ac to r s  i n  causing deviatfcmns from 

these models are discussed. Bfoaccumulation f ac to r  da ta  a r e  examfned 

i n  the context o f  these models, and bioaccurnulation fac tor  re la t ions  

f o r  the selected radionuclides a r e  presented. 
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B I O A ~ C ~ ~ U ~ A T I ~ ~  FACTOR CONCEPTS 

The biOWXUMulatiOn fac tor  fo r  an organism or t i s sue  i i s ’ t h e  

- s t a t e  r a t i o  o f  radionuclide concentration i n  the organism o r  

t i s sue  t o  t h a t  i n  water: 

where 

B F ( R I i  = bioaccumulation fac tor  for  radionuclide R in organism 

o r  t i s sue  i ,  

[RIi = radionuclide concentration (pCi/g fresh w e j g h t )  i n  

organism or  t i s sue  i and 

[RIW = radionuclide concentration i n  water ( $ i / g ) 3  a constant. 

Bioaccumulation factors  a re  used t o  p-edict  radionuclide c ~ ~ c ~ ~ ~ r ~ t ~ ~ ~ ~  

in whole organisms o r  t h e i r  t i s sues  from knowledge o f  t h e  ~ a d ~ ~ n L ~ ~ l i ~ ~  

concentration i n  water for  chronic releases o f  radionuclides. Bjo- 

accumulation fac tors  for radionuclid2s were related t o  ambient 

concentrations of t he i r  s t ab le  o r  n o v i s o t o p i c  c a r r i e r  element 

analogues according t o  three idealized pat terns .  The f i r s t  pat tern 

i s  t h a t  the  bioaccumulation fac tor  for radionuclide R i n  organism 

or t i s sue  i, BF(RIi, i s  constant regfirdless o f  stable-element or 

carrier-element concentration : 

The second pattern applies t o  an element tha t  i s  homeostatically 
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maintained a t  a constant concentration i n  organism or tissue i :  

Where 

X i  = concentration o f  s tab le  element i n  organism or t i s sue  

i , a constant (ug/g  fresh weight) , and 

[CIkJ '= concentration o f  corresponding s tab le  element i n  water 

(vg/g 1 * 

The third pattern applies t o  a radioisotope and i t s  non-isotopic 

c a r r i e r  element which is  horneostatical ly  maintained a t  a constant 

Concentration i n  i :  

q i  = discrimination coef f ic ien t ,  

Z i *  = concentration of non-isotopic c a r r i e r  element i n  organ- 

ism or t i s s u e  i ,  a constant (Iig/g fresh weight), and 

[C*3, = concentration o f  nsn-isotopic c a r r i e r  element in 

water (ug/y) " 

The discrimination coef f ic ien t ,  q i  , is  the r a t i o  ( [ R ] i / l C * ] i ) / (  [RIP// 

[C*Iw), where [C*], i s  t h e  c a r r i e r  element concentration in i .  

(3)  i s  often rewritten i n  the form: 

Equation 
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Radionuclides e x i s t  i n  a wide variety of physicochemical forms 

i n  na tu ra l  waters, and t h e i r  d i f f e ren t  forms have d i f fe ren t  a v a i l -  

a b i l i t i e s  t o  the food chain, 

radionuclides t o  b i o t a ,  and sediment type can influence the ava i l -  

a b i l i t y .  

constant concentrations i n  a giver organism, the concentration o f  

s t ab le  element i n  the organism is  independent of concentration of 

s tab le  element i n  water or i t s  ava i l ab i l i t y  i n  prey, sediment, and 

d i f fe ren t  physicochemical forms i n  the water. In con t r a s t ,  d i f -  

ferences i n  ava i l ab i l i t y  of radionucl ides i n  d i f fe ren t  sediment 

types and d i f f e ren t  physicochemical forms i n  water can 'lead t o  

niarked deviations from the idealized pat terns  of Equats'ons ( 1 )  and 

Sediments, too, may be source o f  

For those elements t h a t  are  hsmeostatically maintained a t  

( 3 )  - 
lrlhen bioaccumulation fac tors  were n o t  available for radiunuclides 

they were estimated froni bioaccumwl a t i o n  fac tors  of the corresponding 

s tab le  elements. Owing t o  physical decay, the bioaccumulation fac tor  

o f  a short- l ived radionuclide is much l e s s  t h a n  t ha t  o f  the s t ab le  

element or longer-lived nuclides. 

1 ived radionuclides were estimated from bioaccumulation fac tors  s f  

the s t ab le  element according to  the re la t ion :  

5iaaccumulation fac tors  o f  shorter- 

5 F W i  7 BF(R) i  = r<.q 2 

where 

k = elimination coef f ic ien t  o f  C i n  i (day-'), 

A = radioactive decay constant (day-')3 and 
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BF(C)  = bioaccumulation fac tor  o f  corresponding s t a b l e  elemerat 

i n  i .  

B IOBCCUMULA'T ION FACTORS 

Potassium i s  a non-isotopic c a r r i e r  elerrretit For cesi i im because 

o f  the?' t- chemi sa7 simi 1 a r i  ti es and  the greater  abundance o f  potassi iarn 

in water. Further,  since potassium concentration i s  horncostatically 

maintained 3t constant concentrations i n  animals, the bioaceumulation 

f a c t o r  o f  cesiuin -is given by Equation (3)  o r  ( 4 ) .  

pattern for animals, potassium concentration o f  water has only a 

smal 1 e f f e c t  on t h e  cesi  urn b i  oacciiinul ation fac tor  in a1 gae. 

Unlike this 

The primary mode o f  accimulation o f  cesium and pstai;siurn i n  

aquatic animals i s  Prom the food cha jn .  Absorptl'on eff ic iency of 

potassium and cesium from food is  h i g h .  In animals the excretion 

coef f ic ien t  o f  potassium is about. 3 times larger  than the excretion 

coef f ic ien t  o f  cesium. 

about 3 w i t h  each trophic leve l .  

the predators and  prey are about  equal ,  the  cesium bioaccumulation 

fac tor  increases by a fac tor  of 3 w i t h  each trophic leve l .  

A s  a r e s u l t ,  q i  increases by a fac tor  o f  

I f  potassiiern concentrations in 

Because cesi urn a's s t r m g l y  adsorbed by suspended pa r t i cu la t e  

mater ia ls ,  especial ly  c lays ,  the proportion of cesium i n  the soluble 

phase decreases w ' i t h  increasing suspended sol ids  concentrations. 

Potassium, too,  is sorbed b u t  t o  a much  lesser degree. Since algae 

accumulate cesium, potassim, and other elements f r om the  soluble 

phase, the a v a i l a b i l i t i e s  t o  the  food chain of cesium and o f  cesium 
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r e l a t ive  t o  potassium decrease w i t h  increasing suspended so l id s  concen- 

t r a t ions .  T h u s ,  discrimination coef f ic ien ts  and bioaccumulation fac tors  

decrease w i t h  increasing suspended solids concentrations.  

On the basis  of data ava i lab le ,  we recommend the bioaccumulation 

f ac to r s  given i n  Table 1 .  

S t ront i  um 

Cal c i  um i s  a non- i so t o p i  c c a r r i  e r  el  emen t f o r  stronti um because 

o f  t h e i r  chemical s i m i l a r i t i e s  and the grea te r  abundance of calcium 

i n  water. Further,  s ince calcium concentration i s  homeostatically 

mas’ntained a t  constant concentrations i n  animals, the bioaccumulation 

f ac to r  of strontium i s  given by EqLation ( 3 )  or ( 4 ) .  

pat tern for animals, calcium concerttration of water has only a 

small e f f e c t  on the strontium bioaccumulation f ac to r  i n  a lgae,  

The primary mode of  uptake of strontium and calcium i n  animals (as  

well a s  p l an t s )  is  from water. As a r e s u l t ,  trophic level h a s  l i t t l e  

effect  on the discrimination coe f f i c i en t  and the bioaccumulation 

f ac to r  of strontium. Further, the discrimination coe f f i c i en t  i s  

r e l a t i v e l y  independent o f  calcium concentration i n  water. Calcium 

and strontium concentrations i n  bones and she l l s  a r e  h igher  than 

i n  other t i s sues  of animals. 

Unlike this  

Strontium has physicochemical propert ies  s imilar  t o  calcium a n d ,  

l i k e  calcium, appears mainly as  f r e e  ions i n  water. 

this and the f a c t  t h a t  the discrimination coe f f i c i en t  is independent 

of calcium concentration i n  water, the discrimination coe f f i c i en t  

var ies  l i t t l e  among s i t e s .  

As a r e s u l t  o f  

* 
This implies t h a t  the  product q i c i  
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Table 1 .  Recommended bioaccumulation fac tor  re la t ions 
for  1 ong-1 i ved isotopes of cesi urna 

__I.. .. .- .. .. . . . . . . . ..... 

, .. . . . . .. 

Yaxsn/ 

Group 
Functional Tissue Env i  ronrnent 

Recommended 
Bioaccumul a t i  on 
Fac tor  Re1 a t i o n  

Piscivorous 
f i shes  

Piscivorous 
f i shes  

M on -p i s c i vor ou s 
f ishes  

Non-piscivorous 
f ishes  

A1 gae 

Aquatic vascul a r  
plants 

Emergent vascular 
p l  a n t s  

Mol 1 uscs 

Invertebrates 
other than 
mol 1 uscs 

Amphibians 

Waterfowl 

A 1 7  t i s sues  

A 1 1  t i s sues  

All t i s sues  

All  t i s sues  

Whol e 

Whol e 

Whol e 

She1 1 
S o f t  t i s sues  

WhQl e 

All t i s sues  

A ? ?  t i s sues  

b C1 eay waters 

d 
T u r b i d  waters 

Clear waters 

T u r b i d  waters 

A1 1 waters 

A1 1 waters 

A1 1 waters 

A 1  1 waters 
All waters 

All waters 

A? 1 waters 

All waters 

1 o3 

I- 

aTo convert t o  bioaccumulation fac tors  o f  13%s use conversion fac tors  

bSuspended sol i d s  concentration l e s s  than 50 ppn.  

i n  Table 3.1.1. 

[ K l w  = s t ab le  potassium concentration of water i n  ppm. C 

dSuspended sol ids concentration greater  t h a n  50 ppm. 

I o3 

1 o4 
3x1 o3 
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appearing i n  the  numerator of Equation (3)  may be t reated as  a 

constant and t h a t  a regression of I n  BF(Sr)i  versus 1n[Calw, where 

[Ca], is calcium concentration i n  water, will have a slope near -1 

and a h i g h  cor re la t ion  coe f f i c i en t .  

On the basis  of the data ava i lab le ,  we recommend the strontium 

bioaccumulation f ac to r s  given i n  Table 2 and shown i n  Figure 1 .  

Tritium 

T r i t i u m  was included i n  th is  report  because o f  a concern t h a t  

the r e l a t i v e  k ine t ics  of tritium and protium resu l t ing  from tritium's 

heavier mass (" isotope e f f e c t " )  m i g h t  lead t o  a preferent ia l  accumula- 

t i o n  o f  tritium over protium. Experiments i n  aquatic systems indicate  

tha t  this does n o t  occur and tha t  the bioaccumulation f ac to r  fo r  tritium 

is  l e s s  than o r  about equal t o  the bioaccumulation f ac to r  fo r  protium, 

which has a bioaccumulation f ac to r  approximately equal l o  1 .  

mend t h a t  a bioaccumulation f ac to r  of 1 be used f o r  a l l  tissues of a l l  

aquat ic  biota  (Table 3 ) .  

We recorn- 

Iodine 

Iodine i s  highly concentrated by the thyroid t i s sue  of verte- 

brates .  As a result, the bioaccumulation f ac to r  fo r  iodine i n  the  

thyroid tissue o f  fishes is  very h i g h .  

f ac to r s  a r e  given i n  Table 4. 

Recomended bioaccumulation 

Man gane s e 

Manganese i s  homeostatically riaintained a t  constant concentrations 

i n  ver tebrates  and some invertebrates .  Thus ,  the bioaccumulation 
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l a b 1  e 2 .  Recommended h i  oaccurnul a t i  an .factor 
re1 a t i  ons fa r  stronti urn 

Tax o H / Recommended 
Functional T i  SSUF Environment Bisaccurnwlation 

Group Factor Re7 a t i  on 

Fishes 

A ?  gae 

Bone ,411 waters Figure 1 
F1 esh All waters F i g u r e  1 

Whol e A1 1 wa tiers zX1 o3 

Vascular  
plants 
(aquatic and 
emerg en t ) Whol e A1 1 waters 2x1 o2 

Mol 1 uscs She1 1 
a 4 A1 1 waters 6 . 8 ~ 1 0  /[ca], 

S o f t  t i s sues  All waters 3x1 02 
_ _  

a .- /CalbV I: s t a b l e  ca lc ium concentration o f  water i n  ppm. 
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Figure 7 Bioaccumulation factors for strontium i n  f r e s h w a t e r  f i s h e s  
as a f u n c t i o n  o f  c a l c i u m  concentration i n  water. 
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Tab1 e 3. Recommended b ioaccumula t isn  f a c t o r  f o r  t r i t i u m  

~ _...__ . 

Taxon/ Recommended 
Funct iona l  T i s s u e  Environment B i  oaccumul a t i  on 

Group F a c t o r  
_I._s-I_.._....I._.. _. - ... . .. .- 

A1 1 organisms A l l  t i s s u e s  A1 1 waters 1 



xv 

Table 4. Recommended bioaccumulation fac tors  f o r  
s t a b l e  iodine,  iodine-129, and iodine-131 

- - 
Taxon/ Recommended 

Functional T i  s u e  Environment Bioaccumulation 
Group Factor Re1 ation 

Fishes 

C rus tacea 

Phytoplankton 

Fishes 

Aquatic insec t  
1 arvae 

Mol 1 USCS 

A1 gae 

Macrophytes 

Stable  Iodine and Todine-129 

Muscle A1 1 waters 

Thyroid ti ssue 
Ovary (eggs) 

A1 1 waters 

A1 ? waters 

Iodi ne-131 - . . ~  

Muscl e A? 1 waters 

Thyroid tissue 
Ovary (eggs) 

Who? e A I  1 waters 

Sof t  t i s sues  A1 1 waters 
She1 I 

Who1 e A1 1 waters 

Who1 e A1 1 waters 

50 

800 

290,000 

340 

800 

40 

1 4 0,000 

400 

50 
400 

260 

120 

gooa 

-____ __ 

aDefault value based on bioaccumulation f a c t o r  of s tab le  iodine. 
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fac tor  of manganese i n  f ishes  i s  inversely propor t iona l  t o  manganese 

concentration i n  water [Equation ( Z ) ] .  

factors  are  given in Table 5. 

Recommended bioaccumulati on 

Cobal t 

Cobalt i n  s o l u t i o n  has a strong tendency t o  form complexes w i t h  

Since metals complexed w i t h  organic mole- dissolved organic matter. 

cules have s igni f icant ly  lower a v a i l a b i l i t i e s  t o  plants and animals 

than f r ee  ions,  cobalt  bioaccumulation factors  would be expected t o  

decrease w i t h  increasing eutrophy o f  w a t e r .  Cobalt bioaccumulation 

fac tors ,  which in t h i s  report  are  based on cobalt concentrations 

i n  the soluble phase o f  water, conform t o  t h i s  expected pat tern.  

Absorption eff ic iency of cobalt  from food i s  very low i n  f i shes .  

This may explain the re la t ive ly  low bioaccumulation factors  o f  cobal t  

i n  f ishes .  

in Table 6 .  

Weeommended bioaceumulation fac tors  f o r  cobalt are given 
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Table 5. Recommended bioaccumulation fac tor  
re la t ions  f o r  manganese 

_I-._-._ ~~ 
--- 

Taxon/ Recommended 
Functional Tissue Environment Bioaccumulation 

Group Factor Relation 

Fishes Whol e 
Flesh 

A1 1 waters 
A1 1 waters 

6.7/[Mn] a 
0 .  32/[MnYw 

A1 gae Whol e A1 1 waters 

5u bmer ged 
macrophytes Whol e A1 1 waters 

A1 1 waters 

All waters 

A1 1 waters 

F1 o a t i  ng-1 ea f  
macrophytes 1 Q3 Whol e 

Emergent vascu la r  
plants 7 o3 Who1 e 

Mol 1 USCS : 
Biva lves  S o f t  

Shel 1 
c 

Snai 1 s S o f t  
Shel 1 
Whol e 

Crustaceans Who1 e All waters 

A 1  1 waters Insect larvae Whol e 

a lMnIb, = s t a b l e  tnanganese concentration i n  water .in ppm. 
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Table  6.  Recamended bioaccurnulation f a c t o r s  f o r  cobal t  
(based on isotope concentrations i n  water a f t e r  

f i l t r a t i o n  t o  remove p a r t i c u l a t e s )  

Taxon/ Recommended 
Functional Tissue E n L i  ronment Bioaccuniul a t ion 

Group Factors 

Fishes 

A1 gae 
Ernergm t 

vascular 
p l  a'its 

Subrnerged- 
1 e?.f 
macrophytes 

Floating-leaf 
macrophytes 

1901 1 uscs : 
B i  Val ves 

Snai, 7 5 

Insect 1 arvae 

' l u b i  f i c i  d 

C rust a ce an s 

worms 

F1 esha 

Whol ea 
Flesh 
Who1 e 
Who1 e 

Who1 e 

Whol e 

Who1 e 

S o f t  

S o f t  

Mho1 e 

Whol e 

Whol e 

Mesotrophic and oligo- 
t rophic  waters 

Eutrophic waters 

A1 1 waters 

A71 waters 

MesotPophi c and 01 i go-" 
t rophic  waters 

Eutrophic waters 

Mesotrophic and ol iga-  
trophic waters 

Eutrophic waters 

Mesotrophic and ol iga-  
t rophic  waters 

Eutrophic waters 

All waters 

A1 1 waters 

Eutrophic waters 

A1 1 waters 

32 0 

448 
27 
44 
1 o4 

I 03 

1 o4 
2x1 o3 

1 O 3  

1 o4 

1 o4 

1 o4 

'1 O3 

4x1 O2 

4x1 0' 

5x1 O2 

%Bioaccumulation fac ta rs  o f  other t i s s u e s  o f  f i s h e s  may be estimated 
from re la t ive  concentrations of c o b a l t  g i v e n  i n  Table 3.6.2. 
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1 .  INTRODUCTION 

1.1 Scope 

This report  analyzes over 200 carefu l ly  selected papers t o  provide 

concise data s e t s  and methodology for  estimation of bioaccumulation 

fac tors  f o r  selected radionuclides i n  major b io t i c  components o f  

freshwater environments. 

standpoint o f  experimental techniques fo r  each o f  the selected radio- 

nuclides. Since conditions i n  the laboratory a re  often unnatural i n  

terms of chemical and ecological re la t ionships ,  t h i s  review i s  r e s t r i c t ed  

a s  fa r  as possible to  bioaccumulation factors  determined fo r  natural 

systems. Cesium, strontium, iodine, manganese, and cobal t  were chosen 

based on an ORNL survey o f  re leases  from 16 light-water-coaled nuclear 

power s t a t ions .  This survey showed t h a t  the major radiological impact 

on the aquatic biota and man comes from these radionuclides (Kaye, 1973). 

Although tritium contributes only a minor f ract ion of the dose from 

l i q u i d  e f f luen t s ,  i t  i s  nonetheless t rea ted  too because of a concern 

tha t  i t  may be concentrated i n  passage through food chains. 

l a t ion  fac tors  f o r  freshwater environments a re  o f  immediate concern s ince 

most nuclear plants  (operable, under construction, o r  planned) a re  

located adjacent t o  bodies of freshwater. 

The papers were c r i t i c a l l y  reviewed from the 

Bioaccumu- 

1.2 Objectives 

The objective of this report  i s  t o  present bioaccumulation fac tors  

fo r  the selected radionuclides i n  the d i f f e ren t  t i s sues  of major b io t i c  

components o f  freshwater systems. 

nuclide i n  an organism o r  t i s sue  ma.1 exhib i t  wide var ia t ions among s i t e s  

The bioaccumulation fac tor  o f  a radio- 
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t h a t  are  re la ted t o  differences in stable-element and carrier-element 

concentrations and other limnological variables.  For t h i s  reason, 

bioaccumulation fac tor  re la t ions rather  than single bioaccumulation 

fac tors  a re  presented t o  account f o r  s i t e - spec i f i c  variations ~ 

1.3 Format 

General discussions of important aspects o f  element bioaccumula- 

t i o n  are  presented i n  Section 2, 

the re lat ion between bioaccumulation fac tors  for radionuclides and the 

concentrations o f  t he i r  stable-element and carrier-element analogues. 

The e f f ec t s  of physicochemical form and other fac tors  in causing devia- 

t ions from these models are  a lso discussed along w i t h  methodology for  

converting stab1 e-element bioaccumulation factors  t o  bioaccumulation 

fac tors  for- shorter-! ived rada’onucl ides.  Sect ion  3 reviews the 1 i tera- 

ture  on bioaccumulation fac tors  for  the s ix  selected radionuclides and 

gives recommended bioaccumulation fac tor  re la t ions based on the l i t e r a -  

t u re  values. 

We present simple models t o  i l l u s t r a t e  
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2. BIOACCUMULATION FACTOR CONCEPTS 

The bioaccurnulation factor of an organism or tissue i is the 

steady-state ratio o f  radionuclide concentration in the organism or 

tissue t o  that in water: 

where 

EF(R)i = bioaccumulation factor for radionuclide R in organism 

or tissue i ,  

[Rli = radionuclide concentration (gCi/g fresh weight) in 

organism or tissue i, and 

[R], = radionuclide concentration in water (pCi/g), a constant. 

Bioaccumulation factors are used to predict radionuclide concentrations 

in whole organisms or their tissues from knowledge o f  the radionuclide 

concentration i n  water for chronic releases of radionuclides. Bioaccu- 

mulation factors also appear in expressions that are used t o  predict 

the transient dynamics o f  radionuclide concentration in organisms 

(Vanderploeg et a7 e 1974). Therefore, an understanding o f  variables 

that affect bioaccumulation factors is central to understanding steady- 

state and transient dynamics o f  radionuclide concentration in aquatic 

organisms. 

2.1 Idealized Bioaccumulation Factor Patterns 

Bioaccumulation factors for ra'3ionucl ides are often portrayed as 

being related to ambient concentrations o f  their stable or non-isotopic 
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c a r r i e r  element analogues according t o  three idealized pat terns  ( e . g . ,  

Fleishman, 1973; Peterson, 1970). 

accumulation f ac to r  fo r  radionuclide R i n  organism or t i s sue  i ,  B F ( R ) i ,  

i s  constant regardless o f  stable-element o r  carrier-element concentra- 

t ions :  

The f i r s t  pat tern i s  t h a t  the bio- 

- t  

BJ-(I?). = const. (2 .1  . l )  
1 

The second pat tern i s  t h a t  the concentration of an element i n  an 

organism o r  t i s sue  i s  homeostatically maintained a t  a constant con- 

centrat ion despite d i f f e ren t  concentrations of the element in water. 

T h i s  implies t h a t  the biaaccurnulation f ac to r  of a homeostatically 

control led s t ab le  element i s  inversely proportioned t o  i t s  concen- 

t r a t i o n  i n  the water: 

where E i  = concentration o f  s t ab le  element .in organisms or t i s s u e  i ,  

a constant (pg/g fresh weight),  and 

= concentration o f  s t ab le  eleiiient i n  water  (pg/g). 

Assuming t h a t  the  spec i f ic  a c t i v i t y ,  t h a t  i s ,  the r a t i o  o f  radio- 

nuclide concentration t o  the s t a b l e  element concentration (pCi/g 

s t ab le  element) i n  i i s  equal t o  t h a t  o f  the water, the bioaccumula- 

t ion  Factor f o r  the radionuclide,  I3F(RI i ,  i s  a l so  inversely proportional 

t o  the concentration of t he  s t ab le  element: 

B F ( R ) i  = C i / c C l ,  . (2.1.3) 

Taking the natural logarithm o f  each s ide  o f  Equation (2.1.2) and (2 ,7 .3)  

r e s u l t s  i n  the l i nea r  r e l a t ion :  
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I n  BF(R)i = I n  BF(C)i = l n  ci - ln[C], . (2.1.4) 

Equation (2.1.4) implies t h a t  the p lo t  of ln  5F(RIi \~ersus ln[C]w 

has a slope o f  -1. The t h i r d  pat tern is t h a t  the bioaccurnulation 

f ac to r  f o r  the radionuclide,  B F ( R )  i ,  i s  inversely proportional to  

the concentration of a non-isotopic c a r r i e r  element i n  water, a 

non-isotopic c a r r i e r  element being nearly chemically s imi la r  t o  b u t  

occurring i n  higher concentrations than the stable-element analogue 

The der ivat ion of t h i s  re la t ionship  follows. 

The bioaccumulation f ac to r  for radionuclide R i s  re la ted t o  

BF(C*Ji,  the bioaccurnulation fac tor  f o r  the c a r r i e r  element C*, by 

which  may be wri t ten  as  

(2.1.5) 

(2.1.6)  

where (R/C*) 

t o  c a r r i e r  element concentration found i n  the organism or tissue and 

i n  the water, respect ively.  

element is horneostatically control led i n  the organism, t h a t  i s :  

and ( R/C*)w are r a t i o s  o f  radionuclide concentration 

Assume t h a t  the non-isotopic carrier 
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where 

Z i *  = concentration o f  non-isotopic c a r r i e r  element i n  organism or 

tissue i ,  a constant (pg/g f resh weight), and 

[C*], = concentration of non-isotopic c a r r i e r  element i n  wate r  ( p g l g ) .  

Combining Equations (2.1.6)  and (2 -1 .7 )  and l e t t i n g  qi = ( R / C * ) i / ( R / C * ) w ,  

( 2 , l  .8) 

Taking the natural logarithm o f  each s i d e  o f  Equation (2 .1  . 8 ) ,  

Since Xi* i s  a constant,  a plot  of ln  B F ( R ) i  versus ln[C*], will have a 

slope of -1 i f  q i  i s  constant.  

I f  water were the immediate source o f  the radionuclide and c a r r i e r  

element t o  organism o r  tissue i, qi would be cal led the "observed r a t i o "  

(Comar e t  a1 . , 1956). 

source o f  an element t o  an organisill, we will  designate q i  the discrimina- 

t i  on coeff i c i  ent . 
On the basis o f  empirical data on 1 3 7 ~ s  and i t s  c a r r i e r  element 

Since water may not necessarily be the d i r e c t  

potassium, Fleishman (1973) suggested t h a t  q i  i s  n o t  a constant b u t  

ra ther  a function of [C*],. I t  can be shown niathematically t h a t  i f  

a n  animal accumulates the  c a r r i e r  and nuclide from water and food, 

qi beconies a function o f  [ C * ] ,  (see Appendix). 

Because the number o f  s i t e s  where steady-state bioaccuniul a t ion 

fac tors  can be determined from the release of radionuclides i s  l imited,  

bioaccurnulation fac tors  for the radionuclides a r e  often es t ima ted  from 



d i s t r ibu t ions  o f  their s t a b l e  element analogues. 

requirement of equal spec i f i c  a c t i v i t i e s  i n  organisms and water t h a t  

we have f o r  Equation (2.1.3) appl ies  as  well t o  Equations (2.1.1) and 

(2.1.8) or any r e l a t i o n  when s t ab le  element data a re  used t o  estimate 

b i  oaccumul a t i  on f ac to r s .  

Therefore, the 

2.2 Physicochemical Forms of Radionuclides and 
Avai lab i l i ty  t o  Biota 

Radionuclides e x i s t  i n  a wide var ie ty  of physicochemical forms i n  

natural  waters and their d i f f e ren t  physicochemical forms have d i f f e ren t  

a v a i l a b i l i t i e s  t o  aquat ic  biota.  The major physicochemical forms o f  

t race  metals t h a t  Gibbs (1973) reports for r ive r s  i l l u s t r a t e  this 

d ive r s i ty :  

1 .  Dissolved i on i c  species  and inorganic assoc ia t ions ,  

2 .  Complexes w i t h  organic molecules i n  s o l u t i o n ,  

3 .  Adsorbed t o  solids, 

4. Prec ip i ta tes  and coprec ip i ta tes  on solids (meta l l ic  
coa t ings ) ,  

5. Incorporated i n  s o l i d  biological mater ia l s ,  and 

6 .  Incorporated i n  c r y s t a l l i n e  s t ruc tu res .  

Both un ice l lu l a r  and mul t i ce l lu l a r  a lgae,  which generally form the base 

of the  aquat ic  food web, accumulate elements from the soluble phase. 

Likewise, some radionuclides are d i r ec t ly  accumulated by aquatic animals 

from the  soluble phase. Aquatic vascular p lan ts ,  which may be important 

as food t o  consumers i n  some systems, accumulate elements from the 

soluble  phase o f  water and a l so  frori the i n t e r s t i t i a l  water of sediment. 

I t  has a l so  been demonstrated tha t  radionuclides and metals complexed 
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w i t h  organic molecules may have s igni f icant ly  lower a v a i l a b i l i t i e s  t a  

algae and animals than f r e e  ions (Timofeeva e t  a l . ,  1960). 

Aquatic animals, especial ly  f i l t e r  feeders,  may accumulate radio- 

nuclides from the suspended phase. 

of radionuclides i n  the suspended phase has n o t  been studied. 

be s a i d  t h a t  adsorbed (exchangeable) radionuclides and radionuclides 

i n  so l id  biological materials are  avai lable  t o  some aquatic consumers. 

Elements i n  the crystal  s t ruc ture  o f  clay minerals and other lithogenous 

detri tus a r e  almost completely unavailable. 

The a v a i l a b i l i t y  s f  di f fe ren t  forms 

I t  can 

Radionuclides enter  food webs not only from the water b u t  a l so  

from bottom sediments, and  a v a i l a b i l i t y  of radionuclides t o  the food 

web varies w i t h  sediment type. 

nuclides from bottom sediments. 

ind i rec t ly  from bottom sediment by ingestion o f  these invertebrates  

and a l s o  d i r e c t l y  by incidental ingestion o f  sediment w i t h  prey 

(Gallegos e t  a l  , , 1970). 

sediment varies w i t h  the nature o f  the sediment (Gal7Fzgos e t  a l . ,  

1970; Eyan and Kitchings, 1974). 

have d i f fe ren t  capaci t ies  f o r  sorption o f  radisnucl i des (Friend, 

Benthic invertebrates  accumulate radio- 

Fishes may accumulate radionuclides 

Absorption o f  radionuclides from ingested 

In addi t ion,  d i f f e r e n t  sediments 

1963 ; Imieni ck and Gardi ner 1965) . 

2.3 Bioaccumulation Factors and Avai labi l i ty  
o f  Radionucl ides 

For those elements t h a t  are  horneostatical y rnainta ned a t  constant 

concentrations i n  a given organism, the concentration o f  s tab le  element 

i n  t h e  organism i s  independent of concentrations o f  s t a b l e  element i n  

water or  i t s  a v a i l a b i l i t y  fram prey, sediment, and d i f f e r e n t  physico- 

chemical forms of the water. I f  the radionuclide i n  the organism has 
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the same specific activity as that in waterS the bioaccumulation factor 

for the radionuclide will be given by Equation (2.1.3). I n  contrast, 

differences in availability of radionuclides in different sediments 

and different physicochemical forms in water can lead to marked devia- 

tions from the idealized pattern o f  a constant bioaccumulation factor, 

Equation (2.1 . I ) .  

For the bioaccumulation facto,@ pattern of Equation (2.1.8), we 

pointed out that qi is a function of [C*Iw. 

sediment is an important source of radionuclide to the animal, the 

concentration of carrier in sediment relative to food and water will 

have an influence on qi (see Appendix). Moreover, variations in 

the proportions o f  radionuclide and carrier element appearing in 

various physicochemical forms can lead t o  variations in a, sr’nce the 

radionuclide or carrier could be preferentially accumulated by the food 

web. 

We note too that if 

i 

2.4 Bioaccumulation Factors for Short-Lived Radionuclides 

Because of radioactive decay, the bioaccumulation factor for a 

short-lived radionuclide is expectEd to be less than the corresponding 

bioaccumulation factor of the stable element. Since the bioaccumulation 

factors o f  some stable elements have been more corrmonly measured than 

the bioaccumulation factors o f  short-lived radionuclides, a methodology 

is presented to predict the bioaccurnulation factor for the short-lived 

radionuclides from the bioaccumulation factor o f  the stable element, 

BF(C)?. The methodology requires knowledge of the elimination coef- 

ficient, k, in organism or tissue i .  
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Treating organism or tissue i as a s ingle  compartment, the  r a t e  

of change in the amount o f  radionuclide R i n  i ,  Ri, ($i) i s  

dRi 

d t  
- _  - IT - R i  ( k  +- A ) ,  

and the s teady-s ta te  amount o f  s t ab le  element C i s  given by 

, I, 
1 c .  = 

1 k 

(2.4.1) 

(2.4.2) 

where 

IT = r a t e  o f  i n p u t  o f  radionuclide from a l l  sources (pCi/day), 

IT' = r a t e  o f  i n p u t  of the corresponding s t a b l e  element from a l l  

sources (yg/day), 

k = elimination coe f f i c i en t  at steady-state  concentration of C 

in i ( d a y - ' ) ,  and 

h = radioact ive decay constant (day-').  

Assuming constant weight. o f  the organism o r  t i s s u e ,  the steady- 

s t a t e  concentration of radionuclide R a n d  s t ab le  element C a re  given 

by 

I 
= 

where B = biomass o r  fresh weight of the organism o r  t i s sue  i ( 9 ) .  

Assuming a l l  uptake i s  from water, 

(2.4.3) 

(2 4.4) 

(2 "4.5) 
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(2.4.6) 

where a = uptake coef f ic ien t  fo r  element C from water (day-’ ) , 
[RIw = radionuclide concentratior i n  water ($ i /g)  

[C], = s t ab le  element concentration i n  water (p.g/g). 

and 

Dividing Equation (2.4.5) by [ R l w  ard Equation (2.4.6) by [C], gives 

a B F ( C )  . = ~j 
1 

(2.4.7) 

(2 .4-8)  

w h i c h  implies t h a t  

f o r  uptake from water. 

t ha t  given by Peterson (1970). Thus i f  the radioactive decay constant,  

A ,  i s  s ign i f i can t  r e l a t i v e  t o  the elimination coef f ic ien t ,  k,  B F ( R ) i  

will be s ign i f i can t ly  l e s s  than B F ( C ) i .  I f  there  are  intervening s teps  

i n  the food chain between the organism or  t i s sue  and water, radioactive 

decay will  occur a t  each s tep  and fur ther  diminish BF(R)i. Since the 

e1 imination coef f ic ien ts  of prey (or  forage) are  generally much l a rger  

t h a n  the elimination coef f ic ien ts  of t h e i r  respective predators,  Equat ion 

(2.4.9) will generally n o t  grea t ly  overpredict  5F(R)i. 

(2.4.9) will not grea t ly  overpredict  the B F ( R ) i  and since information on 

food web s t ruc ture  i s  needed to  derive a more accurate B F ( R ) i ,  we suggest 

t h a t  Equation (2.4.9)  be used to  convert bioaccumulation fac tors  fo r  

s t ab le  elements o r  long-lived nuclides t o  bioaccumulation fac tors  f o r  

The d e r i v a t i m  of Equation (2.4.9)  p a r a l l e l s  

Since Equation 
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k Tables of k and [m] values are given short-lived radionuclides. 

when the bioaccumulation factors for shorter-lived isotopes must 

be estimated from the bioaccumulation factors for stable elements. 

2 , 5  Experiniental Error in Determination of Bioaccumulation Factors 

In earlier sections we treated the effects of variations in 

certain environmental conditions on bioaccumulation factors. Varia- 

tions a1 so resul t from experimental error , that is , errors resul ting 
from artifacts of analysis, eval uation and presentation o f  data, 

Below we discuss some important sources of experimental error and the 

precautions which can be taken to minimize them. 

sources o f  experimental error are: 

These important 

a. Analytical error , 
b, Use of literature values for water concentrations, 

c .  Filtration of water samples, 

%, 

e. 

f. 

Determination of organism concentration based on dry weight, 

Averaging isotopic concentrations of different tissues, and 

Determinations made under nonsteady-state conditions. 

2.5 

enV 

1 Analytical Error 

The concentrations of radionuclides or stable elements in most 

ronmental samples are generally so low that serious problems can 

be encountered in their measurement, especially in water. Eight 

laboratories participated in an intercalibration study involving 

spiked freshwater samples (Maletskos, 1972). The results were given 

as a ratio of the reported values t o  the ”correct” values 9- the 
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standard dev 

0.97 t 0.40, 

tritium were 

t h a t  e r r o r s  

occurring i n  

a t i o n .  The resu 

137Cs = 1.05 - f 0 

not included i n  

n analysis  of b 

water ana lys i s ,  

t s  were: 

27,, and 'OS, = 1.09 -I- 0.46. 

54Mn = 0.91 - f 0.20, 6oCo = 

Iodine and 

this study. Although i t  is not l ikely 

ological material would para l le l  those 

i t  i s  obvious t h a t  ana ly t ica l  e r r o r  can 

result i n  a s i g n i f i c a n t  var ia t ion  i n  measured bioaccumulation f ac to r s .  

S igni f icant  e r ro r  may a l so  be associated w i t h  measuring s t a b l e  element 

concentrations i n  water, espec ia l ly  f o r  cesium, cobal t  and manganese. 

Unfortunately, i t  i s  not generally possible t o  evaluate the 

accuracy of measurements from pa r t i cu la r  studies. 

bioaccumulation f ac to r  r e l a t ions ,  we imp1 i c i  t l y  assumed t h a t  var ia t ions 

i n  bioaccumulation f ac to r s  a r i s ing  from analy t ica l  e r ro r  were small 

i n  r e l a t ion  t o  var ia t ions  caused by environmental var iables  and t h a t  

deviations caused by ana ly t ica l  e r ro r  were randomly distributed. 

In deriving our 

2.5.2 Use of L i t e ra tu re  Values f o r  Water Concentrations 

Some o f  the var ia t ion  i n  reported bioaccumulation fac tors  can be 

a t t r i bu ted  t o  the use of average l i t e r a t u r e  values for s t ab le  isotope 

concentration i n  water. T h i s  i s  espec ia l ly  true i n  freshwater envi- 

ronments where element concentrations a r e  more variable than i n  marine 

environments. Thompson e t  a1 . (1972) derived some average bioaccumu- 

l a t i o n  f ac to r s  by determining the average s t ab le  element concentration 

i n  organisms from a number o f  freshwater habi ta t s  and then d i v i d i n g  

this average concentration by the average s t a b l e  element concentration 

of a number o f  freshwater habi ta t s .  Often the water values were taken 

from studies different from those giving the concentrations i n  the 
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organisms, Thus, some e r r o r  may have been introduced in to  the aver- 

age bioaccumulation fac tor  values. 

In select ing or  calculat ing bioaccumulation fac tors  f o r  this  

report  only those s tudies  t h a t  collected water and organism samples 

from the same l o c a l i t y  a r e  included. 

2.5.3 F i l t r a t i o n  of Water Samples 

Some experimenters have reported bioaccumulation fac tors  based 

on concentrations o f  isotopes from f i l t e r e d  as we1 1 as unfi l tered 

water samples. 

may be i n  the suspended phase - i n  some cases greater  than 905 - hio- 

accumulation fac tors  based on concentrations i n  f i l  ‘cered samples may 

be much 1 arger than bioaccumulation factors based on unfi l tered 

concentratians.  

Since a s ign i f icant  f rac t ion  o f  some elements i n  water 

So understand the significance of f i l t e r e d  or unfi l tered bioaccu- 

mulation fac tors  f o r  prediction a t  proposed nuclear power plants 

i s  necessary t o  discuss the nature o f  the e f f luent  and how radionuclide 

concentrations i n  the water a t  the  proposed reactor s i t e s  a re  estimated. 

Radionuclides i n  the reactor  e f f luent  a re  i n  t he  soluble phase. Concen- 

t r a t i o n s  i n  the body of water o f  concern a r e  usually estimated from 

predicted concentrations i n  the e f f luent  and from water turnover r a t e s .  

Actual concentrations i n  the water may be somewhat lowet- because the 

bottom sediment may serve as a sink f a r  radionuclides. Since radio- 

nuclides may become d is t r ibu ted  between soluble and suspended phases, 

the “predicted concentration” approximates the unfi l tered concentration 

of the radionuclide i n  the water. 

i t  

Assuming t h a t  the spec i f ic  a c t i v i t y  
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of the radionuclide i n  the  soluble and the suspended phases a re  equal, 

an unf i l te red  bioaccumulation f a c t o r  will  most c losely predict  the 

radionuclide concentration i n  the organism. Generally, f i l t e r e d  b i o -  

accumulation fac tors  will overpredict  the radionuclide concentration 

i n  organisms. 

2.5 - 4  Determination of Organi sm Concentration Based on Dry Weight 

Bioaccumulation fac tors  expressed i n  terms of dry weight o f  the 

organism a re  higher than those calculated u s i n g  wet weight concen- 

t r a t ions .  T h u s ,  care is  taken to  ensure t h a t  bioaccumulation fac tors  

l i s t e d  i n  this report a re  on a f resh w e i g h t  basis.  When dry w e i g h t  

bioaccumulation fac tors  were given i n  a publication, they were con- 

verted t o  fresh w e i g h t  bioaccumulation fac tors  i f  conversion f ac to r s  

between fresh weight and dry weight were avai lable  i n  the same p u b l i -  

cat ion.  In some cases where conversion fac tors  were n o t  avai lable  i n  

the same publication, conversion fac tors  from other sources were used 

2.5.5 Averaging Isotope Concentrations o f  Different Tissues 

In reporting o r  evaluating bioaccurnulation factors  care must be 

taken to  specify what t i s s u e  or  t i s sues  o f  the organism were analyzed. 

Certain elements have an a f f i n i t y  for  d i f f e ren t  t i s sues .  For example, 

strontium concentrates t o  a higher degree i n  bony t i s sues ,  and iodine 

concentrates t o  a higher degree i n  the thyroid than i n  other t i s sues  

of the organism. 

reference to  the spec i f i c  tissue analyzed. 

t ion f a c t o r s ,  which a re  often reported,  may be d i f f e ren t  from those of 

any par t icu lar  t i s s u e "  

Thus, any bioaccumulation fac tor  i s  incomplete w i t h o u t  

The whole-body bioaccumula- 



Another potent ia l  source of uncertainty associa,ted w i t h  whole-body 

bioaccumulation f ac to r s  i s  tha t  the organism's g u t  may contain sediment 

when the  whole-body bioaccumulation f ac to r  i s  determined. The concen- 

t r a t ion  of  metals,  such a s  cesium, manganese, cobal t ,  and strontiuiii in 

sediment may be s ign i f i can t ly  higher than the concentrations found i n  

the  t i s sues  o f  the organism. 

s ign i f i can t  f ac to r  for benthic invertebrates .  

Sediment contamination i s  

2 5.6 Detemi nations Made Under Nons teady-State Condi t 

most l i k e l y  a 

on s 

Measureiiients o f  organism concentrations i n  s i t ua t ions  where a 

s teady-state  condition is  not  present can r e s u l t  in low or  h igh  

bioaccumulation fac tors  depending on the circumstance. I f  an organism 

i s  t ransfer red  from an uncontaminated environment to  an environment 

with a fixed level of a radioisotope, t he  time necessary f o r  the estab- 

lishment of a nearly s teady-state  concentration is a function of the 

biological half-time o f  t h a t  element in the organism and the radioact ive 

ha1 f - l i f e .  

establishment o f  a steady s t a t e  will r e s u l t  i n  low bioaccumulation 

f ac to r s .  I f  the environmental concentration is  subjected t o  sudden 

var ia t ions ,  the subsequent changes i n  the organism concentrations 

may lag behind t h a t  of the environment. 

would be expected if determinations a re  made shor t ly  a f t e r  a sudden 

rise i n  environmental concentration, o r  a f t e r  an organism mves from 

an area o f  law isotope concentration t o  an area of h i g h  concentration. 

The oppos i t e  s i t ua t ions  would r e s u l t  i n  high bioaccumulation fac tors .  

Obviously, organism concentrations analyzed prior t o  the 

Low bioaccumulation f ac to r s  
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2.6 Use of Bioaccumulation Factors i n  Radiation Dose Estimation 

The two principal uses of bioaccumulation f ac to r s  f o r  aquat ic  

( 1 )  ca lcu la t ion  of radiat ion dose t o  biota  from radio- biota  a re :  

nuclides deposited i n  tissues, and ( 2 )  calculat ion o f  radiat ion dose 

t o  man from consumption o f  contamiqated biota .  

the rad ia t ion  exposure i s  w i t h i n  the body and not ex te r io r  t o  i t .  

In both s i t ua t ions  

2.6.1 Dose t o  Biota 

The internal  absorbed dose (r 'adslyear) t o  organism i from an 

in t e rna l ly  deposited radionuclide i s  estimated from the energy 

deposited per gram o f  tissue and can be expressed mathematically 

as: 

Di = [R] BF(R)i E K (rads/year) W 
(2.6.7) 

where 

Di = internal  absorbed dose (rads/year) t o  organism i from 

a radionuclide uniformly deposited i n  i t s  tissues, 

[R], = radionuclide concenYation i n  water (pCi/g), 

BF(R)i = bioaccumulation f a c t o r  f o r  radionuclide R i n  organism i, 

E = e f f e c t i v e  absorbed energy (MeV) of the radionuclide f o r  

the physical dimensjons appropriate  for the organism i ,  

and 

K = conversion f a c t o r  t o  convert $i /g  t o  radsjyear .  

There is  no radioact ive decay correct ion i n  the above equation because 

the concentration o f  the radionuc1"de i n  water i s  assumed t o  remain 

constant and the concentration i n  zhe biota  is i n  a s teady-state  w i t h  
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the water. In actual prac t ice ,  the average annual concentration of 

the radionuclide i n  the receiving water a t  the paint of i n t e r e s t  i s  

used i n  dose calculat ions.  

The var iable  K i n  the above equation i s  defined as a conversion 

f a c t o r ,  b u t  i t  can represent any type o f  internal  dosimetry model. 

The var iables  B F ( R ) i ,  and E a re  always required,  no matter how 

spec i f i c  or  general the conversian f ac to r  K.  

2.6.2 Dose t o  Man 

A bioaccumulation f ac to r  is used t o  estimate the concentration 

o f  a radionuclide i n  the aquat ic  food (organism or  t i s sue  i )  consumed 

by man. The intake r a t e  o f  a radionuclide ($i/day) by man i s  calcu- 

la ted  from 

I i  = [RIbV B F ( R I i  G i  (pCi/day) (2.6.29 

Wklb re 

I i  = man's da i ly  d ie ta ry  intake r a t e  o f  a radionuclide 

(pCi/day) contained i n  aquatic food organism o r  t i s s u e  

i ,  

[ R l w  = radionuclide concentration i n  water ( p C i / g )  , 
BF( R I i  = bioaccumulation f ac to r  f o r  radionuclide R i n  organism 

or t i s s u e  i , and 

Gi = man's da i ly  intake r a t e  of organism o r  t i s sue  i (g/day). 

In  most exposure s i t ua t ions  each organisiii i s  contaminated by more 

than one radionuclide,  and inan's d i e t a ry  intake usually includes more 
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than one type of aquatic biota.  

formed over a l l  radionuclides and b i o t a  t o  estimate man's to t a l  intake 

of radioact ivi ty .  

The internal  dose t o  a reference organ or t o  the to t a l  body of 

Therefore, a summation must be per- 

man i s  calculated using the estimated radionuclide intake r a t e  (pCi/ 

day) f o r  each radionuclide i n  addition t o  the following dosimetry 

f ac to r s :  f rac t ion  of the intake deposited i n  the organ of reference, 

the e f fec t ive  elimination constant for  each radionuclide i n  the organ 

of reference,  the e f fec t ive  absorbed energy o f  each radionuclide i n  

the organ of reference,  and the mass o f  the reference organ. 
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ULATION FACTCRS FOR CESIUM, STRONTI 
TRITIUM, IODINE a MANGANESE AND COBALT 

3.1 . I  Cesium Metabolism 

Because o f  t h e i r  chemical similarities, cesium and potassium are 

metabolized somewhat similarly i n  organisms. In freshwater ec~systems,  

s t a b l e  cesium, 1 3 3 ~ s ,  i s  an element havjng concentrations ranging between 

.Oil and 1.2 ppb for lakes and r ivers  (Capeland and A.yersy 15370; K ~ ~ ~ ~ i ~ i ~ ~ n ~ n ~  

1972; Kolehmainen and Nelson, 1969; Merlini e t  a l . ,  1967; el Scan 7 967) .  

tassiurn - is more abundant ‘in f reshwater  t h a n  cesium atid concentra- 

t ions usually range between 0.2 ppm dnd 1 

The bioaccumulatian f x t o r  f o r  cesfu 

pendent a f  cesium concentrations found i n  natura l  bodies sf  water (Ger tr ,  

1973; Kfaag, 1964; Kolehrnainen e t  a l .  I 968; ~ ~ ~ e ~ ~ a i n ~ 4 ~ ~  1972; Williams 
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Table 3.1.1 Biological half-times and elimination coe f f i c i en t s  for 
cesium and [k / (k+X)]  values f o r  136Cs 

k - f o r  kt- X Reference k Biological 

category (days 1 136 
half-time (days-l 1 Taxon/functional 

CS 

Uni  ce l l  u l  a r  a1 gae 

Mu1 t i  ce l l  u7 a r  a1 yae 

Aquat ic  vascular plants:  
f 1 o a t i  ng 
rooted 

Zooplankton 

Benthi c insect 1 arvae 

Cl ams 

F i  shes 

1 

2 

20 
60a 

5 

7 

40 

100 

0.69 

0.35 

0.035 
0.012 

0.14 

0.10 

0.01 7 

0 8069 

0.93 
0.88 

0.40 
0.18 

0.74 

0.67 

0.24 

0.12 

1.50 

1.47 

1.37 
1.37 
1.46 

1.25 

1.28 

1.13, 1.23, 
1.24, 1.45 

%ince rooted plants may accumulate p a r t  of t he i r  burden of cesium from 
i n t e r s t i t i a l  water of bottom sediments, t i m e  t o  s teady-state  may be niuch 
greater than i f  uptake were e n t i r e l y  from water  above sediments. 
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biological half-times and e l i m i n a t i m  r a t e  coe f f i c i en t s  values fo r  

cesium i n  different taxa o r  functioqal g roups .  These coe f f i c i en t s  

m u s t  be considered a s  approximate s ince  they may be influenced by 

such f a c t o r s  a s  temperature, s i z e ,  growth r a t e s ,  feeding r a t e s ,  and 

species  differences (Vanderploeg e t  a1 . , 1974).  Most bioaccumulation 

f a c t o r s ,  except those f o r  a lgae ,  were derived e n t i r e l y  from s t a b l e  

cesium or from 137Cs (30-year radioact ive half-1 i f e )  concentratians ~ 

Cesium-134, having a 2.2-year h a l f - l i f e ,  will  n o t  have an appreciably 

different bioaccumulation f a c t o r  from t h a t  o f  s t a b l e  cesium or  137Cs. 

Cesium-136, which has a 13-day radioact ive h a l f - l i f e ,  will  have an 

appreciably lower bioaccumulation f a c t o r  than those o f  the longer- 

l ived isotopes i n  some b io ta ;  therefore ,  Table 3.1.1 includes a set 

o f  approximate [k/(k+A)] values t o  c.onvert bioaccumulation f a c t o r s  f o r  

s t a b l e  cesium, o r  137Cs, t o  bioaccumulation f ac to r s  for 136Cs. 

The primary mode o f  accumulation of cesium and potassium i n  fishes 

is general ly  t h o u g h t  t o  be via  absorption from food (Kolehmainen, 1972);  

absorption Pram food may also b e  a primary mode o f  uptake f o r  many aqua- 

t i c  inver tebra tes .  However absorption o f  cesium From ingested sediments 

may be siZjnificant in some systems (6allegos e t  a1 . , 1970). 

(Kolehmainen, 1972) and o ther  animals (Pendleton e t  a l . ,  19651, the 

I n  f i shes  

absorption e f f ic iency  of potassium and cesium from food var ies  b u t  i s  

of ten high--nearly 100 percent f o r  soqe foods. 

k*ll of potassium is on the order o f  3 t o  4.5 times greater than the excre- 

t i on  coe f f i c i en t ,  k,  o f  cesium i n  fishes (Kolehmainen, 1972) and in terres- 

The excretion coe f f i c i en t  

trial animals (Fu j i t a  e t  a l .  1966, Pendleton e t  a l .  1965), Pendleton 

pointed o u t  t h a t  this wil l  r e s u l t  t n  a cesium t o  potassfurn r a t i o  i n  the 
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predator t h a t  i s  higher thhan t h a t  o f  i t s  prey by a fac tor  o f  about th ree ,  

assuming t h a t  absorption efffciency o f  cesium is  the same as t h a t  f o r  

potassium. 

the same as  tha t  i n  i t s  prey, the bioaccumulat ion fac tor  for cesium should 

increase by abaut. a Factor  o f  t i m e  w i t h  each t r o p h i c  l eve l .  

t h e  var i ab le  k*/k appears i n  our  general expression for q 

Assuming t h a t  the potassium concentrat-ion i n  the  predator i s  

Note t ha t  

(see Appendix). i 

3,1 .2 Enviroriinental Cesium 

I n  so lu t ion ,  cesi!,rm and potassium: l i k e  a t h w  a lka l i  metals,  e x i s t  

primarily as  f r e e  ions and do riot form inorganic complexes. 

-is s t ~ s n g l y  adsorbed by suspended par t icu la te  materials,  especial ly  clays 

these materials  may remove i t  f r o m  the soluble phase t u  varying degrees. 

Potassium, t o o ,  i s  sorbed, b u t  i t s  d i s t r ibu t ion  coe f f i c i en t ,  K d ,  on SIJS- 

pended sediment (that. i s  

per concentration i n  water )  i s  i imy t i nes  ssnai’ler than t h a t  o f  cesium 

(Reynolds and G1 oyna 1364). 

Because cesium 

t he  concentration s f  element sorbed tu sediment 

Table 3.1.2 shows t h a t  the percentage o f  ces’ium in the par t icu la te  

phase increases w i t h  c lay partl’cle concentration, 

the f rac t ion  o f  cesium in water i n  t h e  suspended phase ranges between l 9  

and 92 percent, and t h i s  f rac t ion  appears t o  be roughly correlated with 

concentration of suspended so l id s  (Table 3.1.3) kctiuse potassium is 

l e s s  strongly sorbed t h m  cesium, the percentages OQ patassium appearing 

in the suspended phase a r e  very much snialler than those f o r  cesium ?’VI these 

bodies o f  water, 

ments from the soluble phase, the availabilities t o  the Puod chain of cesium 

and o f  cesium r e l a t i v e  t o  potassium becoiiie. a function of suspended solids 

concentration and the distribution coefficients of  cesiura? and potassium on 

For freshwater ecosystems 

Since algae accumulate cesium, potassium, and other e le-  
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Table 3.1.2 S o r p t i o n  of 134Cs t o  various 
concentrations o f  c lay  sus- 
pended i n  d i s t i l l e d  water 
(Garder and Sku1 1 berg 1964) 

Concentration Percent 

Kda o f  clay o f  cesium 
P P d  sorbed 

16 20 15,600 
32 31 13,600 
64 43 11,800 

128 53 10,800 
256 65 7,300 

aConcentration of element (cesium) sorbed 
t o  clay per concenrration in water. 
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Table 3.1.3 Percentage o f  cesium in water in the pa r t i cu la t e  phase in some 
freshwater ecosystems 

Mean ‘percent in Suspended so l id s  Separation 
Reference method kocati on par t i  cul a t e  (ppm) o r  nature 

phase: of water body 

White Oak Lake, 
Tennessee 

Clinch River, 
Tennesseea 

Tennessee River, 
Ten n es s ee a 

Lake! Maggi ore ,  

Experimental pond 

I t a l y  
b 

69 Turbid reservoir  Ultracentr i fu-  1.44 
gation: Par- 
t i c l e s  > (3.7 p 

82 -92 25-1 85 U 1  t r acen t r i  fil- 1.44 
g a t i  an : Par- 
t i c l e s  > 0.7 

19-30 9-22 U 1  t r acen t r i  f u -  1.44 
g a t i ~ n :  Par- 
t i c l e s  > 0.7 1-1 

28 Mesotrophi c Lake 0.7-p f i  1 ter 1.35 

58 21 0.45-p f i  1 t e r  1.10 

Range of means o f  three r ive r  s t a t i o n s .  a 

bBased on f ive  water values sampled between 24 and 80 days a f t e r  introduction of  
radi onucl i des. 
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the s o l i d s .  

become functions of suspended-sol~ids concentrations and the d i s t r i b u t i o n  

coef f ic ien ts .  Since the proportions of cesium and of cesium r e l a t i v e  t o  

potassium i n  the soluble phase a re  expected to  vary great ly  among environ- 

ments, the bioaccumulation fac tors  fo r  cesium i n  algae and the q i  values 

and bioaccumulation fac tors  o f  animals may vary great ly  among bodies of 

water having the same potassium concentrations. We shall  see i n  the 

following sections t h a t  much o f  the s c a t t e r  i n  bioaccumulation fac tors  

f o r  cesium i s  apparently re la ted  t o  the proportion of cesium i n  the 

pa r t i cu la t e  phase. 

Thus, the q i  values and bioaccumulation fac tors  of cesium 

The food web accumulates cesium not only from the soluble phase o f  

F i l t e r  feeders may water bu t  a l so  from suspended and bottom sediments. 

accumu 

obtain 

ces i urn 

i nges t 

1970). 

a t e  cesium adsorbed t o  par t icu la te  matter. Benthic invertebrates  

cesium adsorbed t o  ingested bottom sediments. Fishes may accumulate 

from bottom sediment by ingestion of these invertebrates and also by 

on of sediment w i t h  prey (Eyman and Kitchings, 1974; Gallegos e t  a l . ,  

Gallegos e t  a l .  (1970) reported t h a t  concentration o f  137Cs i n  t r ou t  

i n  a montane lake was higher than could be explained by the t r o u t s '  accumu- 

la t ion  from t h e i r  prey. Their experiments indicated t h a t  this difference 

could be explained by the t rou t  ingesting small amounts o f  sediment. 

fishes, absorption e f f ic iency  of cesium from ingested clay var ies  w i t h  clay 

In 

type: 

and Kitchings, 1974). 

8% for  i l l i t e ,  65% f o r  kaol in i te ,  and 85% f o r  montmorillonite (Eyman 

Since cesium is avai lable  from ingested sediments, 

differences i n  sediment type among water bodies may be another contr ibutor  

t o  the variance i n  bioaccumulation fac tors  among bodies of water. 
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3 . 1 . 3  Review o f  Cesium Bioaccumulation Factors 

This section presents bioaccurnulation fac tors  and bioaccumulation 

fac tor  re la t ions  f o r  the f s l  lowing categories o f  aquatic biota:  

1 .  Fishes 
2.  Algae 
3 ,  Macrophytes (vascular aquat ics)  
4. Emergent vascular plants 
5. Invertebrates-,-mQlluscs, insec ts ,  and crustaceans 
6 .  Arnphibians 
7 .  Water-fowl 

Except for  a lgae,  a l l  bioaccumulation f ac to r s  fo r  cesiutii were derived 

from dis t r ibu t ions  o f  s tab le  cesium or from steady-state  d i s t r ibu t ions  o f  

137Cs i n  natural o r  semi-natural bodies o f  water. Since ecological r e l a -  

t ionships in aquaria do not  completely represent the natural system, bio- 

wcumulation f ac to r s  derived from laboratory experiments have 1 imited 

predictive value, Moreover, i n  Table 3.1.1,  i t  i s  seen t ha t  the biological 

h a l f - t h x i  o f  I3’Cs in some b i o t a  range between approximately 40 and 100 

days. Laboratory expeyirnents have riot been r u n  f o r  a su f f i c i en t  time 

period i n  many cases f o r  these longer-teni components t o  a t t a i n  steady 

s t a t e .  

3.1.3.1 Cesium Eioaccuriiulation Factors fo r  Fishes 

Bioaccumulation fac tors  have usually been reported for f l e sh  or 

whole bodies o f  f i shes .  Since concentrations o f  cesium and potassium 

do n o t  vary grea t ly  among organs (Nelson, 19671, f l e s h  or whole-body 

bioaccumulatian fac tors  apply t o  other organs as  well 

Potassium concentration in freshwater f i shes  i s  about 3 mg/g f resh 

w e i g h t  and varies l i t t l e  among species (Kolehainen, 1972; Peterson, 

1970).  The range o f  potassium concentrations in f i shes  from bo th  f resh-  

water  and marine environments i s  from 2.1 t o  4.5 mg/ I ,  (Fleishman, 1973; 
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Kolehmainen, 1972; Kolehmainen and Nelson, 1969). The range o f  potassium 

concentrations in freshwater and marine fishes is small considering that 

potassium concentration in the water range between 0.2 and 3130 ppm. 

Clearly, the potassium concentrations are homeostatically maintained. Thus, 

the bioaccumulation factor for potassium is given by Equation (2.1 - 7 ) .  

Since the bioaccumulation factor for potassium is given by Equation (2.1 "71, 

the bisaccumulation factor for cesium i s  given by Equation (2.1.8). Owing 

t s  the variable availabilities of cesium relative to potassium in different 

environments, the value qi varies from one environment to another. 

Bioaccumulation factors calculated from concentrations o f  fallout-derived 

133Cs in water and fishes collected in Finnish lakes (Kolehinainen e t  al., 

1967; Kolehmainen et al., 1968) are given in Table 3.1.4. Within lakes, the 

ratio of highest bioaccumulation factor to lowest bioaccumulation factor 

ranges between 2.4 and 7 . I .  

are seen f o r  high trophic-level fishes, namely, perch and pike, which are 

As expected, the highest bioaccumulation factors 

piscivorcs. 

phic lake having a potassium concentration in water of 1 ppm. 

the bioaccumulation factors in the oligotrophic lake are very much higher 

than the bioaccumulation factors i n  the other two lakes having the same 

potassium concentration b u t  higher concentrations o f  organic matter. 

difference appears to be related t o  the lower concentration of organic matter 

The highest bioaccumulation factors are seen for the oligotro- 

Note that 

The 

in the oligotrophic lake. 

t o  the lower suspended sol ids concentration (both organic and inorganic 

solids) expected in the ol igotrophic lake. 

the fishes from the lake having a water concentration of 3.5 ppm potassium 

are more than 25 times lower than that of the oligotrophic l a k e  having a 

Most probably, however, this difference is related 

The bioaccumulation factors for 
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potassium concentration 

bioaccumulation factors 

of 1 ppm. 

in the 3.5-ppm lake would be 3.5 tinies lower 

I f  the value of qi- were constant, the 

than the bioaccumulation factors in the l-ppm lake. 

concentration in the water alone i s  not very useful for predicting the 

bioaccumulation factors for cesiua in fishes. 

Thus, the potassium 

The conclusion that the potassium concentration in the water alone 

is not very useful for predicting cesium bioaccumulation factors is 

corroborated by the data in Table 3.1.5. 

tion factors for cesium as related to potassium and suspended solids 

concentrations. The btoaccwqqlatfon factors for  cesium i n  fishes were 

taken from Table 3.1.6. 

for bodies of water o f  low turbidity. 

bluegills and catfish found in the clear water body with a potassium 

concentration of 1.4 ppm are more than six and seven times the respec- 

tive bioaccurnulation factors af bluegills and catfish from the very 

turbid water body with a potassium concentration o f  1.3 ppm. A l s o ,  the 

highest bioaccumulation factor for largemouth bass i s  i n  a lake o f  high 

potassium concentration and low turbidity. 

The table gives bioaccumula- 

The highest bioaccumulation factors are seen 

?he bioaccumulation factors of 

Mast investigators have reported bioaccumulation factors that are 

cqTculated . f p ~ m  cancentration o f  cesium isotopes in unfiltered water 

samples; however, some have reported bioaccumulation factors based on 

Concentration i n  the water after particulate material has been filtered 

off‘. We shall denote a “filteredtd bioaccumulation factor by BF*. Assuming 

a1 1 particulate material i s  P i 1  tered o u t ,  a BF* represents an upper-1 imit 

Giaaccumulation factor for that and other environments o f  similar potassiurn 

concentration and sediment type since cesium on suspended sediments i s  t o  
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Table 3.1.6 Bioaccunulat ion fac to rs  for ceslum i n  f i shes  

BF, BF*, Water BF t BF*, 
Species Tissue t r a t i p n  ffJ!gt fatlout ~ ~ ~ o ~ f ~  chronic s tab le s tab le treatment kiitl:g Location 

(PPrr.1 h37Cs of e37cs ~ ~ ’ ~ $ ~ ‘ , ,  cesiun; cesium method 

K concen- BF, B F * , ~  Suspended 
501 i d s  

concentrat ion Reference 
(PW) 

Sa 1 mc t r u t t a  

Percs f l u v i a t i l l s  

____ 

S a l  ino t r u  t t a  
S ;I 1 ao t r u  t t a  
Saiao t r u t t a  
Sa  1 no t r u tt a 
Sa  1rr.o t rut ta 
S a l n r c m  

-- 
__ -- 
__- 

?oim,i$; a i i f i u : i r i ;  .__-- - 
Aplodinotus 

grunniens 
Roccus Chrysops 
rctalclrus 

punctatiis 
Lepomis macroch: ?US 

Fb 

F 

F 
F 
F 
F 
F 
F 

F 
F 

F 
F 

F 

Wg 

i4 

w 
w 
W 
u 

0.4 3,900 

0 .4  5,830 

0.3 3,000 
0.4 1,400 
I .9 920 
3.8 940 
4.1 260 
4.1 380 

i .5  
1 . 3  

1.3 
1.3 

1.3 

i .8 

1.8 

1 .8 
I .8 

1.8 
i .a 

< .  
310 

420 ._ ” 

. .  

suo 
350 

540 
150 

140 

E 7i. 2c0 J J V  630 
1 ao 450 320 
2721 i l 0  310 
240 . 530 430 

6,400 0.7 v‘ 
4,4m 0.7 u 

8,000 0.7 u 
2,030 0.7 u 

1,700 0.7 

0.7 ;I 

0.7 ,~ 

6.7 g 

0.7 i” 

0.7 i. 
0.7 p 

Lake Trawsfynyd, England 

Lake Trawsfynyd, England 

English r i v e r  
English r i v e r  
Engl fsh r i v e r  
English r i v e r  
Engl f s h  r i v e r  
English r i v e r  

Cl inch River ,  Tennessee 
Cl inch River ,  Tennessee 

Cl inch River, Tennessee 
Cl inch River ,  Tennessee 

Cl inch River, Tennessee 

White Oak Lake, Tennessee 

White Oak Lake, Tennessee 

White Oak Lake, Tennessee 
White Oak Lake, Tennessee 
White Oak Lake, Tennessee 
White Oak Lake, Tennessee 

LowC 

LOW 

LOW 
Low 
COW 
LOW 
Low 
Low 

25-185’ 
25-185 

25-1 85 
25-185 

25-185 

Highh 

High 

High 
High 
High 
High 

1.42 

1.42 

1.42 
1.42 
1.42 
1.42 
1.42 
1.42 

1.36 w 
1.36 U 

.36 

.35 

.36 

.27 

1.27 

1.27 
1.27 
1.27 
1.27 



Table 3.1 .6 (cont:nued) 

Spec’:es Tissue t ra t ion 

- 
Mi cropterus 

sa 1 rnoi des 

Salmo qairdnerr’ 

Mi cro-rus 
X i r n o i  d e r  
Perca fldvescens 
Hybrid sunfisa 
Erirnyzon sucetta 

kenner; i i 

Perca 

Perca 

Perce 

f luv iac i l i s  

f luviat i  i i s  

f l u v i a t i l i s  
~ 

k’ 

F 

w 
W 
W 
W 

W 

K 

W 

k: 

W 

k 

\I 

1.8 

1.7 

9.6 

9.8 
9.8 
9.8 

2 . .i 
2 .6  

2.1 

: .3  

Z . !  

2.6 

2 . 1  

1.3 

Sljspendes 
S O l l . ? S  

concentratim Reference 
(PPl) 

12,030 

i ,625 

1,200 
500 
790 

2,900 

1,400 

2,400 

5,100 

1,330 

890 

‘1 ,000 

1,40G 

9iO 620 0.7 P 3,59 . White Oak Lake, Tennessee High  9.27 

570 

1,600 
250 
300 

1,100 

140 

660 

930 

560 

140 

370 

350 

I .  

P 

P 

East T w i n  Lake, Colorado Low 

Uintergreen Lake, Michfgan Low 

Wintergreen Lake, Michigan Low 
Uintergreen Lake, Mlchigan Low 
Uintergreen Lake, Michigan Low 

Lake Maggiore, I ta iy  

Lake Varese, I ta ly  

Lake Comabbio, I ta ly  

Lake Monate, I t a l j  

Lake Maggiwe, I t a l y  

Lake Yarese, I ta ly  

Lake Comabbio, I ta ly  

Lake Monate, I t a iy  

1.12 

1.7 

1.7  
1 . 7  
I .l 

1.2.1.3 

1.2,1.3 

1 . 2 , 1 . 3  

‘I .2,1.3 

l .2 , ’ l  .3 

1.2,1.3 

1.2,1.3 

1.2.1.3 

w 
03 



Table 3.1.6 (continued) 

Suspended 
sol ids E i ,  EF*, BF,  BF*,  Water concen- BF;ut faF*& chronic chronic stabie treatment k;;J::!3 

( P P d  yilt, T ~ ~ c s  $l5$qEs $'?!?& cesiua cesius niethod concentration Reference Location Species iissue t r d t i o r i  

(Ppm) 

W 2.1 
W 2.6 

2.1 

F 1 . 4 j  
F 1.4 

F 1.4 

F 1.6 

F 1.6 
F 1.6 

F 1.6 
F 1.6 

W ? . 6  

W 1.6 
ii 1 . 6  

790 
420 
690 

2,800 

900 
1,230 

1,200 

440 
110 
420 
790 

2,700 0.45 fi 

3,300 0.45 fi 
2,400 0.45 u 

3,400 0.45 
1.500 0 45 , 

1,400 0.45 c 

1,909 0.45 
2,100 0.45 i; 

Lake Maggiore, Italy 
Lake Varese, Italy 
Lake Comabbio, Italy 
Lake Monate, Italy 

1.2,1.3 
1.2,1.3 
1.2,1.3 
1 . 2 , 1 . 3  

Par Pond, South Carolina i . 3  1.19 
Par Pond, South Carolina 1 . 3  1.19 

Par Pond, S o u t h  Carolina 1.3 

Lake Michigan 

Lake Michigan 
Lake Michigan 

Lake Michigan 
Lake Michigan 

Lake Michigan 

Lake Michigan 
Lake Michigan 

LOW 

Low 
Low 

.I9 

.5 

.5 

.5 

Low 1.5 
i O'% ? .s CI, 

u3 
LO% 1.5 

Low 1.5 
Low 1 . 5  



Table 3.1.6 (conrinued) 

S u s pencad 
so i  ids BF, BF*,  ^ -  BF*, CIater K concen- BF, BF*, chronic  cnronic  5 7 ,  

concentration Reference Location Species Tissue t ra t ion  f -  - o u t  s tab le  s tab le  treatment ~~~~~~g 
( p p m )  f j j c s  ' ~ ~ ~ , " , " L  O", 'ffg& ,'",'e$;:, iesjum cesium method (ppm! 

500 C a r p  pond 1.53 Cyprinus cdrpio w 2 . 6  

aA MF* i s  a bioaccunulation factor calculated from isotope concentration i n  water a f t e r  f i l t r a7 ion .  

"F = f lesh .  

'LOW 5 30 ppm suspended so l id s .  

d~ = piscivorous. 

epore s!ze of  f i l t e r .  

fStruxiiess e t  a ; .  (1967) 

g N  = whole f i s h .  

hHigh > 30 ppm suspended solids 

i A - E R  = anion-exchange resin.  

JPersonal comnunication. 

-P 
0 

I .  



some degree avai lable  t o  the food web. 

both unf i l te red  and f i l t e r e d  bioacxumulation fac tors .  

Whenever possible,  we calculated 

The u n f i  1 tered and f i  1 tered bioaccurnul a t i  on fac tors  i n  Tab1 e 3.1 .S 

a re  categorized according t o  source o f  isotope: fa1 lout-derived 

chronic release of 137Cs, and stable cesium. In f i s h e s  frawn I t a l i an  

lakes (Table 3.1.61, Bortoli et a l .  (1967) reported tha t  ~ i ~ a ~ ~ ~ ~ ~ ~ a t i ~ ~  

fac tors  calculated from dis t r ibu t ions  o f  fallout-derive? were on 

the average four times higher than b i o a ~ c u r n u ~ a ~ ~ ~ n  fac tors  calculated 

from s t ab le  cesium dis t r ibu t ions .  Clearly,  ~ ~ l ~ ~ ~ ~ - ~ e r ~ ~ ~ d  ’p37Cs i s  

somehow more avai lable  t o  the food web than stable  cesiuna. 

proportion of . ~ a l  lout  1 3 7 ~ s ,  which en ters  watershe s from t he  ~~~~~~~~r~ 

A grea ter  

a s  a soluble radionuclide,  may be i n  the soluble phase or on exc 

s i t e s  (adsorbed) of clay p a r t i c l e s .  The recent ly  introduced lJJCs may 

not be i n  i sotopic  equilibrium w i t h  the s t a b l e  cesium on the clay p a r t i c l e s ,  

especial ly  s t a b l e  cesium a t  non-exchangeable s i t e s .  

study of Wintergreen Lake, Michigan (1972) bioacc uaatinl-8 factors f o r  

~~~~~~~r~~ t o  Eyman’s 

chronic release were about the sanie as ~~~~~~~~~~1~~~~~ fac tors  derived 

from stable  ceslurn da ta .  This  may result from the t jne  his tory of ’137Cs 

as higher than d u r i n g  the study, We a lso  note t h a t  the s t ab le  

cesium Concentration i n  water was measured on water t h a t  had rece ive  

f i  7 t r a t i o n  t o  remove 1 srger parta”c1 ss a A1 1 these pa t te rns  would sugges t  
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higher--roughly by a f ac to r  o f  two--than the bioaccumulation f ac to r  f o r  

s t ab le  cesium. The magnitude o f  the difference may depend on suspended 

sol ids  concentrations I 

We have shown t h a t  the bioaccumulation f ac to r  for cesium is highly 

var iable  froni one environment t o  another and tha t  much o f  this  var ia t ion 

derives froni d i f fe r ing  proportions of radiocesium r e l a t i v e  t o  potassium 

i n  the soluble phase and possibly sediment type.. Unfortunately, the data 

necessary f o r  accurate quant i f icat ion of bioaccumulation fac tor  r e l a t ions  

a re  n o t  avai lable .  Approximate r e l a t ions ,  however, can be s t a t ed .  

To obtain these r e l a t ions  we plo t ted  the bioaccumulation f ac to r  for 

cesiutn i n  f i shes  against  the potassium concentration in water on logarithmic 

graph paper, as  shown i n  Figure 3.1.1 Unfiltered bioaccurnulation f ac to r s  

were used so a s  t o  be t t e r  predict  radionuclide concentration i n  the organism. 

For t u r b i d  environments a f i l t e r e d  bioaccumulation f ac to r  may be more than 

10 times grea te r  than an unf i l te red  bioaccumulation fac tor  s ince more than 

90 percent of the cesium i n  water nay be in the pa r t i cu la t e  phase. Fishes 

were grouped i n t o  two categories:  

f i shes .  

piscivorous f i shes  and non-piscivorous 

By inspection we chose the r e l a t ion  

4 B F ( C S ) ~  = 1.5 x 10 /rKIw 

a s  an upper-bound re la t ion  for piscivoraus f i shes  and 

(3.1 . l )  

B F ( C S ) ~  = 5 x 103/[K]w (3.1.2) 

as  an upper-bound r e l a t ion  for non-piscivorous f i shes ,  where [K], has 

units o f  gpm. 

ments of  low t u r b i d i t y  s ince they will  g rea t ly  overpredict  bioaccumulation 

Equations (3.1.1) and (3.1.2) a r e  applicable t o  environ- 
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Figure 3.1.1 Bioaccumulation f ac to r s  for  137Cs and s t a b l e  cesium i n  f i  eshwat 
fishes as a function o f  potassium concentration i n  water. 
(All data  i n  Tables 3.1.4 and 3.1.6 were p lo t ted  except (1) 
s t ab le  cesium bioaccumulation f ac to r s  from studies i n  which 
137Cs bioaccumulation f ac to r s  were reported and ( 2 )  BF*s.) 

r 
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fac tors  f o r  f i shes  from turbid environments. D i v i d i n g  Equations (3 -1  - 1 )  

and (3.1.2)  by f i v e  ga’ves rough approximations fo r  the respective r e l a -  

t ions  f o r  f i shes  in turbid waters; t h a t  i s ,  

f a r  piscivorous f i shes  from turbid waters and 

(3.1 - 4 )  BF[CS)~ 2- 1 x 10 3 /[K], 

fsr non-piscivorous f-ishes From turbid waters. We may consider waters 

having grea te r  than 50 ppm suspended sollids as h e i y  turbid based on the 

da ta  in T a b l e  3.1.3. Alternat ively,  hioaccumulation fac tors  fo r  pa r t i cu la r  

species may be estimated from the raw data in Tables 3.1.4 a n d  3.1.6. The 

bioaccumul a t ion  f ac to r  selected should preferably coiw from an environment 

having  the same suspended sol ids and potaassiim concentrations as  the environ- 

ment t o  w h i c h  i t  i s  applied.  Even i f  this i s  d o n e ,  a degree o f  uncertdinty 

remains because o f  the unspecified e f f e c t  0.f sediment type ~n bioacciirnula- 

t i o n  fac tors  as  well a s  e r r o r  associated w i t h  measurement and experimental 

design . 

3.1.3.2 Cesium Bioaccurrieslatisn Factors f o r  Algae 

As can be seen from the bioaccumulation fac tors  fo r  Cladophora 

$omera&a and Pithsphora oedegonia (Table 3,1.7), the potassium concrn-- 

t r a t ion  in water has l i t t l e  e f f e c t  on the bioaccumulation f ac to r  f o r  cesium 

i n  mul t ice l lu la r  algae.  

concentration has no ef fec t  on the bioaccumulation f ac to r  f o r  cesium in 

Chlamydomonas -__1_ I-c inhard i i ,  ~ ~ a unicel luJar  green a l g a ,  He found tha t  the 

Recently, Gertz (1973) has shown t h a t  t h e  potassium 



Table 3.1.7 Bioaccumulation f a c t o r s  f o r  cesiuin i n  f r e shwa te r  a lgaea  

Bi oaccumul a t i o n  f a c t o r s  

37cs S t a b l e  Cs Location Source o f  137Cs Reference 
Taxon / f u n  c t  i on a 1 K concen- 

category t r a  t ion 
(PPI BF B F * ~  BF BF* 

E l  ue-green algae:  

Plecotonema boryanum 
Unident i f ied  

Unident i f ied  

Diatoms: 

Navi cu7 a semi nul urn 
d M i  xed spec ie s  

Euglenophyta: 

Euglena intermedi a 

Green a lgae ,  
mu1 t i  c e l l  ul a r :  

Chara sp. 
Chara aspera  
Chara brauni i 

Chara f r a g i l i s  

Chara f r ag i  1 i s  
Chara tornentosa 

Yougeotia sp. 

3.6 
1 . 4  

- 

14 

1 .S 

8 

- 
- 

1 

- 
I - 
- 

0.1 
30 

8 
10 
9.8 

- 

1 ooc 
1,200 

3 , 400 

130' 

700 

20 
18 
60 

i ,000 

36 
80 

120 
170 
59 

160 
150 

3 30 
140 

Lab study 
Par Pond,  

South Carol 
Connecticut R 

Lab s tudy  

2900e Lake Michigan 

Lab s tudy  

Chroni c - r e  
na  
ve r Chronic-re 

1 .22  
ease  1.19 

ease 1 . 1  

Lab s tudy  
Lab s tudy  
Ex pe r i men t a  1 ch ann e 1 

r ece i  v i  n g  r i v e r  water  
Lake Bo1 shoe Missavo, 

Russia 
Lab study 
Lake Bo1 shoe Missavo, 

Russ i a 
Lab study 
Lab s tudy  
Lab s tudy  
Lab study 
Lab study 
Lab study 

Chroni c - r e l ease  

500 W i  nterclreen Lake , Fa1 1 ou t  
Mi chfgan 

1 . 2 2  

1 .4  

1.51 

1.45 
1.45 
1.16 

1.33 

1.45 
1.33 

1.45 
1.48 
1.48 
1.45 
7.51 
1.57 
1 . 7  

P 
vl 



Table 3.1.7 (cont inued)  

Ei oaccumul a t i  on f a c t o r s  

Taxon/ func t  i onal K concen- 37cs S t a b l e  Cs Location Source of '37Cs Reference 
category t r a t i o n  

(PPnl) BF 6FQb BF BF* 

Green a lgae ,  
mu! ti c e l l  ul a r :  

N i  t e l  l a  h i  a1 i na 

Oedogoni ;im s p .  
Oedogoni urn sp. 

Oedogoni urn vu1  gare 
P i  tho hora oedogoni a 

'* oedegonia 
Rhi zocl oni uin 

hieroglyphi cum 
Scenedesmus acumi na tus  
Scenedesmus quadri cauda 
Spi  rogyra communis 
Spirogyra c ra s sa  
Spiroqyra e l l i p s o s p o r a  
Spirogyra sp. 
Spirogyra sp. 

Spirogyra sp 

Stigeoclonium iubricum 
Toli pel l o p s i s  s t e l  l i  gera 

Ulo thr ix  sp. 
Ulothrix sp. 
Vaucheria walzi-i 

170 

1,200 
3,000 

790 
170 
56 

l , 5 0 0  

39 
28 

220 
28 

340 
190 
380 

7 50 

89 
220 

1,400 
460 
500 

Lake Eo1 shoe Missavo, 

1 .1  hec ta re  pond 
Val kea1 ampi Lake, 

Finland 
Lab s tudy  
Lab s tudy  
Lab s tudy  
Lab s tudy  

Russia 

Lab s tudy  
Lab s tudy  
Lab s tudy  
Lab s tudy  
Lab s tudy  
Lab s tudy  
Lake Bo1 shoe Missavos 

Russia 
Experi mertal channel 

r ece i  v i  nc~ r i v e r  water  
Lab s tudy  
Lake Bo1 shoe M.issavo, 

Russia 
Lab s tudy  
i s e r e  River 
Expe ti menta 1 c h anne 1 

r ece iv ing  ri ver water  

1 .33 

Chroni  c - r e l ease  1.39 
Spike i n p u t  i .32 

i .51 
1.48 
1 .48  
1.51 

1.45 
1.45 
1.51 
1.45 
1.51 
1 . 4 5  
'i .33 

Chroni c-re: ea se  1.15 

1.22 
1.33 

1.52 
Fa1 l o u t  I .52  
Chroni c - r e l e a s e  1.15 

P 
cn 



Table 3.1.7 (cont inued)  

Bioaccurnul a t i o n  f a c t o r s  

l37CS S t a b l e  Cs Location 
Taxon / fun c t i onal K concen- 

t r a  t i o n  category . .  
(Ppm 1 BF B F * ~  BF 0 F* 

Source of 13’Cs Reference 

Green a lgae ,  
mu1 t i c e l l u l a r :  

M i  xed spec ie s  

Mi xed speci es 

Green a lgae ,  
u n i  c e l l  ul a r :  

1,500- - 
4,000 

1.8 2 30 600f ’ 

Concrete-l ined pond Spike i n p u t  1.39 

White Oak Lake, Chroni c - r e l e a s e  1.27 ’ , / ’  .-- 
Tennessee 

Chl amydomo~as sp. 8 52 
Chlamydomonas moewussi - 130- 

370 
Oocystis e l l i p t i c a  10 670 

Functional c a t e g o r i e s :  

P hy t op 1 an k ton 1.6 

t a b  sttidy 
Lab s tudy  

Lab study 

7.5i 
1.26 

1.51 

1900e Lake Michigan 1 .4  

aDry-weight b ioaccumu~at ion  f a c t o r s  were d iv ided  by 10 t o  conver t  them t o  wet-weight bioaccumulation f a c t o r s .  

bA 6F* i s  a bioaccumulation f a c t o r  c a l c u l a t e d  from isotope concen t r a t ion  i n  water  a f t e r  f i l t r a t i o n .  

‘Average over a1 1 tempera tures .  

d lnc ludes  samples where more than  80% o f  the c e l l s  were diatoms. 

eGeometric mean o f  bioaccumulation f a c t o r s  c a l c u l a t e d  from each p a i r  of f i l t e r e d  (0.45 p pore s i z e )  water concen t r a t ions  

fKater u l  t r a c e n t r i f u g e d  - e q u i v a l e n t  t o  0.7 p pore-s ize  f i l t e r .  

and non-zero ”co r rec t ed”  concen t r a t ions  i n  phytoplankton given i n  Appendix I1  of Copeland and Ayers (1970). 

P 
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cesium bioaccuniiilation f ac to r  was decreased by increasing sodium concen- 

t r a t i o n  in water. Both Harvey (1969, 1970) and Gertz (1973) reported t h a t  

the cesium bioaccumulation f ac to r  i s  unaffected by non-1 e tha l  temperatures 

Bath the  nut r ien t  concentration and general health o f  the  algae 

influence the cesium bioaccumulation f ac to r  f a r  a lgae,  s ince the b i o -  

accumulation f a c t o r  i s  higher  a t  higher phosphate concentrations (Gertz, 

1973) and the bioaccumulation f a c t o r  o f  dead c e l l s  i s  lower than tha t  of 

l i v e  c e l l s  (Williams, 1970; Williams, 1960),  Moreover, the cesium bio- 

accumulation f a c t o r  f o r  mu1 t . i ce l lu la r  algae i s  higher in flowing water 

than i n  s t i l l  water (Watts and Harvey, 1963). 

Most bioaccumulation f ac to r s  f o r  algae i n  Table 3.1.7 a r e  near o r  
3 l e s s  than 10 I We therefore  recommend t h a t  f o r  a l w e  in general a b i o -  

accunrulatiin f ac to r  o f  10 be used. 3 

3.1.3.3 Cesium Bioaccumulation Factors far Vascular Aquatic Plants 

Same vascular aquat ic  plants  m y  obtain a s ign i f i can t  f r ac t ion  o f  

t h e i r  body content of cesium and other  elements from root  uptake o f  e l e -  

ments from i n t e r s t i a l  water o f  bottom sediments. Diffusion of elements 

in to  i n t e r s t i t i a l  water from water overlying sediments i s  slow. 

may explain why the bioaccumulation f ac to r  of fa1 lout-derived 137Cs i n  

Nuphar sp. (Table 3 .1 .8)  i s  much lower than the corresponding bioaccumu- 

l a t ion  f ac to r  of s t a b l e  cesium. Since most bioaccumulation f a c t o r s  in 

Table 3.1.8 a r e  less than or about lo3, we recommend t h a t  a bioaccumulation 

f ac to r  o f  lo3 be used f o r  aquat ic  vascular plants .  

This 



Table 3.1.8 Bioaccumulation fac to rs  f o r  cesium i n  aquat ic vascular p lan tsa  

Reference K concentrat ion BF, l l o u t  BF, spike i n p u t  BF, chronic b 
Species i n  water (ppm) 15ycs of 137cs release of  1 3 7 ~ ~  EF, s tab le  Cs BF*, s tab le  Cs Locat ion  

Azo1 l a  f u l i  cul oides - Concrete- l ined pond 1.22 
Ceratoph.vl lum demersurn - Concrete- l ined pond 1.39 
Ceratophyt lum sp.  9.8 370 490 Wintergreen take, 1.7 

M I  chigan 
~ 1,000 Concrete- l ined pond 1.39 Elodea canadens is - 

Elodea canadensis 390 I s e r e  R iver  1.52 
1.53 Elodea canadensis 

~- Lemna minor 500 Concrete- l ined pond 1.39 
Lema minor - 

Nuphar 1 uteum 3.5 130 F inn ish  lakes 1.30 
~ Muphar lu teum 1 .8  41 0 Finn ish  lakes 1.30 

Nuphar luteum 1 .o  1,000 F inn ish  lakes 1.30 
Nuphar luteum 0.8 1 ,500 F inn ish  lakes 1.30 

2 2.6 1,400 200-m carp pond 
- 

500 Isere K v e r  1.52 -- _I 

Nuphar luteum 0.6 1,100 F inn ish  lakes 1.30 
Nuphar sp.  9.8 770 3,800 Wintergreen Lake, 1.7 

Nyirtphea 1 u tea  2.1 280 390 Lake Maggiore, I t a l y  1.3,1,35 
Potornogeton pec t f  oatus 

Dry-weight bioaccumulation fac to rs  were mu1 t i p l i e d  by 0,15 t o  convert  them t o  wet-weight bioaccumulation fac to rs .  a 

bA BF* i s  a bioaccumulation fac to r  ca lcu ia ted  from isotope concentrat ion i n  water a f t e r  f i l t r a t i o n .  

Mi ch i  gan 

700 Concrete- l ined pond 1.39 - 
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3.1.3.4 Cesium Bioaccumulation Factors f o r  Eiinergent Vascular Plants 

Most bioaccurnulation f ac to r s  f o r  emergent vascular p lan ts  (Table 3.1.9) 

a r e  l e s s  than or near lo3; we therefore  recommend t h a t  f o r  t h i s  group in 

general a bioaccumulation f ac to r  o f  703 be applied. 

3.1.3.5 Cesium Bioaccumulation Factors f o r  Invertebrates  

There appears t o  be much in t e r spec i f i c  var ia t ion in bioaccurnulation 

factors  f o r  crustaceans (Table 3.1 . l o ) .  Nevertheless, most bioaccumula- 

t i a n  fac tors  in Table: 3.1.10 a r e  near lo3,  therefore ,  a bioaccumulation 

f ac to r  o f  10 i s  recommended for invertebrates  in general .  However, 

bioaccumulation f a c t o r  f o r  shells o f  invertebrates  may be much lorrrer-. 

3 

3.1.3.6 Cesium Bioaccumulation Factors f o r  Amphibians 

The few bioaccumulation f ac to r s  col lected fo r  amphibians (Table 3.1.11) 

4 suggest tha t  a hioaccumulatian f ac to r  o f  10 be used. 

3.1.3.7 Cesium Bioaccumulation Factors f o r  Waterfowl 

T h e  few bioaccumulatian fac tors  col lected f o r  waterfowl (Table 3,1.12) 

3 suggest t h a t  a bioaccumulation f a c t o r  o f  3x10 be used. 



.. , 
1 1  . e  

Table 3.1.9 Bioaccumulation fac tors  fo r  cesium i n  emergent vascular plants 

Speci es/part  K concentration B F ,  f l l o u t  B F ,  spike i n p u t  BF, chroni 
i n  water (ppm) 137cs of 137cs release of 1 5 7 ~ s  ‘‘9 s t ab le  CS Location Reference 

Equisetum fluvi a t i  l e a  
Equisetum fluvi a t i l ea  
Equisetum f luv ia t i l ed  
Equisetum f luv ia t i l ed  
Equisetum f l  uviati led 

Phragmi t e s  comnunis 

Polygoni um 1 apathi fol i urn: 

Polygonium persicaria: 

seeds 

lezves 
seeds 

Sci rpus acutus : 
c u l m s  
seeds 
leaves 
roots 
seeds 

culms 
seeds 

Typha l a t i f o i i a :  
leaves 
seeds 
roots 

Scirpus americanus: 

3.5 
1.8 
1 .o 
0.9 
0.8 

2.6 

- 

- 

- 

, L.J 
480 

7,100 
1,600 
1,200 ., 0 %  

7,400 3’‘ 

C L  

I .’ 

1,200 

600 
400 

90 
400 
100 
400 

240 

. ,?J 

Finnish lakes 
Finnish lakes 
Finnish lakes 
Finnish lakes 
Fi m i  sh 1 akes 

200-m2 carp pond 

1.1 hectare pond 

Concrete-1 i ned pond 

Concrete-1 i ned pond 
Concrete-1 i ned pond 
Concrete-lined pond 
Concrete-1 ined pond 
1 . 1  hectare pond 

Concrete-lined pond 

Concrete-] i ned pond 

1.30 
1.30 
1 .30 
1.30 
1 .30 

1.53 

1.39 

1.39 

m 
d 

1.38,1.39 

1.39 

1.38.1.39 

~ ~~~ ~ ~~ ~~~~- 

aDry-weight bioaccurrulation fac tors  were mu1 tip1 ied by 0.20 t o  convert them t o  wet-weight bioaccumulation fac tors .  



Table 3.1 .IO Bioaccumulatjon factors f o r  c e s i m  i n  aquat ic  inver tebra tes  

~~~ ~ 

K concen- 

i n  water 1 3 7 ~ s  f37Csa S n p u t  737Cs release o f  r e { y ; z  of s t a b l e  Cs s t a b l e  Cs Location Reference t ra t ion  BF, f a l l o u t  BF* f a l l o u t  BF, s ike  BF, chronic EF*, chronic BF, EF*, Taxori 
( w m )  137cs 

Crustaceans : 
Garmarus iacl is t r is  

Hyallela azteca 

Fljlsis r e l i c t a  
Zoop;ankton 
(primarily copepods) 

Zoop;ankton 
(Daphnl'a and Cyc;ops) 

Insect larvae: 

Chaoborus sp. 

Chironomid larvae 

Erytharnis cal locata  
Ischnura s p .  

Snai ls :  

Llninea s taqnal i s  

Rac;x japonica 

1.7 

- 

1.6 
1.6 

1.7 

9.8 830 

1.8 

2.6 
- 

1,000 

11,000 

1,600 

640 1,60G 

800 
800 

1 ,3130 
6013 

343b East Twin Lake, 
Colorado 

Concrete-lined pond 

60' Lake Mich igan  
600d LaKe M:chigan 

34ab East T w i n  Lake, 
Colorado 

Wintergreen Lake, 

White Oak Lake, 

Zoncrete-; i ned pocd 

Concrete-.i i necj pond 

Mi chi gan 

Tennessee 

2 200-m carp pond 

Concrete4 i ned pond 

1.12 , i  .18 

1.39 

1 . 6  

1 . 4  

1.18 

1 . 2 7  

1.39 

1.39 

1.53 

1.39 
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Table 3.1.11 Biaaccumulation fac tors  
f o r  137Cs -in amphibians 
(Pendl eton and Hanson , 
1958) 

Species/Tissue BF 

Bull frog tadpol e 
(Rana caterbei ana) : 

ent i  re 
y U t  
f lesh 

Spadefoot toad tadpole 
(Scaphi opus haniinondi 

i n termon t w -  
en t i  re 

Bull frog adul t :  
mus cl  e 

2,600 
4,500 
1,000 

6,000 

8,000 



55 

Table &+-.72 accurnul a t i  on factors for  
BisCs i q  watepfowl '(P&s1ebn 
and Ffmson, 1958) 

SpeciesrTissue BF 

American coot 
( F u l  i ca I a .  ameri cana) : 

mus cl  e 
1 i ver 
bone 

Common mal 1 ard 
(Anas p l  atyrhynchos ) : 

muscle 
l i v e r  
bone 

I ,800 
2,200 

80 0 

2,000 
2,500 

700 

Ruddy duck 
(Oxyura jamai censi s r u b i  da) : 

muscle 2,200 
1 i ver 2,800 
bone 900 
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3.2 STRONTIUM 

3.2.1 S t ront i  um Metabol i sm 

As a r e s u l t  of their chemical s i m i l a r i t i e s  and the grea te r  abun 

of calcium i n  nature ,  calcium i s  a non-isotopic c a r r i e r  fo r  strontium. 

Since calcium i s  homeostatical l y  maintained a t  constant concentrations 

i n  fishes (Agnedal, 1967; Ophel and Judd,  1973; Peterson, 1970; 

Reed and Ne1 son, 1973; Suzuki e t  a9 . , 1972; Templeton and Brown, 

1964) and presumably other  animals the bioaccumulation f ac to r  for 

calcium i n  animals is  given by Equation (2 .1 .7 ) .  

factor  for strontium i s  then given  by Equation (2.1.8). 

do not hold f o r  algae s ince  the calcium concentration ii! water does 

r iot  appear t~ grea t ly  influence t h e  bioaccumulation f ac to r  f o r  strontium 

i n  aigile (Kevern, 1964a; Williams, 1970). 

The bioaccumvlation 

These r e l a t jons  

The primary uptake of calcium and strontium i n  f i shes ,  and 

probably i n  many aquat ic  inver tebra tes ,  occurs d i r e c t l y  from the 

water. 

and strontium uptake (Nelson, 1966; Suzuki e t  a l . ,  1972; Templeton 

and Brown, 1964). 

taken up by f i s h e s  is through the food chain (Agnedal, 1966).  

uptake f rom water i s  the pra’mary pcthway, the food chain dynamics 

of calcium and strontium a r e  of l i t t l e  importance in the determination 

a f  bioaccumulation f ac to r s  f o r  strontium i n  aquatic organisms. 

the discrimination coe f f i c i en t  q i  in Equation (2.1.8) i s  not a function 

o f  t rophic  level i n  f i shes  because the primary source of s t ront ium t o  

fishes i s  water. The discrimination coe f f i c i en t  has a l so  been shown to  

The g i l l  membranes of f i shes  a re  the primary s i t e s  o f  ca’lcium 

Only about one-tenth of the calcium and strontium 

Since 

T h u s ,  
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be independent of the calcium concentration i n  water (Rgnedal, 1967; 

Ophel and J u d d ,  1973; PetersonS 1970; Reed and Nelson, 1973; Suzuki 

e t  a1 . , 1932; TmipSeton and B r o ~ n ,  1964). 

3.2.2 Envi ronnien $a 1 S t ron  t i um 

Strontium i s  commonly found i n  nature w i t h  calcium, i t s  c losest  

chemical analogue (Nelson, 1961). Strontiutn concentrations in f r esh -  

water r ivers  and lakes may range between 0.004 and 0.23 ppm (Nelson, 

1467; Ophel e t  a l . ,  1972; Suzuki e t  a l . ,  1972;  Templeton and Brov~n, 

1964). The more abundant element calcium i s  found i n  freshwater r i v e r s  

and lakes i n  concentrations ranging Prom 1.9 t o  114 ppm (Austin, 1963; 

Ben-a’nson e t  a l . ,  1966; Nelson, 1967; Ophel et a l . ,  1972; Suzuki  e t  a l . ,  

7972; Templetan and B r o w n  , 1964). 

properties s imilar  t o  calcr’um and, l i k e  calcium, appears mainly in 

i o n i c  form i n  water (Templeton and Brown, 1964). Strontium and calcium 

a r e  not strongly sorbed by suspended par t icu la te  materials i n  the water. 

The f rac t ion  o f  strontium present i n  the suspended phase is  given far  a 

number of freshwater ecosystems i n  Table 3.2.1. 

i n  the suspended phase ranges between 0.9 and 10%. 

dent  of [CaIw and because both calcium and strontium have nearly the same 

physicochemical forms i n  water, t h e  discrimination coef f ic ien t  i s  not 

expected t o  vary much among s i t e s ,  

Strontium has physicochemical 

The f ract ion of strontium 

Since qi is  indepen- 

3 . 2 . 3  Review o f  Strontium Bioaccumulation Factors 

Bioaccumul at ion fac tors  a re  d i  scwssed f o r  t h e  fol  1 owing categories 

o f  aquatic biota:  
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Table 3.2.1 Percentage o f  radiostrontium i n  water i n  the par t icu la te  
phase i n  some freshwater ecosystems 

Water 
body Reference Separation 

method 

Mean % i n  Suspended 
part! cul a t e  so l ids  

phase ( ppm) 

White Oak Lake, 
Tennessee& 

C1 i nch R i  ver,  
Tennesseea 

Tennessee River, 
Tennesseea 

2 31 (mean) U1 t r acen t r i  fu -  2.24 
gation: Par- 
t i c l e s  >0.7 1-1 

2-9 25-185 U1 t r acen t r i  f u -  2.24 
gation: Par- 
t i c l e s  4 . 7  1-1 

gation: Par- 
t i c l e s  >0.7 p 

U1 t r acen t r i fu -  2.24 9-10 9-22 

2.7 Experimental Pond b 0.9 21 0.45-p f i  1 t e r  

aRange of mean o f  three r ive r  s t a t i m s .  

bBased on f ive  water values sampled between 24 and 80 days a f t e r  introduction 
o f  radi onucl ides.  
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1.  Fishes 

2 ,  Algae 

3 "  

4. Molluscs. 

Aquat i  c and Emergent Macrophytes 

I- /Re biaaccurnulation fac tors  were examined for t a x a  i n  each o f  the above 

categories.  For a1 1 taxa  except a l g a e ,  the s t r o n t i u m  bioaccumulation 

factors were derived only f rom concentrations in na tura l  or semi -natural  

bodies o f  wa te r .  

A regress ion  analysis o f  I n  BF(Ca)i versus I n  [Ca], f o r  brown 

t rout  (Templeton and Bt-own, 1964) and f o r  three species of f i s h  from 

Swedish lakes (Agnebal, 1955) yielded a l i nea r  plot with a slope o f  

appvoximately -1 and a h igh  degree of negative correlation (Petersoil, 

1970).  

tquakion ( 2 - 1 . 7 ) .  

s t r o n t i  uiii, the bioaccumul a t 3 m  f a c t o r  f o r  s t ron t i  um i s  g i  ven by 

tquation ( 2 , l . B ) .  The analyses by Peters~n  (1970) of da ta  from 

Tetripletan and Brown (1964) and Agnedal (1951) c lear ly  showed tha t  

the q i  values f o r  freshwater f i shes  arc independent OF the concen- 

trations of calciuin in the wate r .  T h i s  imp1 i e s  t h a t  t he  regression 

o f  ln B F ( S r ) i  on lti [Ca]bv h a s  a slope of a b o u t  -1 .  

Tile bioaccumulation Factor for calcium can thus be given by 

Since calcium is a nnn-isotopic ca r r i e r  for 

T h e  stw-onti uni bioaccumul a t i o n  f a c t o r s ,  cal ci um concentrations 

i n  f ishes  and water, and q i  values for  strontium in f i s h  bone and 

flesh are  given i n  Table 3.2.2 for  studies  t h a t  reported calciuni 

concentration in water. Only d a t a  based on several measurements 

o f  strontium in fishes and water are  l i s t e d .  Some s t i a d i t " ~  have 
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1 i s t ed  values for  the strontium d-iscrimination coef f ic ien ts  in bone 

and no ~ i o a c c ~ m u l a t i o n  f ac to r s .  En these s tud ies ,  the discrimination 

coef f ic ien ts  were calculated from strontium and calcium concentrations 

in ashed bone. 

is  not  constant f o r  a l l  species o r  fo r  a l l  ashing procedures. Since 

a f resh weight cannot be assumed f o r  a given ashed we igh t ,  bioaccumula- 

t ion  fac tors  f o r  strontium could not be calculated from these s tudies .  

Because qi  i s  not a function of feeding habi t s ,  we dec-lded t o  

derive a re la t ion  between the struntium bioaccumulation f ac to r  and 

[Ca], fo r  a l l  f ish data combined. 

BF(Srl i  versus I n  [Ca], f o r  a l l  f i shes  combined were made. 

o f  these regressions f o r  f i s h  f l e sh  and bone a re  given i n  Table 3.2.3 

and i n  Figure 3.2.1. 

not s ign i f i can t ly  d i f f e r e n t  ( P  

The slope of the regression f o r  bcme, a1 t h o ~ g h  s ign i f i can t ly  d i f f e ren t  

f rom -1 (P c O . O S > ,  a’s n o t  apprreciab y d i f f e r e n t ,  To predict  the bio-  

accumulation f ac to r  o f  strontium i n  f i shes  we recommend use of Figure  

3.2.1 or the re la t ion  given i n  Table 3.2.3. 

The r a t i o  between ash weight and fresh weig 

To do this, regressions o f  I n  

Results 

The slope of the regression for f i sh  f les  

C.05) from the expected slope o f  -1. 

3 . 2 . 3 . 2  Strontium ~ i ~ ~ c c ~ m ~ l a ~ ~ ~ ~  Factors f o r  Algae 

The ~ i o a ~ ~ u ~ u ~ a t ~ ~ n  f ac to r s  f o r  strontium i n  algae are given i n  

Table 3.2.4 f o r  both f i e l d  and laboratory s tudies .  

s tudy,  Kevern (1964) showed t h a t  the b i ~ ~ c c u ~ u l ~ t i o ~  f ac to r  f o r  

s ~ r ~ n t ~ ~ ~ ~  i n  the  unice l lu la r  green alga Oacytis eremosphaeria was 

independent o f  the calcium concentration i n  the water. In Table 

3.2,4, the mul t ice l lu la r  algae - Pithophora and --- Cla hora CJ ~ - . - -  omwata 

(Williams, 19709 show only a small decrease i n  the ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ a t i ~ ~  

In a labarator-y 

f ac to r  f o r  strontium accompanying a very la rge  increase i n  calciuin 



Table 3.2.2 8 ioaccumu~at ion  factors  and discrimination coefficients for s-tront-ium i n  f ishes  

Species 
Ca Concentration 

Tissue Water BF(SrI i  q i  Location Reference 

Perch 

Perch 

Perch 

Perch 

Perch 

Perch 

Perch 

Perch 

Perch 

Perch 

Pike 

Bone 231 03 
Musc’l e 480 

Bone 31 000 

Bone 31 600 
Muscle 390 
Bone 43600 
Muscle 430 

Bone 39400 

Bone 40000 

Bone 34200 

B O W  39800 

Bone 31 700 

Bone 302OcI 
Bone 42500 
Muscle 91 0 

2.0 

40.0 

46.0 

54.0 

4.4 

12 
18 
26 

63 

03 
2 .0 

4 $30 
92 

170 

160 
3 

130 
1.3 

1,840 

41 0 
330 
380 

100 

110 
4,930 

125 

0.35 
0.38 
0.22 

0.23 
0.35 
0.16 
0.16 
0.21 

0.12 
0.17 
0.25 

0.20 

0.23 
0.23 
0.27 

Lake Langsjon, 

Lake Storacksen, 

Lake Erken, Sweden 

Sweden 

Sweden 

Lake G1 i s s t ja rn  

Cake 111 kesjon, 

take Viggen, Sweden 

Lake Or1 angen , Sweden 

Lake Magel ungen , 

Lake Sovdes j o n  , 

Lake N i t t s j o n ,  Sweden 

Lake Langsjon 

Sweden 

Sweden 

Sweden 

Sweden 

Sweden 

2.7 

2.1 

2.1 

2.1 

2.1 

2.1 
2.1 
2.3 

2.1 

2.1 
2.1 
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CALCIUM CONCENTRATION I N  WATER (pprn) 

Figure 3.2.1 Bioaccurnulation fac tors  for strontium in freshwater fishes 
as a function o f  calcium concentration in water. 



Table 3 . 2 . 3 .  Parameters from l i n e a r  regressi 'ons between 
I n  B F ( S r ) i  and I n  [Calw fo r  bone and f l e s h  o f  

r e l a t ion  BF(Sr) i  = exp( in te rcept  + 
f i shes .  [To predic t  BF(Sr)i use the 

slope x 111 [Ca],] .I 

Tissue Intercept  ~f: SE Slope i- SE R2 

Eone 9.59 t 0.18 -1.15 + 0.06 0.901 

F1 esh 5.18 ?1 ? . I 1  -1.2'1 5 0.37 0.736 
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Table 3.2.4 (cont inued)  

Ca concen t ra t i on  BF(Sr)i i n  water  (ppm) q i  Spec i es Locat ion  Reference 

Sp i rogyra s p . 5.7 120 Perch Lake, On ta r io  2.20 
Spi rogyra  sp 5.4 9 00 Experimental Channel 2.8 
S t i  geocl on i  urn 

1 ubricum 10.5 1 2OC Lab o r a t  o ry 2.12 
Vaucheria 

wal z i  i 5.4 1,400 Experimental Channel 2.8 

aDry-weight b ioaccumulat ion f a c t o r s  were d i v i d e d  by 10 t o  conver t  them t o  wet-weight 
bfoaccumulat ion f a c t o r s .  

%ersonal communication. 

'Average over a1 1 temperatures. 



concentration i n  the water. 

accumulation f a c t o r  f o r  strontium i n  algae is  r e l a t i v e l y  independent 

of the calcium concentration i n  the water. U n t i l  additional data 

a re  ava i lab le ,  a strontium bioaccumulation fac tor  a f  2 x 10 

recommended f a r  algae. 

T h u s  i t  may be concluded t h a t  the bio- 

3 i s  

3 . 2 . 3 . 3  Strontium Bioaccumulation Factors f o r  Aquatic and Emergent 
Macrophytes 

The bioaccumulation fac tors  f o r  aquatic and emergent macrophytes 

a r e  found i n  Table 3.2.5. Discrimination coef f ic ien ts  a r e  given when 

avai lable  

bioaccumu a t ion  fac tor  i s  dependent on the calcium concentration in 

the water On the basis o f  these few data ,  we recommend a bioaccumu- 

la t ion  fac tor  o f  2 x 10 for  aquatic and emergent macrophytes. 

The data do not permit us t o  infer whether the strontium 

2 

3.2 .3-4  Strontium Bioaccumulation Factors for  Molluscs 

Table 3 . 2 . 6  gives the experimental data obtained on bioaccumu- 

la t ion of strontium i n  mollusc s h e l l s .  The data i n  Table 3.2.6 and 

Equation (2.1.8) were used t o  calculate  a bioaccumulation fac tor  

re la t ion  f o r  strontium i n  mollusc s h e l l s .  Mean values o f  q i ,  the 

discrimination coef f ic ien t ,  and xi*,  the concentration o f  calcium 

i n  mollusc s h e l l s ,  a r e  taken from Table 3,2.6 t o  derive the re la t ion .  

For mollusc s h e l l s ,  the strontium bioaccumulation fac tor  re la t ion  

derived was 

6.8 x 10 4 
RF(Sr ) i  = ~a-~-- 

where [ca], has units of gym. 
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Table 3.2.5 Bioaccumulation f ac to r s  and discrimination coef f ic ien ts  
f o r  strontium i n  aquatic and emergent macrophytes 

Ca 
Species concentration BF(SrIi q i  Loca ti on Reference 

i n  water ( ppm) 
., 
Braseria schreberi  6.3 0.55 Perch Lake, Ontario 2.21 

Ceratophyll um demersum 5.7 220 Perch Lake, Ontario 2.20 

Fontinal i s  sp. 6.0 240 1.2 Perch Lake, Ontario 2.20, 2.21 

E l  odea canadensi s 23 1.2 Lough Neagh, U.K. 2.26 

Myriophyl lum spicatum 2.4 1.2 Devoke Water, U.K. 2.26 

Myriophyl lum spicatum 23 1.5 Lough Neagh, U.K. 2.26 

Nu p har va ~ r i ega t -~ um 6.3 1.8 Perch Lake, Ontario 2.21 

Nyniphea odorata 6.3 0.90 Perch Lake, Ontario 2.21 

Pontederia -~ cordata 6.3 1.4 Perch Lake, Ontario 2.21 

Potamogeton natans 2.4 1.5 Devoke Water, U.K. 2.26 

Potamogeton pecti na tus 23 1.7 Lough Neagh, U.K. 2.26 

Potamogeton perfol i a tus  23 0.84 Lough Neagh, U.K. 2.26 

Scirpus f l  u i  tans  2.4 0.57 Dover Water, U.K. 2.26  

Potamogeton pus i l lus  6.0 I90 2.0 Perch Lake, Ontario 2.20,  2.21 

Scirpus subterminal is  5.7 Perch Lake, Ontario 2.20 , 301:;' 

Sparangium f l  uctuans 5.7 150 Perch Lake, Ontario 2.20 

U tri cu 1 a r i  a vu7 ga rl' s 5.7 9 60 Perch bake, Ontario 2.28 

/.' 
LL.4 *' 

Sparangi um sp . 2.4 0.89 Devoke Itlater, U.K. 2.26 
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Table 3.2.6 (continued) 

~ ~~ 

Ca 
Concentration 

Species BF(SrI i  q i  Shell Water 
Reference Location 

( g / d  ( P P d  
Union inae (con t ' d )  

Ambl ema costa t a  0.40 1 9  

Megalonaias gigantea 0.40 19 

Cycloraias tuberculata 0.40 1 9  

Lamsil inae 

Plagiola l ineolata  0.40 

Mean Ci 0.40 

19 

3,202 0 a 15  Tennessee River, 2.16 

2,995 0.14 Tennessee River, 2.16 

3,235 0.15 Tennessee River, 2 .16 

Tennessee 

Tennessee 

Tennessee 

3,170 0.15 Tennessee River, 2.16 
Tennessee 

Mean q i  0.17 
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There is not  a grea t  deal o f  experimental d a t a  ava i l ab le  on bioaccuriu- 

l a t i a n  o f  ,strontium in the s o f t  t i s s u e  o f  niolluscs. 

bioaccumulation f a c t o r  f o r  strsntium i n  t h e  soft t i s s u e  OF molluscs 

was made on the basfs  of the limited experimental data t h a t  are 

available @rungs, 1965; Harvey, 1969; Merlini e t  a l . ,  1967; Nelson, 

unpublished d a t a ;  Ophel , 19631. 

l a t i o n  f ac to r  for the sof t  tissue? a f  malluscr i s  3 x lo2.  I t  rnus t 

be woted however t h a t  this va lue  i s  given f o r  bodies ~f water ~ i t h  

calcium concentrations o f  approximately 20 t o  30 ppm. 

l a t i on  fac tor  is o f  C Q ~ I P S ~  a funct-isn o f  the calcium and strontiuin 

canccntration i n  the  p a r t i c u l a r  body o f  water and bisaccumulatior 

factors  a s  h i g h  as 720 were Pound f o r  waters o f  very low calcium 

A recommended 

The recommended strontium bioacctiniu- 

The bioacczrmu- 

cantent [Ophel , 1963). 
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3 .3  TRITIUM 

Tritium was included i n  this report  because of a concern t h a t  the 

r e l a t ive  kinet ics  of tritium and protium resul t ing from tritium’s heavier 

mass (” isotope e f f e c t ” )  migh t  lead to  a preferent ia l  accumulation of 

tritium over protium. Experiments i n  aquatic systems indicate  t h a t  this 

does not occur and t h a t  the bioaccumulation fac tor  for tritium is  less 

than or about equal t o  the bioaccumulation fac tor  for protium, which has 

a bioaccumulation f ac to r  approximately equal to  1. This section discusses 

the movement and d is t r ibu t ion  of protium i n  aquatic organisms and reviews 

experiments t h a t  compare the behavior o f  tritium and protium i n  aquatic 

systems. 

isotopes o f  the element co l lec t ive ly .  

I n  the discussion the term hydrogen i s  used t o  r e fe r  t o  both 

3.3.1 Hydrogen B i  oaccumul a t  ion 

Hydrogen atoms i n  l iv ing organisms can be separated i n t o  two major 

categories o r  pools.  The f i r s t  pool, tissue-water hydrogen (TWW), i s  

defined as all hydrogen atoms preseqt i n  water molecules w i t h i n  the 

organism. i s  defined as 

a l l  hydrogen present i n  organic molecules, such as proteins ,  f a t s ,  and 

carbohydrates. 

water and 25% dry t i ssue .  The percentages of water and dry t i s sue ,  

however, do not accurately r e f l e c t  the r e l a t ive  s i zes  of the two hydro- 

gen pools because on a weight basis water contains 11% hydrogen, while 

dry f ish muscle contains 8%. 

cons t i tu tes  8Q% o f  the t o t a l  fish h:jdrogen and the tissue-bound hydrogen 

cons t i tu tes  2Q%- Because o f  this lower hydrogen concentration i n  dry 

The second pool , t i  ssue-bound hydrogen (TBH 1 

As an i l l u s t r a t i o n ,  a f i s h  consis ts  of approximately 75% 

As a Pesult the tissue-water hydrogen 
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t i s s u e ,  the bioaccumulation f ac to r  f o r  protium in fish i s  approximately 

0.93. Subsequent discussions focus on t r i t ium and t h e  degree t o  which 

i t s  heavier mass may cause i t  'to have a d i f f e r e n t  bioaccumulation f ac to r  

from t h a t  0.f protium. 

3 . 3 . 2  Pathways o f  i-iydrogen E n  t ry  in to  Aquatic Organi sms 

Tritium enters  aquat ic  systenis in the form of t r i t i a t e d  water, 

t h a t  i s ,  HTO, where T represents t r i t ium;  H ,  protiuni; and 0 ,  oxygen. 

T r i t i a t e d  water behaves l i k e  HOW and mixes rapidly with the t i s s u e  

water of  aquat ic  organisms. 

en te r  hydrogen s i t e s  i n  organic t i s s u e .  

t i  ssue-bound hydrogen pool which may be fu r the r  subdi vi ded in to  two 

components termed exchangeable (ET) and nonexchangeable (NET) , which 

have d i f f e ren t  ra tes  of turnover and d i f f e r e n t  modes of uptake and 

l a s s  (Figure 3.3.1). The exchangeable component consis ts  of those 

hydrogens banded t o  O H ,  COOH, NH, SH, and o r tho  and para posi t ions 

of phenol g roups .  These hydrogens undergo a r e l a t ive ly  rapid chemical 

exchange reaction w i t h  hydrogens o f  water molecules in the t i s sue  

water. This exchange is  n o t  dependent un  enzymatic reactions and 

occurs in  melabolically inact ive t i s sues ,  such as wood, as well as 

metabu1 ica l  ly  ac t ive  t i s sue .  The nonexchangeable component cons is t s  

predominantly of hydrogens bonded t o  carbon atoms of organic t i s s u e .  

Movement of hydrogen in to  and aut  of t h i s  component i s  dependent on 

various enzymati :: reductions and oxi dat-ians o f  t i s sue  organics . 
Various metabolic reactions reduce organic molecules by incorporating 

hydrogen from t i s sue  water i n t o  s t a b l e  carban-hydrogen hands in 

From the  t i s s u e  water pool  t r i t ium can 

These hydrogens comprise the 



TISSUE 
W A T E R  

ORNL- DWG 74-4996R2 

NON EXCHANGEABLE 
TISSUE .BOUND 

EXCHANGEABLE 
TISSUE BOUND 

FOOD 

Figure 3 .3 .1  Pathways of hydrogen e n t r y  i n t o  t h e  hydrogen components of an a a u a t i c  an imal .  
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i nterrnedi ary 

Hydrogen is  

products used t o  synthesize l i p i d s  and 

iberated from this nonexchangeable poo 

proteins . 
by oxidation 

These oxidations enzymatically remove nonexchangeable react ions,  

hydrogen from t i s sue  organics and ul kimately combine the hydrogens 

w i t h  oxygen t o  form t i s s u e  water. Ihe turnover o f  this pool i s  
- 

much slower than the exchangeable pool. 

reactions t h a t  incorporate hydrogen from t i s s u e  water in to  the 

nonexchangeable pool , see S m i t h  and Taylor (1969). 

For a discussion of 

A second pathway fo r  hydrogen entry i n t o  the nonexchangeable 

component, which applies t o  animals, consis ts  o f  the ingestion and 

incorporation o f  i n t a c t  food molecules containing nonexchangeable 

hydrogen. The absence of t h i s  pathway in plant  uptake and i t s  

importance i n  animals and food chain t ransfers  is discussed i n  

Section 3.3.4. 

3 . 3 - 3  Compartment Size and Turnover Rates 

Tissue-water components c o n s t i t u t e  from 80 t o  93% o f  aquatic 

plant weight and averages 75% i n  aquatic ver tebrates .  

been shown t o  move rapidly from ambient water i n t o  t i s s u e  water, 

Tritium has 

w i t h  bioaccumulation fac tors  approximating unity and biological 

half-times measured i n  minutes f o r  small unicel lular  algae t o  hours 

f o r  large aquatic macrophytes and aquatic vertebrates (Elwaod, 1973; 

Harrison and Koranda, 1973; Stewart e t  a l . ,  1973). Tritium i n  

emergent portions of rooted macrophytes, such as c a t t a i l s ,  may f a i l  

t o  reach s teady-state  w i t h  ambient water possibly because o f  a 

m i x i n g  of water i n  leaves w i t h  l e s s  contaminated moisture i n  the 

a i r  (Raney and Vaadia, 1965). 
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Relative s i zes  o f  exchangeable and nonexchangeable components 

have not been determined f o r  aquatic organisms. 

mammal experiments, indicating t'rlat exchangeable hydrogen const i tutes  

30% and nonexchangeable hydrogen 70% of the t i s sue  bound component, 

were used as tissue-bound compartment s i zes  i n  constructing Table 

3 . 3 . 1  and Figure 3.3.1 (Pinson and Langham, 1957; S i r i  and Evers, 

Data from small 

1961) .  

Data on turnover ra tes  o f  t i t - i t i u m  in the bound components of 

aquatic organisms are  sparse  

working on goldfish and mosquito f i s h ,  respect ively,  demonstrated 

8-day half-times f o r  t r i t ium e l in ina t ion  from the combined t i s sue-  

bound component. For aquatic s n a i l s ,  a 62-hr half-time f o r  70% o f  

the tissue-bound component has been demonstrated (Stewart e t  a1 ' ,  

1973). A typical study on r a t s  demonstrated half-times of 22 days 

f o r  50% of the tissue-bound t r i t ium and 130 days f a r  the other  502 

(Thompson and Ba?lou, 1956). Half-times i n  humans charac te r i s t i  ea1 l y  

show a short tissue-bound componEnt of 30 days and a longer component 

of 300 days (Pinson and Langham, 1957) .  

Langham observed a 2020 day half-time in a chronically exposed human. 

A1 t hough  aquatic organisms have demonstrated longer half-times f o r  

tissue-bound t r i t ium t h a n  f o r  t issue-water t r i t ium,  no measurements 

of elimination ra tes  f o r  exchangeable and nonexchangeable t r i  t i  urn 

have been reported f o r  aquatic organisms exposed to  t r i t ium in t h e i r  

food and w a t e r  under control led conditions. 

c i t ed  above ind ica te  some o f  the tissue-bound components may require 

a s ign i f i can t  f rac t ion  of the l i f e  of the organism t o  equi l ibra te  

E l  wood (1 973) and Patzer (1 973) 

In one case Pinson and 

Results o f  experiments 
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Table 3-3.1 Conipanent s i z e  and source contribution for  
a hypothetical f i s h  

% Source contribution % Body hydrogen 
i n  each Components gl____....- 

Water Organic food conponen t 

T i  ssue water 80 

Tissue bound 

Exchangeabl e 6 11 100 0 

._I__ 

1 4b 
.........I-- ___ 

Nonexchangeable GOa 40a 
._ 

aData of Patzer (1973). 

%ata of Siri and Evers (1961). 
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with envi ronnlental t r i  t i  uni l eve l s .  As a r e s u l t ,  th is  nonexchangeable 

tritium component does not r e f l e c t  current exposure leve ls  unless 

1 ong- term steady-state  condi ti on has been maintained under constant 

env i  ronrnental l eve l s .  

3.3.4 Tritium Concentration in Aquatic Food Chains 

3.3.4.1 Tissue-Water Tritium 

Bioaccumulation fdctors  reported f o r  t issue-water t r i t ium in 

aquatic organisms range from 0.58 t o  1.1 with a mean value l e s s  

than 1 (Bruner, 1973; Elwood, 1973; Harrison and Koranda, 1973; 

Stewart e t  a1 . , 1973; Weinberger, 1953; Weinberger and Porter ,  

1953). 

sents  a conservative approximatiim o f  the t issue-water t r i t ium 

bioaccumulation f ac to r  f o r  aquatic organisms. 

Thus, on the basis of thz ie  empirical s tud ie s ,  unity repre- 

3.3.4.2 Tissue-Bound Tritium 

Both laboratory and f i e l d  measurements indicate  t h a t  the 

bioaccumulation f ac to r  f o r  the to t a l  tissue-bound component i s  

l ess  than 1. The tissue-bound t*-itium concentrations in plants 

and  invertebrates  have been summarized from sixteen references 

by Bruner (1973). 

tritium concentrations higher t h a n  ambient water (Cohen and Kneip 

1973; Koranda, 1965). These two measurements were made in areas 

o f  pulsed t r i t ium i n p u t s  in the v ic in i ty  of nuclear power f a c i l i -  

ties or tes t  s i t e s  and probably do not. represent s teady-state  

I n  only two 0-T these cases were tissue-bound 
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s i t ua t ions .  Other f i e l d  and laboratory measurements on tissue-bound 

t r i t ium in plants  and ver tebrates  showed t r i t i um bioaccumulatian 

f ac to r s  below unity (Elwood, 1973; Harrison and Koranda, 1973; 

Kanamawa e t  a i . ,  1972; Por te r ,  1954; Rosenthal and Stewart, 1973; 

Stewart e t  a1 . , 1973; Strand e t  a l .  , 1973; Weinberger, 1953; 

Weinberger and Porter ,  1953). 

measurements of exchangeable triti um and nonexchangeable t r i t i  mi 

as  separate  components. 

i t  i s  n o t  possible t o  determine a separate bioaccumulation f ac to r  

f o r  exchangeable t r i t ium and nonexchangeable t r i t ium,  or t o  deter-  

mine the degree t o  which the spec i f i c  a c t i v i t i e s  of cer ta in  organic 

molecules m i g h t  vary araund the mean value for the  to ta l  t i s sue -  

bound component. For this reason subsequent discussions focus on 

physical and biochemical aspects of t h e  two ti  ssue-bound components 

and t h e i r  e f f e c t s  on the bioaccurnulation f ac to r  f o r  exchangeable 

tritium and nonexchangeable tritium, as we71 as  individual molecules. 

Most s tudies  d i d  n o t  include 

T h u s ,  on the basis o f  empirical data alone, 

3.3.4.2.1 Exchangeable Tissue-Bound Tritium 

Movement of t r i t ium in to  and out o f  the exchangeable component 

involves chemical exchange reactions as  discussed in Section 3 . 3 . 2 .  

A var ie ty  o f  organic groups cornrnon in l iv ing  t i s sue  have been studied 

t o  determine t h e  steady-state  concentration obta ned via exchange w i t h  

t r i t i a t ed  water (Weston, 1973). The r e s u l t s ,  wh ch are  summarized in 

Table 3 . 3 . 2 ,  indicate  t h a t  t r i t ium i s  n o t  l i ke ly  t o  pool i n  exchangeable 
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Table 3.3.2 Steady-state  concentration i n  
organic groups cornmon i n  l iv ing  tissue 

Organic group 1 a Ref e ren ce 

OH Groups 

CH3COOH 
CH30H 
Cell ul ose 

1 .Q 3.4 

0.98 3.9 

1.43 3.14 

NH Groups 

NH3 0.94 3.8 

HCONH2 0.97 3.1 

Ribonuclease 1 .Q 3.6 

Dt-polyal anine 1.2 3.7 

SH Groups 

HZS 0.30 3.76 

CH3SH 0.30 3.11 

CH Groups 

HC-CCH3 0.78 3.15 

CH3SH 0.64 3.30 

aa-1 ~ (Specif ic  Act ivi ty  organic group)/ 
Since c1-I i s  (Specif ic  Act iv i ty  water) .  

based on spec i f i c  a c t i v i t i e s  i t  is  independent 
o f  var ia t ions  i n  hydrogen content ,  and must 
be multiplied by the percent hydrogen i n  the 
tissue and d i v i d e d  by the hydrogen content of  
water (11%) t o  produce a "dry weight" bio- 
accumulation f a c t o r  f o r  the  organic group. 



components because in most cases the s p e c i f i c  ac t iv i ty*  of the mole- 

cules is  less t h a n  t h a t  of the water. 

A food chain i s  diagrammed i n  Figure 3 . 3 . 2  w i t h  organisnis 

compartmentalized as i n  Figure 3.3.1 and each consumer u t i l i z i n g  

t h e  organism below h i m  as the f ood  source. I n  b o t h  Figure 3.3.1 

and 3.3.2 there i s  no pathway t o  accommodate the Fosd-chain t r a n s f e r  

of exchangeable t r i  t iurn even though this  obviously occurs. 

effect, o f  food-chain t r a n s f e r  o f  exchangeabl E t r i t ium i s  unimportant 

because 1 )  the exchangeable tritium o f  each organislil has ready 

C I G C ~ S S  t o  the same ambient t r i t ium concentrations via exchange 

w i t h  t i s s u e  water, and 2 )  most aquatic organisms ea t  only a sillall 

f rac t ion  of t h e i r  body weight per day thus the turnover o f  exchange- 

able tri t i  urn appears rapid i n  compari son. 

The 

3.3.4.2.2 Nonexchangeable Tissue-Bound Tritium 

A t  the base o f  the food chain i n  Figure 3.3.2, photosynthesis, 

a1 ong wi t h  o ther  reduction reac t i  ans , incorporates tri t i  urn from 

t i ssue  water in to  the nonexchangeable component o f  plants .  

on the t o t a l  tissue-bound cornponetit i n  plants indicate  t h a t  there 

i s  a 3 to  55% discrimination against  incorporatian of tritium re l a -  

t i v ?  t a  pratium (Bruner, 1973; Harrison and Karanda, 1973; 

Rosenthal and Stewart ,  1973; Weinberger, 1953; Weinberger and 

Porter, 1953). 

e n t i a t e  between the two tissue-bound components. 

Data 

These deterini nati  ons , however, d i d  not d i f f e r -  

"Specific a c t i v i t y  i s  used here t o  man t h e  ratis of radio- 
ac t ive  t o  s t a b l e  atoms of an element i n  a sample. 
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ET = EXCHANGEABLE T R I T I U M  
N E T =  NONEXCHANGEABLE TR7TIUM 
Figure 3.3.2 Three-1 ink food chain diagram with organisms compartmentalized, 
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Rambeck and Bassham (1973) and Kanaaawa e t  a1 - (1972) inves t i -  

gated the e f f e c t s  of oxidation and reduction reactions on s p e c i f i c  

a c t i  v i  t i e s  of i nd i  v i  dual organi c molecules produced d u r i n g  the Krebs 

Cycle i n  algae. 

average speci f i  c a c t i  vi ty o f  the  i n d i  v i  dual rnolecul es investigated 

was 30% l e s s  than the water t o  which they were exposed. 

out of the 1 4  molecules investigated showed s p e c i f i c  a c t i v i t y  ra t ios  

grea te r  than 1 ,  c i t r a t e  1.8 and fuinarate 1 . 2 .  lhese r e s u l t s ,  

although l imited t o  2 species o f  algae and the Krebs Cycle, i n d f -  

s a t e  t h a t  riiost organic molecules discriminate against  t r i t ium 

incorporation - in to  nonexchangeable s i t e s  and t h a t  sigriifi cant 

increases i n  the  s p e c i f i c  a c t i v i t y  of cer ta in  molecules due t o  

the kinet ics  of nonexchangeable t r i  t i  um a re  n o t  1 i kely . Further 

s tudies  a re  needed t o  ver i fy  these r e s u l t s  f o r  various s e r i e s  of 

metabolic reactions i n  o the r  organisms. 

After f i v e  generations i n  a closed system the 

Only two 

Consumer organisnis obtain nanexchangeable tritium by assimi- 

l a t i o n  of i n t a c t  t r i t i a t e d  food molecules as well as  by reduction 

of t i s s u e  organics w i t h  tissue-water hydrogens. I t  can be calcu- 

la ted froiii Patzer's (1973) data. on herbivorous f i s h  t h a t  the 

nonexchangeable component receives approximately 50% o f  i t s  

hydrogen From tissue-water hydrogen and 40% froiii food. Data a re  

not avai lable  on the exact degree t o  which the s p e c i f i c  a c t i v i t y  

of tile nonexchangeable component i s  affected by food-chain t rans-  

fers of nonexchangeable tritium i n  food molecules, o r  by various 

oxidations and reductions. 
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Although empirical data on bioaccumulation f ac to r s  for nonexchange- 

able tr i t ium i n  organisms are  wanting, i t  i s  possible t o  es tab l i sh  

a maximum bioaccumulation f ac to r  for the nonexchangeable component 

by using the tissue-bound compartment s izes  from Table 3 . 3 . 1 ,  an 

average spec i f i c  ac t i  v i  ty r a t i o  for  the exchangeable component from 

Table 3 . 3 . 2 ,  and bioaccumulation f ac to r s  determined empirically fo r  

the t o t a l  tissue-bound coniponent i n  numerous freshwater organisms. 

Based on Table 3.3.2, 0.7 r e p r e s w t s  the best  estimate of an average 

bioaccumu? at ion fac tor  f o r  t he  exchangeable component. T h u s ,  the 

empirical ly-derived bioaccumulation f ac to r  of less than 1 f o r  the 

to t a l  tissue-bound component, cors i s t ing  of 30% exchangeable tritium 

and 70% nonexchangeable tritium, requires tha t  the bioaccurnulation 

fac tor  o f  the nonexchangeable component be no greater  than 1.1.  
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3.4 IODINE 

3.4.1 Environmental Iodine 

The stable iodine content of  freshwater ranges from 0.4 t o  10.0 ppb 

depending upon the water source and the environment th rough  which the 

water t r ave l s .  

i n  iodine,  less than 1 ppb, while those or ig ina t ing  from springs and 

ground water sources a r e  h i g h e r ,  up t o  5 ppb. 

culated a median river water concentration o f  2 ppb.  

some representa t ive  s t a b l e  iodine concentrations from various fresh- 

water, marine, and geologic sources. Iodine in  oceans i s  approximately 

50 ppb and apparently or ig ina tes  f ron the erosion of land masses (Bowen, 

1966). The  dominant physiocochernical form of iodine and i t s  r e l a t i v e  

biological a v a i l a b i l i t y  in freshwater i s  uncertain (Winchester, 1970). 

Streams or ig ina t ing  from g lac i e r s  o r  runoff a r e  low 

L i v i n g s t o n  (1963) ca l -  

Table 3.4.1 l i s t s  

a var ie ty  of metabolic 

thyroxine t o  the blood 

t o  form protei  n-bound 

protein and en ters  the 

i o d i n e  produced by the  

3.4.2 Iodine Metabolism 

The thyroid removes inorganic  iodine from the blood and uses 

i t  in the production o f  thyroxine, a hormone necessary f o r  maintaining 

and growth f u w t i o n s .  

stream where i t  combines with la rge  proteins  

The thyroid re leases  

t from the la rge  

degraded. Inorganic 

re-enters the blood 

and i s  eliminated by urinary excret ion.  Some evidence ind ica tes  t h a t  

an unspecified portion of t h i s  may be reabsorbed by the  thyroid 

(Chavin and Bowman, 1965). 

odine. Thyroxine i s  spl 

body t i s sues  where i t  is  

degradation o f  thyroxine 
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Table 3 . 4 . 1  Iodine concentrations i n  surface waters, the 
ocean, and  geologic sources 

Mater 
Sample Reference Range Average 

Concentration (PPb) (?Pb) 
-.-_- -- 

Geman l ake  3.5 2.5 - 4.9 4.18 

Canadi an 1 a ke 1.154 0.49 - 2.9 4.21 

l a k e  M i  chi gan 1 .Q 4.10 
4.39 Lake Mi chi gan  5.0 
4.39 Mi chi gan streams 1 or less ...I-- 

4.12 Missouri s p r i n g  4.7 or less --^-- 

4.12 New Jersey sp r i n g  5 - 2  or less ---- 
S w i s s  r i v e r s  9.56 0.4 - 1.3 4.15 
Panama rivers 1 or  less 1.0 - 0.6 4.14 
River Average 2 .cJ < 1.0 - 10 4.28 

4.57 Oceans 50 
$a i  1 s ...--... so0 - 6000 4.47 
Rock 

-e-- 

-..-." 

4.5 
4.5 
4 .5  
4.5 

m--- IgnEtOUS 568 
Limes tans 1200 -_-- 
%ha1 e 2200 .....-1 

Coir 1 6099 ......-- 



1 Of; 

Although there are numerous s tudies  on the physiological role  of 

iodine,  few o f  these invest igat ions provide data on elimination r a t e s  

and turnover times f o r  iodine i n  aquatic organisms. 

t h a t  were found a re  summarized i n  Table 3.4.2. 

(C-1)  i s  taken t o  represent plasma clearance through urinary excretion, 

while the slower component (C-2) i s  a t t r ibu ted  to  the thyroid.  

The few studies  

The rapid component 

3.4.3 Review of Iodine Bioaccumulation Factors 

3.4.3.1 Stable Iodine Bioaccumulation Factors f o r  F i s h  Tissue 

Only the thyroid t i s sue  and ovaries (eggs) show great  iodine b io -  

accumulation. 

calculat ion o f  bioaccumulation fac tors  f o r  the thyroid t i s sue  because 

thyroid s tab le  iodine measurements fo r  freshwater f i s h  were not expressed 

as concentrations. 

i n  some marine species and these marine data are  c i t ed  t o  corroborate 

our i nd i r ec t ly  estimated freshwater thyroid bioaccumulation fac tors .  

Muscle bioaccumulation fac tors  of freshwater and marine f ish a re  very 

s imilar  despi te  the much higher i o d i n 2  content of oceans (Tables 3 . 4 . 3  

and 3 . 4 . 4 ) .  

b u t i o n  i n  the serum of es tuar ine flounder and freshwater whitefish 

(Hickman, 1962). 

and the s imi la r  iodine metabolism i n  fish from freshwater and marine 

hab i t a t s  provide some j u s t i f i c a t i o n  f o r  comparing bloaccumulation 

f ac to r s  o f  marine and freshwater species.  

No studies  were found t h a t  provided data allowing d i r e c t  

Data were avai lable  on thyroid iodine concentrations 

Organic and inorganic iodine show the same percent distri- 

The s imi la r  iodine bioaccumulation fac tors  f o r  muscle 

References on s t a b l e  iodine i n  f i s h  ovaries d i d  not report  com- 

parabJe iodine water concentrations,  thus, ovary bioaccumul ation f ac to r s  
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Table 3 .4 .3  Stab le  i o d i n e  i n  freshwater f i s h  muscle 

Muse1 e Water S tab le  
Species Concentration Concentration Iodine Location Reference 

( 118/ kg 1 h g / 1  i t e r )  B Fa 

Salmo f a r i o  
7 Salm f a r i o  
Salmo f a r i o  
Salrno f a r i o  
--I_ 

S a l  vel i nus namaycush 
-- Luciopimelodus pat i  
P i  I nref odus a1 b i  dus  

~orr,i s i nci sor 
M i  croperus. sal  moi des 
A 9  I-..- _I-.- 

Pornoxi s anr,ui aris 
Perca f 7 avescens 
P e r m  f l  uv ia t i  1 i s  
Frcsiwater species 

Carp 

-I__- 

-...-.-I 

i n  general 

F j  cropterus sctlmoi des 
Ei\fveTi nus nainaycush 
River perch 

I Oncorhynchus k i  sutch 
Perm f l a v e c c e ~ ~ .  
S a l  vel i EUS nanaycush 
Salmo t r u t t a  
Coregonus cl upeaformis 

Me an 

36 

2$ 
50 
10 
30 
40 
40 
50 
10 
20 
20 
40 

17 
30 
31 
40 
15 
40 

120 
120 
170 
110 
140 

48 

_I 

50 .t 45 - 

36 
4% 
24 
50 
10 
30 
40 
40 
50 
10 
20 
20 
40 

17 
30 
31 
40 
15 
40 

120 
120 
170 
110 
140 

Switzerland 
Germany 
New Zeal and 
New Lealand 
Lake Erie 

Mississippi River 
Potomac River 
Mi ss i ss i p p i  River 
Potomac River 
S w i  t z e r l  and 

4.16b 

4 a 20b 
* m b  

4.32b 
4.325 

4.4b 

;: G b  

4.45; 

4.45b 
4.45b 

4.45 
4.16b 
4 * 33b 

4.6 
4.6 
4.6 
4.6 

B l  ack Rfver a Michigan 4 39 
P a c l f l e :  Coast Stream 4,26 
Lake Michigan 4.11C 

Lake Mi chi gan 4 , l lC  
Lake Michigan 4.1 l C  
Lake Michigan 4.11C 

Lake M i  c h i  gan 4 , W  

aTissue concentration reported without comparable water values was divided by 1 pg/liter t o  

b C i  teci i’n Vinogradov (1953). 
‘Tissue concentrat iom represent averages calculated from Copeland’s raw da ta  t h a t  c l e a r l y  

approximate a coriservati ve bjoaccuniulation f ac to r .  

specified t h a t  t h e  t issue analyzed was muscle. 
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7 09 

could n o t  be d i r ec t ly  calculated frm the s tudies .  

able t o  ind i rec t ly  estimate an average ovary bioaccumulation fac tor  

for  s tab le  iodine from s tudies  which reported both  ovary and muscle 

iodine contents in the f i s h  col lected.  From these data an ovary:muscfe 

r a t i o  was calculated and mu7 t i p 1  ied times the average muscle bioaccumu- 

la t ion  fac tor  t o  estimate an average ovary bioaccumulation fac tor  fo r  

s tab le  iodine. 

However, we were 

Data on s t ab le  iodine i n  fish wuscle were adequate t o  determine 

a r e l i ab le  bioaccumulation factor .  Due t o  the l imited data on iodine 

i n  f i s h  thyroid and ovaries ,  and the manner i n  which these data were 

reported,  our estimates fo r  thyroid and ovary bioaccumulation fac tors  

represent approximations. 

3.4.3.1.1 Stable Iodine Bioaccumulation Factors for  F i s h  Muscle 

Stable iodine bioaccumulation fac tors  f o r  f i sh  muscle from various 

species of freshwater f ish a re  listed i n  Table 3.4.3. 

fac tors  from a var ie ty  o f  inves t iga tors  varied from 10 to 50 while 

determinations by Copeland e t  a l .  (1973) ranged from 120 to  170. 

us ing  a 5 ppb Lake Michigan iodine concentration, as reported by 

Robertson and Chaney (1953), w i t h  Copeland's t i ssue  iodine concentra- 

t i ons ,  a range o f  bioaccumulation fac tors  can be calculated for Copeland's 

samples tha t  agrees well w i t h  ranges reported by other invest igators .  

However, Winchester (14701, reported 1 ppb or  l e s s  as the iodine concen- 

t r a t ion  i n  Lake Michigan, thus, indicating tha t  Copeland's water con- 

centrat ions a re  cor rec t  and tha t  higier tissue iodine concentration 

and higher bioaccumulation fac tors  for Lake Michigan fish cannot be 

explained by an underestimate of iodine concentration i n  water. A t  

t h i s  time it i s  the opinion of the authors t h a t  although Copeland's 

B i Q a ~ c ~ m u l a t i ~ ~  

By 
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data a r e  higher than the others ,  we must accept t h e i r  bioaccumulation 

fac tors  of 120 t o  170 f o r  s t a b l e  iodine i n  .freshwater f i s h  muscle unt i l  

other data c l a r i f y  the issue.  

an average bioaccumulation fac tor  of  52 for s t a b l e  iodine i n  f i s h  muscle 

w i t h  a range from 10 t o  170. 

From data i n  Table 3.4.3 we ca lcu la te  

Based on c l e a r  decreases i n  iodine t i s s u e  concentrations from 

marine t o  anadromous t o  freshwatev- species ,  i t  does not appear t h a t  

homeostatic control i s  a fac tor  in control l ing muscle iodine leve ls  

in .fish (Table 3 . 4 . 4 ) .  Anadromous f i s h  sampled d u r i n g  their spawning 

run show s tab le  iodine t i s s u e  concentrations higher than s t r i c t l y  

freshwater species (Table 3.4.4). This i s  evidently due t o  t h e i r  

recent exposure t o  higher iodine concentrations i n  oceans. Fontain 

e t  a1 . (1948) , found 1280 pg/g of iodine i n  the serum o f  A t 1  a n t i c  

salmon a t  the beginning of t h e i r  migration spawn. 

migration, serum iodine had dropped t o  280 u g / g .  

mined i f  iodine i n  o ther  t i s sues  showed a s imilar  decl ine.  

A t  the end o f  

I t  was not deter-  

The drop 

i n  serum iadine could be due  t o  lower freshwater iodine concentrations 

and a lack of homeostatic control ,  o r  t o  a combination o f  physiological 

factors .  

3.4.3.1.2 Stable  Iodine Bioaccumulation Factors f o r  Fish 
Thyroids and Ovaries 

In rainbow t r o u t  and most t e l e o s t s  the thyroid i s  not assembled 

into a s ing le  gland b u t ,  instead, i s  scat tered throughout the lower 

jaw.  

as well (Baker e t  a l . ,  1955). 

In some cases thyroid tissue may occur i n  the eyes a n d  kidneys 

The removal o f  di f fuse  thyroidal t i s s u e  

without portions of nonthyroidal t i s s u e  i s  d i f f i c u l t .  As a r e s u l t ,  
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iodine concentrations a r e  e i t h e r  n o t  expressed on a u n i t  weight  basis  

or  qua l i f ied  t o  the extent  t h a t  the tissue may contain nonthyroid 

material (Short e t  a l . ,  1969). 

Robertson and Chaney (1953) an'alyzed sections of careful ly  d i s -  

sected Lake Michigan rainbow t r o u t  t i s sue  excised from the f l o o r  of 

the mouth  from the f i r s t  t o  the fourth g i l l  arch.  

was expressed as t o t a l  micrograms of  iodine i n  the t o t a l  "thyroid 

mass" (Table 3.4.5.) .  

No determinations were made o f  the s t a b l e  thyroidal iodine content ,  

expressed per un i t  of exclusively thyroid t i s s u e  of freshwater f i s h .  

Using 0.003 g/100 g o f  f i s h  a s  an approximation o f  the mass o f  the 

rainbow t r o u t  thyroid (Spector,  1956), we calculated an approximate 

thyroid iodine concentration of 269 yg/g by u s i n g  the average weights 

of the t r o u t  used i n  Robertson and Chaney's (1953) study. 

this  thyroid concentration by Copeland's Lake Michigan iodine concen- 

t r a t i o n  of 1 ppb gives an estimat2 of 270,000 f o r  the  t r o u t  thyroid 

bioaccumulation f ac to r .  To provide some ve r i f i ca t ion  of this thyroid 

bioaccumulation f a c t o r ,  an average thyroid bioaccumulation f a c t o r  f o r  

marine f i s h  of 770,000 was calculated u s i n g  data compiled from Vinogradov 

(1953) i n  Table 3.4.6. Considerin: the approximate nature of our es t i -  

mates, these two values a re  f a i r l y  c lose and t e n d  t o  suppor t  the fresh- 

water thyroid bioaccumulation factclr. 

The iodine content 

The weights of these samples were not reported.  

Dividing 

Hickman (1962)  measured inorganic iod ine  in the serum and thyroids 

o f  es tuar ine  flounder and found t h a t  the serum l eve l s  of  iodine increased 

on a seasonal cycle  as  the s a l i n i t y  of the water increased. However, 

i n  the case of thyroidal iodine,  only inorganic iod ine  showed a clear 
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Table 3.4.5 Total iodine present  i n  
the thyroid and  eggs o f  
f i v e  rainbow and Cali- 
f o r n i a  steelhead t r o u t  
( i n  

Rainbow Trou t  Steel head Troutb 
-I -̂ 

Thyroid Eggs Thyroid Eggs 

3 . 5  38.6 367 1190 
8.5 18.6 755 2323 

12.3 41.3 377 1814 
11.9 70.0 --I 7 749 

l6 ,Q  55.0 - -- 106% 

1 0 J  44. oc s o d  1628 

aRobertsan and Chaney (1 953). 

bStee7iliead t r o u t  are anadromous rainitpo 
trout (Salrno gardneri) .  
cured from the mouths o f  Ca? i f o r n i a  
rivers u p  t o  150 miles upstream, 

They were se- 

‘Mean values (I 
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Table 3.4.6 Thyroid s t a b l e  iodine bioaccumulation 
f a c t o r s  f o r  marine f i s h  

Thyroi Thyroi  d Reference b 
B F ~  Species I odi ne 

( P P d  

Gadus 
aes l e f inus  

Gadus 
mor r h  ua 

Salmo eriox 

Salmo s a l a r  

S combe r 

Sebas tes 
mari nus  

P1 euronectes 
8 1  a t e s sa  

u 
vu1 s a r i s  

scombrus 

2,800 

11,600 

173,600 

9,600 

32,200 

46,200 

7,800 

23,800 

Mean 

56,000 

232,000 

3,500,000 

192,000 

644,000 

924,000 

7 56,000 

476,000 

772,500 
- 

4.9,4.30 

4.9,4.31 

4.30,4.31 

4,9,4.31 

4.29,4,3C) 

4,29,4.31 

4,9,4,31 

4.9 

aCalculated using 50 ppb as marine water iodine 

b C i  ted i n V i  nogradov (1 953). 

concentration (Table 3,4.1). 
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response t o  environmental iodine f luctuat ions.  The protein-bound 

iodine, which cons t i tu tes  95% o f  thyroidal iodine,  varied much l e s s  

and w i t h  no apparent pat tern.  Protein-bound iodine was, i n  f a c t ,  

highest i n  September when environmental iodine was a t  a law point.  

Thyroid iodine concentration appears t o  f luc tua te  1 i t t l e  i n  response 

to  environmental iodine. Whether this i s  due t o  homeostatic control ,  

slower turnover r a t e s ,  or other fac tors  i s  uncertain. 

From Table  3.4.5 i t  i s  apparent t h a t  the ovaries (eggs) contain 

most o f  the iodine present i n  female rainbow t r o u t .  Due t o  the 

manner i n  which the data were reported and t o  uncertaint ies  concerning 

analyt ical  procedures, we calculated an ovary:muscle concentration 

r a t i o  for  s t a b l e  iodine (Table 3 .4 .7 )  and then multiplied this  r a t i o  

by the average muscle bioaccumulation fac tor  from l a b l e  3.4.3 t o  

estimate a s t a b l e  iodine bioaccumulation fac tor  of  800 f o r  ovaries .  

3.4.3.2 Iodine-131 Bioaccumulation Factors f a r  Fish Tissue 

3.4.3.2 a 1 Iodine-131 Bioiaccumul at ion Factors f o r  Fish Fluscl e 

The few experiments reporting iodine-131 levels  i n  f i s h  muscle 

a re  l i s t e d  i n  Table 3.4.8. Experiments by Short e t  a l .  (1969) i n d i -  

ca te  t h a t  the food web i s  the principal mode of uptake. 

Hunri and Reineke (1964) indicates  t h a t  iodine can be accumulated 

d i r e c t l y  from the water. 

were both tagged w i t h  iodine-131. After 29 days f i s h  i n  the lake 

showed a muscle bioaccumulation fac tor  of 100, while those i n  the  

aquaria, without t h e i r  natural food sources showed a bioaccumulation 

.factor o f  1 . 7 .  I t  is possible ,  although experimental procedures were 

One study by 

In S h o r t ' s  study, an aquarium and a lake 
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Table 3.4.7 Stable  iodine bioaccumulation fac tor  for 
fish ovaries (eggs) derived from r e l a t i v e  
concentrations of s t a b l e  iodine i n  muscle 
and ovaries 

Ovar.y/rnuscl e Ovary a 
Species R'atio BF Reference 

Salrno gardneri 15  750 4.39 

Sal mo gardneri 14 700 4.39 

S a l m  f a r i o  29 1450 4.16 

Perca f l u v i a t a l i s  6 - 300 4.16 

Mean Ovary BF 800 

a 
Ovary bioaccumulation fac tor  = Ovary/muscle r a t i o  times 
average muscl e bioaccurnul a t ion  f a c t o r  from Tab1 e 3.4.3 a 
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Table 3 .4 .8  lodine-131 bioaccumulation fac tors  fur 
muscle i n  freshwater animals 

Species I o d i  ne-l 31 
a F  Location Reference 

-- 
Carp 

Cyprinus 
carassi us 
m o l e  f i s h )  

Prochi 1 odus 

Pime1 odus 
Ci chl asoma 
M i  scel 1 aneous 

aquat ic  
17 species 
1 eech 
gastropods 
crustaceans 
i n s e c t  1 arvae 
carp 
tadpo 1 es 

Carp 
Cypri nus 
carpi  o 

Salrno qai rdneri 

25 

0.5 
0.8 
0.5 

20 hean)  

12 

100 

Mean Fish Muscle BY 

Lake 4.27 

Aquaria 4 . 3  

Aquaria 4 . 3  

Aquaria 4.3 
Aquaria 4.43  

Aquaria 4.44 

Lake 4.40 

..-._I 

%See Sec. 3.4.3.2.1. 
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n o t  described, t h a t  the low bioaccumulation f ac to r s  reported by Beninson 

(1966) f o r  fish i n  aquaria studies were due t o  the absence of a contami- 

nated food source. 

ab le  in view of Shor t ’ s  study and the much higher s t a b l e  iodine bio- 

accumulation fac tors  reported in Table 3.4.8. An average iodine-131 

bioaccumulation f ac to r  of 39 f o r  f i s h  muscle is calculated f o r  fish 

muscle from Table 3.4.8 (Beninson’s data  omitted).  

The low bioaccumulation f ac to r s  do not appear r e l i -  

Because of the 8-day’ radioact ive h a l f - l i f e  of  iodine-131, the 

turnover r a t e  of iodine i n  a spec-ific t i s s u e  and the length of the 

primary contamination pathway control the degree t o  which bioaccumula- 

t ion  f ac to r s  for  iodine-131 a r e  l e s s  than bioaccumulation f ac to r s  f o r  

s t ab le  iodine.  Iodine-131 absorbed d i r e c t l y  from t h e  water wjl l  have 

less time t o  decay than iodine-131 obtained from food. Section 2.4 

and Equation (2.4.9) describe a method f o r  ca lcu la t ing  bioaccumulation 

fac tors  f o r  radioact ive isotopes based on their s t a b l e  element bio- 

accumulation f ac to r s .  Using Equation (2.4.9), the average s t a b l e  e le -  

ment bioaccumulation f ac to r  f o r  f i s h  muscle (Table 3 .4 .3) ,  and an aver- 

age f a s t  component elimination coe f f i c i en t  of 0.43 (Table 3.4.21, we 

ca lcu la te  an iodine-131 bioaccumulation f a c t o r  of  43. Based on the  

s i m i l a r i t y  between th is  calculated bioaccumulation f a c t o r  and the aver- 

age bioaccumulation f ac to r  determined from empirical studies, we recommend 

an average bioaccumulation f ac to r  of 40 for iodine-131 i n  f i s h  muscle. 

3.4.3.2.2 Iodine-131 Bioaccumulation Factors f o r  F i s h  Thyroids 

Short e t  a l .  (1969) removed the lower terminus of t h e  g i l l  arch,  

including the dorsal ao r t a  and surrounding muscle, from lake t r o u t  
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removed from an iodine-131 tagged lake a f t e r  29 days o f  exposure. An 

iodine-131 bioaccumulation f a c t o r  of 12,000 was calculated f o r  these 

"thyroid" samples which contained unspecified amounts of  o ther  tissue. 

This  value appears l o w  when compared t o  the thyroid bioaccumulation 

fac tor  o f  270,000 f o r  s t a b l e  iodine (Sec. 3.4.3.1.2). Since no fresh-  

water iodine-131 bioaccumulation fac tors  have been determined f o r  thy- 

roids f r e e  from attached nonthyroidal t i s s u e ,  we recomnend an iodine-131 

thyroid bioaccumulation f a c t o r  of 110,000. 

f i c i e n t  f o r  the long component i n  t r o u t  (Table 3.4.2) and an average 

s t a b l e  iodine bioaccumulation fac tor  f o r  thyroid t i s s u e  of 270,000 were 

used i n  calcul a t i  ng the recommended thyroi d b i  oaccuinul a t i  on f a c t o r  . 
Further research i s  needed t o  c l a r i f y  this  issue.  

A n  l l-day elimination coef- 

3.4.3.3 Stable Iodine Bioaccumulation Factors for- Plants 

The only s t a b l e  iodine determination found for  freshwater plants  

was an average bioaccumulation fac tor  of 800, calculated by Copeland 

and Ayers (1970) for samples o f  phytoplankton (green and bluegreen 

algae) taken from Lake Michigan. 

3.4.3.4 Iodine-131 Bioaccumulation Factors f o r  Plants 

Bioaccumulation fac tors  for rooted and f loa t ing  macrophytes a r e  

combined i n  Table 3.4.9 s ince they are w i t h i n  the same range. 

131 bioaccumulation fac tors  f o r  freshwater algae from one study a w r -  

aged 255 (Short e t  a1 . , 1969). 

Iodine- 

3.4.3.5 Stable Iodine Bioaccumulation Factors f a r  Invertebrates 

Table 3.4.10 l i s t s  s t a b l e  iodine bioaccumulation fac tors  f o r  a 

small number o f  aquatic invertebrates.  In insec ts ,  and probably 



Table 3 . 4 . 9  Iodine-731 bioaccumulation f a c t o r s  for 
freshwater plants  

Remarks Reference BF Species 

Macrophytes 

Carex 
S ph aqnum 
Nupkar 
Mean o f  32 

P 

Plant  Spec i es 
Mean Macrophyte BF 

A1 gae 

SDi roqyra and 
Oedosoni urn 

Mean Algae BF 

i s  - 

130 
178 
145 
'I 78 
162 
95 

100 
289 

7: 
154 
26 

134 
60 

165 
101 
90 
60 
93 

199 

388 
13 

255 
~ 

Tarik 
Tark 
Tank 
Tank 
Tank 
Tar k 
Tarik 
Tank 
?a:? k 
Tank 
T a k  
TX&. 
Ta lk  
Tank 
Tan k 
Lake 
Lake 
Tank 

Lake 
Lat<e 

4 . 3  
4 , 3  
4 . 3  
4 .3  

4 .44  
a 44 
.44 

4.44 

4.48 
4.40 
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crustacea as well ,  most of the iodine appears t o  be concentrated in 

the integuement. Iodine-131 s tudies  indicate  t h a t  l i t t l e  iodine i s  

l o s t  from insec ts  except when the integuement is  discarded (Odurn and 

Golley, 1963; Van Hook and Crossley, 1969) a The average bioaccumula- 

t ion f a c t o r  f o r  crustacea,  the only group of invertebrates f o r  which 

s t ab le  iod ine  values o f  so f t  t i s sues  or  whole animals were found, i s  

343. 

3.4.3.6 Iodine-131 Bioaccumulation Factors for  Invertebrates 

Table 3.4.1 1 l i s t s  iodine-131 bioaccuniulation fac tors  f o r  various 

invertebrates .  

fo r  aquatic insects  and molluscs. 

accumulation f ac to r  of 140 and the aquaria bioaccurnulation fac tor  of 

600 reported fo r  the amphipod i s  atti-ibuted t o  incomplete mix ing  of 

lake waters (Short e t  a l . ,  1969). 

An average bioaccumulation fac tor  value i s  recorded 

The difference i n  the  lake bio- 
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Tab1 e 3.4.11 Iodine-131 bioaccumulation f a c t o r s  
f o r  i nve r teb ra tes  ~- 

Tissue Remarks Reference Iodine-131 
BF Organism 

Crustacea : 
Cray f i sh  10 
(Paci f a s t a c u s j  

62 
240 

140 
60a 

Aeql a 
Li t tora l  Dlank tan 530 
Liinneti c b1 a n k t u n  500 

Aquat ic  Insects:  
Dragon f l y  l a r v a e  151 
( k e u c o r r h i n i a )  
May f l y  larvae 690 
(c1 oeon) 
Caddis Fly larvae 163 
(Glyphotael i us) 
Drone f l y  'laiTv-3e 600 
(Eri I_-._____ s t a l  i s )  I-_ 

Mean BF for 400 
Aquat i  c Insects 

worm : 
Hespsbdel l a  

Sponge : 

Mol 1 us cs : 

__ Spncmi 11 a 

Diplodon 
@-35i a 
Planorbis 
Mar9a - ri t i  f e  ra I_- 

L i  mnaea 
Wadi x 
Ani sus 
m b i  s 
._._ D r e i  ssensi a 

-._II 

__.-..._I____ 

Pond s n d i l  
Mean BF for 

Mol 1 uscs  

10 

200 

11 
23 

134 
10 
53 
23 
1% 
53 
78 

140 
70 
40 
20 

400 
20 
50 

Muscle 

Soft  parts 
Carapace 
Whole 
Whole 

? 

? 

? 

? 

? 

? 

? 
? 
? 

Mus cl e 
S o f t  Qarts 

? 
? 
? 
? 

Gills 
Marntl e 
Viscera 
Byssus 
She1 1 

? 

Lake 4.40 

Lake 4.40 
Lake 4 , 4 0  
Tank 4.40 
take 4.40 
Tank 4.3 
Lake 4.40 
Lake 4.40 

Tank 4.48 

Tank 4.45 

Tank 4.48 

Tank 4.48 

Lake 

Tank 
Pan k 
Tank 
Tank 
Lake 
Tank 
Tank 
Tank 
Tank 
Tank 
Tank 
Tank 
Tank 
Yank 
'Tank 

4.38,4.44 

4.27 

4.3 
4.3 
4.3 
4.40 
4.40 
4 I 38 9 4 .  44 
4 . 3 8 , 4 . 4 4  
4.  ?8,4.44 
4.3% ,4.44 
4.19 
4.19 
4.19 
4.19 
4.19 
4 . 4 3  
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3.5 MANGANESE 

3.5.1 Environmental Manganese 

Manganese i s  found in s i x  major forms i n  natural waters (Gibbs, 

1973; Wangersky, 1963). 

a par t  of the c r y s t a l l i n e  s t ruc tu re  of suspended mater ia l ,  ( 2 )  pre- 

c ip i t a t ed  onto the suspended material probably as Mn02, (3)  adsorbed 

onto so l id s  by ion exchange, and ( 4 )  incorporated in to  s o l i d  biological 

mater ia ls .  

(5) dissolved ionic  species ,  e .g . ,  Mn 

as (6)  complexes w i t h  organic molecules i n  solut ion.  

I n  the suspended phase, manganese may be ( 1 )  

In the dissolved phase manganese may occur as one or more 
++ 

or  inorganic associat ions,  and 

Gibbs (1973) found tha t  10% o f  the manganese i n  the Yukon River 

and 17% of the manganese i n  the Amazon River were i n  the dissolved phase; 

l e s s  than 1% o f  the manganese i n  e i t h e r  river was on ion  exchange s i t e s .  

In the Yukon River 46% o f  the manganese was precipi ta ted as metal l ic  

coatings,  37% was i n  the c rys t a l l i ne  s t ruc ture  and 7% was in biological 

mater ia l .  In the Amazon River 50% o f  the manganese was on the precipi-  

t a ted  metal l ic  coat ings,  27% was i n  the 

was i n  biological mater ia l .  

In surface waters of f i v e  Alaskan 

51 t o  94% of the manganese was i n  the p 

crys t a  1 1 ne s t ruc ture  and 5% 

Par Pond (South Carolina),  akes and 

r t i c u l a t  ~ phase (Marshal 1 and 

LeRoy, 1973). 

is probably MnOZ prec ip i ta tes  (Marshall and LeRoy, 1973). 

manganese may be largely bound t o  organics s ince Mn 

oxidize t o  Mn02 on surfaces under aerobic conditions (Gibbs,  1973; 

Wangersky, 1963). Physicochemical form of manganese a f f ec t s  biological 

a v a i l a b i l i t y  (Gibbs, 1973): (1) manganese i n  the c rys t a l l i ne  s t ruc ture  

In lakes,  most of the manganese i n  the pa r t i cu la t e  phase 

Dissolved 
f+ 

will most l i ke ly  
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of sediments i s  n o t  avai lable  .far uptake; (2) manganese i n  organic 

material s and manganese prec ip i ta tes  may be sornewhat ava i lab le ;  and 

( 3 )  manganese in solution or a t  in exchange si tes may be very avai lable .  

Since? the proportions o f  these d i f f e r e n t  physicochemical forms may vary 

considerably from s i t e  t o  s i t e ,  the a v a i l a b i l i t y  of manganese t o  orga- 

nisms would be expected 'to vary f r om s i t e  t o  s i t e .  

fur ther  complicated by strong seasonal cycles o f  manganese concentra- 

t i o n  i n  these forms (Marshall and LeRoy, 1973)- 

T h i s  picture  i s  

3.5.2 Manganese Metabo 1 i sm 

I t  was noted i n  Section 2 - 3  t h a t  the a v a i l a b i l i t y  of a homea- 

s t a t i c a l  ly-controlled element i n  d i f f e ren t  physicochemical forms had 

no e f f e c t  on the concentration of t h a t  element in the organism. The 

binaccumulation f ac to r  o f  a homesstatical ly-control led s t ab le  element 

and the bioaccumulation f ac to r  of the  radionuclide are  given by Equa- 

t ion  (2-1.4) .  Fortunately,  the considerable s i t e  t o  s i t e  v a r i a b i l i t y  

in manganese a v a i l a b i l i t y  i s  n o t  an issue fo r  many organisms s ince 

manganese i s  homeostatically control led i n  ver tebrates  and in some 

invertebrates  In a l i t e r a t u r e  review Schroeder, Balassa, and Tipton 

(1 966) concluded tha t  : 

manganese appears t o  operate i n  a1 1 ver tebrate  and most invertebrate  

animals." Bryan and Ward (1965) suggested t h a t  the marine lobs te r  

Homerus . . __. .- has a regulatory mechanism for manganese and fur ther  suggested 

t h a t  a s imi la r  mechanism shou ld  exist i n  niolluscs and f i shes .  Cavallerca 

and Merlini (1967) found  only small s i t e  t o  s i t e  var ia t ions i n  manganese 

concentrations among aquat ic  ver tebrates .  

no d i f fe rences  i n  manganese concentrations among fishes from four 

"An e f f i c i e n t  homeostatic mechanism fo r  

Bortol i e t  a1 . (1969) f o u n d  



d i f f e ren t  I t a l i an  lakes and Lentsch e t  a l .  (1973) detected l i t t l e  or 

no var ia t ion i n  manganese concentrations i n  f i shes  from the Hudson 

River, despi te  great  changes i n  manganese concentration i n  the water. 

3 . 5 . 3  Review of Manganese Bioaccu;nulation Factors 

3.5.3.1 Manganese Bioaccumulation Factors for Fishes 

As indicated i n  Section 3.5.2 the evidence for homeostatic control 

o f  manganese concentration i n  f i shes  is strong. Manganese concentra- 

t ions i n  f i shes  and water and the bioaccumulation fac tors  f o r  manganese 

i n  f ishes  a re  tabulated i n  Table 3.5.1. Table 3.5.2 gives the means 

and coef f ic ien ts  of variation f o r  the data on manganese concentrations 

i n  water and f i shes  given i n  Table 3.5.1. The small coef f ic ien ts  of 

v a r i a t i o n  f o r  f i shes  i n  Table 3.5.2 and the large range o f  bioaccumula- 

t i o n  fac tors  i n  Table 3.5.1 support the hypothesis of homeostatic con- 

trol of manganese. I t  is a l s o  in te res t ing  t o  note tha t  manganese con- 

centrat ions i n  es tuar ine and marine f i shes  a re  a b o u t  the same as those 

i n  freshwater f i shes .  

Pomatomus s a l t a t r i x  (bluef ish)  

ppm wet weight and the average concentration o f  manganese i n  Antimora 

r o s t r a t a ,  I a bathy-demersal f ish,  i s  0.21 ppm (Cross e t  a l . ,  1973).  

The concentration of manganese i n  the ocean i s  about 0.002 ppm. Man- 

ganese concentrations i n  f ive  species of es tuar ine f i shes  was 4.7 ppm 

on a whole f i s h  basis (Cross and E?rooks, 1973). 

marine and estuar ine f i shes  f a l l  w i t h i n  one standard deviation of the 

mean f o r  freshwater f i shes  (Table 3 . 5 . 2 ) .  

The average muscle concentration of manganese i n  

a marine epipelagic carnivore, i s  0.22 

These values for  



Table 3.5.1 Bioaccumulation factors for  manganese i n  freshwater fishes 

Stable element Stable element 
BF Location Reference Species j-i s s  ue ~ ~ ~ d f  ng habits concentration concentration 

in water i n  issue 
FPPm) ( P P b )  

Alburnus alboreila 
{bleak) 

iepoinis gibbosus 
klburnus alborella 

Lepomi s gi bbos us 

Zobi t i s  taenia 

Tinca tinca 
(tench) 

Average o f  Perca 
f 1 u v  i a t  i 1 i s-ch j , 
Scardinius erythro- 
phthalnius (rudd), 
and Le onis 
CJ~ bbosus -E, 
Alosa pseudo- 

WE) 
Co reqontis 
m;;;:;;;; 1""" 

Eondei 1 a )  

(bleak) 
Alburnus alborella 

whole 

w h o  i e 

whole 

whole 
who 1 e 

whole 

whole 

whole 

whole 

w h o  1 e 

whole 

whole 

flesh 
flesh 

bone 

flesh 

bone 

plankton 
feeder 

plankton 
feeder 

bot tom 
feeder 

bottom 
feeder 

scavenger 

zooplankton 
feeder 

plankton and 
benthic feeder 

plankton 
feeder 

20.6+0.7( 6 )  9.0- 1 ooa 

15 .7~0.9(  5 )  9.0- looa 
12.7+0.8( 11 ) 9.0-100a 

8.1+0.3(21) 9.0-10ga 

5.220.4 (4) 9.0-100a 

4.89.7 ( 4 )  9.0-1 0oa 

3.9L0.3 ( 6  1 9.0-1 0oa 

7 .6  4Za 

8.6 2 3a 

3.6 7 7a 

5.2  Sa 

4 . 6 9 . 3  (19) 0.92+0.08( 53)6 

0.88+0.11(6) - 0.92+0.08(53f 

0.25+0.03 - 1722 (4 )a  

25 1752 (4)a 

0.36+0.04 - 17+2 [4)a  

41 '1722 [4)a 

2300-21 0 

2000-980 

4 400-1 30 

900-80 

580-50 

530-50 

430-40 

180 
374 

27 'I 
650 

5000 

960 
15 

1500 

21 

2430 

Five i r r iga ted  s i t e s  b 

Five irrigated s i t e s  b 

Five i r r iga ted  sites'  

Five i r r iga ted  s i t e sC  

Five irrigated sites '  

Five irrigated sites '  

Five i r r iga ted  s i t e sc  

Lake Varese, I ta ly  

Lake Camabbio 
Lake Maggiore 
Lake Monate 

Lake Ml'chigan 

Lake Michigan 
Lake Maggiore 

Lake Maggiore 

Lake Maggiore 

Lake Maggiore 

5.4  

5 . 4  
5.4 

5 . 4  
5.4 

5.4 

5 . 4  

5.2 
5.2 

5.2 
5.2 

5.6 

5.6 
5.17 

5.1 7 

5.17 

5.17 



Table 3.5.1 (continued) 

-~ 

Stable element Stable element 
Species Reference Tissue Feeding habits concentration concentration BF Location i n  tissue i n  water 

( PPm) (PPb)  

Scardi ni us 
ery-.!w;yh t h  a 1 mus 

Notropi s hudsoni us 
(spottai 1 shiner) 

Core onus artedii + 
'wii;j 
P r ~ s  obi urn 
c lindraceurn 
-efi sh) 
Osmerus mordax 

Perca f 1 avescens 
(smelt) 

- m T w m  

Salvelinus 

b i " u t ,  
Salmo trutta 

(brown trout} 

flesh 
bone 

whole 
flesh 
flesh 

flesh 

flesh 

flesh 

who1 e 
flesh 
flesh 

flesh 

flesh 

flesh 

omni V O ~ O U S  

unknown 
benthic 
benthic 

toopl ankton and 
benthic 
feeder 

benthic 

plankton and 
benthic feeder 
parti a1 ly  
pisci verous 
p i  sci verous 

pisci verous 

pisciverous 

0.3550.4 17+2 - ( 4 ) a  

39 1722 (4 )a  

3.3+0,3( 15) 0.9250.08 (53) 
0.57t - 0 * 06 ( 3) 0.9250.08 ( 5 3 1 
0,34+0.04 (5 )  0.9220.08 (53) 

0,2920.05 (6)  0.9250,08( 53) 

0,520.1 (3 )  0 . 9 2 ~ 0 . 0 8 (  53) 

0.2520.03 (1 3) 0.92tO .08( 53) - 

3.9t0.4 (1  6)  0.92tJ0.08 (53) d d 
0.27tO. 05 (9 )  0.92tO. 08 (53) 
0.3740.03( 24) 0.9250.08 (53)  

0.2320.03 ( 20) 0.9220 a 08 ( 53) 

d 

d 

- - 

0.27tp.02 (24) 0.92+0.08( 53) 

21 
2300 

3600 
550 
370 

31 5 

500 

270 

4200 
290 
400 

2 50 

2 30 

2 50 

Lake Maggiore 
Lake Maggi ore 

Lake Mi chi gan 
Lake Michigan 
Lake Mi chi gan 

Lake Michigan 

Lake M i  chi gan 

Lake M i  chi gan 

Lake Mi chi gan 
Lake Mi chi gan 
Lake M i  chi gan 

Lake Michigan 

Lake Mi chi gan 

Lake Mi chi gan 

5.17 
5.17 

5.6 
5.6 
5.6 

5 .6  

-I 

w 5.6 w 

5.6 

5.6 
5.6 
5.6 

5.6 

5.6 

5.6 
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Table 3.5.2 Concentration and coe f f i c i en t s  o f  var ia t ion  
of manganese concentration ( ppm) i n water 
and freshwater fishes (fresh weight). 

Water Flesh Whole Fishes 

Arithmetic Mean 0.028 + 0.034 0.34 + -17 7.9 + 5.5 
Coeff ic ient  o f  Variation 11% 5 a  7 m  
N 7 16 14 

Geometric Mean - 
Coeff ic ient  o f  Variation 343% 4 5% 84% 
N 7 16 14 

0.014 x 4.43 0.32 x 1.45 6.7 1.84 
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Using the gsotnetric means o f  s tab le  manganese concentration i n  

freshwater f ishes  i n  Table 3.5.2 and Equation (2.1.3), 

5i-'(Mr1)~ = 6.?/[Mnlw (3.5.1) 

fo r  whole f i s h  and 

(3.5.2) 

f o r  f i s h  f l e sh ,  where [MnIvJ has units o f  ppm. 

d a t a  from Table 3.5.1 are plotted in Figure 3.5.1. Note tha t  it i s  

inconsequential whether f i l t e red  or unfi l tered values a re  plotted on 

the graphs 

fo r  the manganese concentration in water should be used (Section 2.5.3) 

unless the user i s  will ing to  accept the gross overestimates obtained 

by USE? of f i  1 tered concentrations )I 

These re la t ions  and 

However, for predi c t i  ve purposes, an unfil tered value 

We hypothesize t h a t  the differences i n  manganese concentration 

among species of f i shes  a re  owing t a  physiological demands rather  than 

differences i n  concentration of manganese i n  the f i shes '  food. However, 

bottom feeders have lowest concentrations, plankton feeders have the 

highest ,  and piscivores have intermediate concentrations. These d i f -  

ferences ineri t fur ther  research. 

3.5.3.2 Manganese Bioaccumulation Factors for  Plants 

Table 3.5,3 sunimarizes the few d a t a  available ~n manganese bioaccu- 

mulation factors  for  freshwater plants.  Harvey (1969, 1970), using a 

continuous f l o w ,  laboratory system t o  cont ro l  temperature, showed tha t  

nonlethal temperatures have no e f f e c t  on the manganese bioaccumulation 

f a c t o r s  fo r  algae.  On t h e  basis of da ta  in Table 3.5.2, we recommend 
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CONCENTRATION IN WATER (ppm) 

F igure  3-5,: Bioazcumulation factors fo r  manganese -in freshwater f i s h e s  
a f u n c t i o n  05 manganese concentration i n  water, 

as 



Table 3.5.3 Bioaccumuiation f ac to r s  f o r  rianganese i n  aquat ic  plants  

S tab le  element Stable  element 54Mn 54Mn 
Species Description coricen t r a t i  on concentration concentrat ion concentrat ion B F ~  Location Reference 

i n  p3ant in water ( m 1  i n  p l a n t  i n  water 
(?Prnj F i l t e r ed  Un!P!tered ( p C i / g j  ( pCi / l )  

Mix o f  1 .  Lynqbya, 
Osc i l l a so r i a ,  Phormidium; 
2 .  Cosmarium; and 3. 
Njtzchia, Melosira 

Stigeocionium 1 tibrjcun 
______ 

Navicula seminulum 

Plectonema boryanum 

Potamogeton perfs1 i a tus  

Ceratophyllum sp. 

Lagarosiphon sp. 

Elodea sp. 

phy t o  p 1 an k t o  n 

1 .  filamentous 
blue-green algae; 
2 .  green algae;  
and 3. diatoms 

filamentous green 
a1 gae 

unice l lu la r  
diatom 

filamentous 
bl ue-green a4 gae 

submerged macro- 
phyte 
r o o t l e s s ,  sub- 
merged t h i n  
stemmed macro- 
phyte 

submerged 
aqkat ic  p l an t  

submerged 
f l o a t i n g  l eve l s  

1154 ( ? 4 ! b  0.003922 
0.00008 (53) 

250-2590 

a i  

6 

105 

46 

0 .01-0.1 

0.003 0.01 

0.003 0.01 

0.026 

0.026 

11.0 

5 2 . 3 ~ 1 0  

0 . 7 0 ~ 1 0 ~  

5 1 . 4 ~ 1 0  

0.48' 

4.5x1a4 

4 . 5 ~ 1 0 '  

4 4.5xj0 

' 2 , 0 9 0  Lake Michigan 5.5 

23,000 Reactor discharge 5.1 
canal on 
Connecticut River 

5,000 Laboratory, contindous 5.12 
flow sxp.  
(23"-32OC) 

1,600 Laboratory, continuous 5.12 
flow exp. 2 

W 
03 

(23O-32"C) 

3,200 Laboratory, continuous 5.12 
f?or/ exp.  
(23O-32Oi) 

25,00Gd Hudson River 5.:4 

8,100 Lake Maggiore, 5.19 
I t a  1 y , me s o t  rop h i c 

600 Lake Maggiore, 5.10 

4,000 Lake Maggiore, 5 .17  

18,000 Lake Maggiore, 5 .17  

I t a l y ,  nesotroph<c 

I t a l y ,  mesotrophic 

I t a l y ,  mesotrophic 



C .  

Table 3.5.3 (continued) 

Stable  element Stable  element 54Mn 54Mn 
Species Description concentration concentration concentration concentration B F ~  Location Reference 

i n  water ( m )  in  plant  in water 
F i T G Z T - d k e r e d  (pCi/g) (pCi / l )  

in plant  
( PPm) 

Nymphea lu tea  
(water l i l y )  

t % 2 d  1 

mostly submerged, 32 
t o p  of plant  ou t  
of water 
emergent 28 

0.026 

0.026 

la rge  f loa t ing  9 0.003 0.01 
1 eaves 
submerged 13 0.026 

la rge  f loa t ing  5 
leaves 

0.026 

1,200 

1,100 

900 

540 

190 

5.17 Lake Maggiore, 
I t a l y ,  mesotrophic 

Lake Maggiore, 5.17 
I t a l y ,  mesotrophic 

Lake Maggiore, 5.19 
I t a l y ,  mesotrophic 

Lake Maggiore, 5.17 
I t a l y ,  mesotrophic 

Lake Maggiore, 5.17 
I t a l y ,  mesotrophic 

--I 

w a8ioaccun~ulation fac tors  a r e  a l l  based on unf i l te red  concentrations in  water unless only f i l t e r e d  values were reported. 

bMean 

'istimate from re lease  r a t e s .  

d E s t i m t e  fron nonlinear regression ana lys i s .  

u3 

S . E .  (no. of samples) of a l l  non-zero "corrected" (Copeland and Ryers 1970) concentrat ions.  
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4 t ha t  a value o f  10 

in algae. 

factor  o f  10 . 
recommend t h a t  a value o f  10 

leaves and emergent vegetation. 

be used as the manganese bioaccumulation f a c t o r  

For submerged macrophytes we recommend a bioaccumulation 

On the basis o f  the fm$ data from Lake Maggiore, we 

be used for  macrophytes with f loa t ing  

4 

3 

3.5,3.3 Manganese Bioaccumulation Factors f o r  Invertebrates 

3.5.3.3.1 Mal-sganese Bioaccumulation Factors for  Molluscs 

In bivalves manganese concentrations i n  both the shell and so f t  

t ‘ issues increase w i t h  s i z e  (Merlini , 1966; Merlini el; a l  e , 1965; Merlini 

e t  a l  . , 1967). 

associated w-i th the mean concentrations o f  manganese g i v e n  for bivalve 

t i s sues  i n  Table 3.5.4. The data i n  Table 3.5.4 were averaged over 

a1 1 s ize  classes. Manganese concentrations i n  t i i e  mantle and visceral  

sac may vary considerably w i t h  nature o f  the subs t ra%e f o r  the same 

lake. This fac tor  is  i n  l a rge  par t  responsible fo r  t h e  l a rge  standard 

e r rors  f a r  I__- Un-a’o in Lake Maggiore s ince IJnio was taken from si tes  having 

d i f f e ren t  subs t ra tes  - 

This f a c t  explains p a r t  of the  standard error 

In s n a i l s ,  manganese concentrations do no t  vary grea t ly  w i t h  s i z e  

(Merlini, 1966; Merlini e t  a1 , 1965; M e r l i n i  e t  a1 , 1967). Moreover, 

only m a l  1 differences i n  manganese concentration were found i n  t h e  

snai l  Viviparus _.-.I .-- w i t h  change i n  habi ta t  w i t h i n  the same lake (Merlini 

e t  a1 . , 1965) .  I he data on bioaccumulation fac tors  f e r  manganese i n  

niolIiiscs (-Table 3.5.4) suggest t h a t  E F ( P I ~ ) ~  i s  constant or t h a t  man- 

ganese concentrations a r e  only p a r t i a l l y  homeostatically contr-olled. 

the bioaccumulation factor  f o r  Unio t i s sues  i n  Lake Maggiore i s  about 

-.  



Table 3.5.4 Bioaccumulation f a c t o r s  f o r  manganese i n  molluscs 
~ ~ 

Stab1 e element S t a b l e  element 
concen t r a t ion  concentrat ion 

t w m !  t ppm) 
Reference Taxon/Tissue i n  t i s s u e  i n  wateg Bi oaccumul a t i  on Factor Location 

Bivalves : 
Anodorita cygnea 

Shel 1 
Gil ls  
Mantle 
Visceral  sac  
Muscle 

Anodonta cygnea 
Who1 e 

Whole 

Lamell idens marginal i s  
Labial palps 
G i l l s  
Mantle 
Visceral  sac 
Muscle 
Foot 
Total s o f t  
Shel 1 

Qu;I;I?~ pustulosa 

Unio mancus elongatus  -____ 
Shel 1 
G i l l s  
Mantle 
Muse1 e 
Viscera1 sac  

41 9+50( 2 ) b  0.016 
2450F150(2)b 
720519@( 2Ab 
155+35( 2 )  

30.5c12( 2)  

341 236 ( 4 ) $0.1 

20627 ( 4 )  

987 2 
321 0 
1228 
1220 

834 
3 54 

1247 
942 

48 6 

3&2+43 ( 1 2 )  
2 1 0@7260 ( 7 ) 
14OG335( 7)d  

2 6 s 5 3  ( 7  
37E96  (7 Id  

2.5.1 

0 .@1lC  

0.004' 

0.016 

26,000 
150,000 
45,000 

9,700 
1,900 

3,400 

2,100 

900,000 
300,000 
110,000 
110,000 

80,000 
30,000 

110,000 
90,000 

120,000 

2u,ooo 
130,000 
88,000 
16,000 
23 * 000 

Lake Maggiore 5.18 

I r r i g a t i o n  c a n a l ,  5 .4  

I r r i g a t i o n  c a n a l ,  5.4 
Crescent ino,  I t a l y  

Vprrplli: J t a l y  

Lake Masunde. India 5.21 

5.20 

Lake Maygiore 5.16, 5.18, 5.19 



Table 3 .5 .4  (cont inbed)  

S t a b l e  element S t a b l e  element 
concent ra t ion  con cell t r a t  i on 

TaxonlTissue i n  t i s s u e  i n  water  B i  oaccumu’l a t i  on Factor  Location Reference 
I P P d  (PPmIa  

-- Unio mancus elongatus  
She1 1 
Mantle 
Visceral sac  

S n a i l s :  

Lymnea peregra 
Whoje 

Whol e 

Lynmnyestagna1 i s  

Uhol e 

Whole 

P h  sa acuta  
- k l T  

Whol e 

Planorbis  sp.  
Whol e 

Whol e 

57 e 5 7  ( 3 j 
2400+300 ( 3 ’  

6(3@58( 318 

35+1(4) 
z a ~ i ( 4 )  

226241 ( 3 )  

85 (1) 

1 0 7 5  5 ( 6 ) 

7 026 ( 5 ) 

1021 4 (  15)  

2552 (I 6 1 
85513(2) 

599+221(3) 

750+_56( 2)  

0.033 

0.016 

’Lc. 1 

4 . 1  

4 . 1  

’L2.1 

s o . 1  

0.009 

%O.l 

‘Lo.l 

‘Lo.l 

26,000 
7; ,oco 
18,000 

2,200 
1,500 

1,303 

850 

1 , i O O  

703 

7,103 

2,800 

850 

6,900 

7,500 

Varese 

Lake Magyiore 

I r r i g a t i o n  c a n a l ,  
Casal ino,  I t a l y  
I r r i g a t i o n  c a n a l ,  
V e r c e l l i ,  I t a l y  

i r r i g e t i o n  c a n a l ,  
Casal ino,  I t a l y  
I r r iga t l ’on  c a n a l ,  
Crescent i n o ,  I t a l y  
I r r i g a t i o n  c a n a l ,  
V e r c e l l i ,  I t a l y  

I r r i g a t i o n  c a n a l ,  
Cameri , I tCly 
I r r i g a t i o n  c a n a l ,  
Cjsalino, I t a l y  

I r r i g a t i o n  c a n a l ,  
Casal ino,  I t a l y  
I r r i g a t i o n  c a n a l ,  
V e r c e l l i ,  I t a l y  

5.16 

5.18, 5.19 

5.4 

5.4 

5 .4 

5.4 

5.4 

5.4 

5.4 

5.4 

5.4 
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t h e  same as t h a t  i n  Lake Varese despi te  a two-fold difference i n  man- 

ganese concentration i n  the water. 

f a c t o r  f o r  Physa i s  about 3 .4  times higher f o r  the environment having 

a inanqanese concentration i n  water an order o f  wagnitude lower than 

t h a t  o f  the other .  

these resul ts because the manganese concentrations i n  water, which are 

based on only a few measurerwnts, can only be considered rough indicators  

o f  the  concentration t h a t  the organism would be exposed t o  over long 

periods o f  time since the manganese concentration i n  water has strong 

seasonal v a r i a b i l i t y  (Section 3.5.1). Further, as pointed o u t  i n  

Sect ion 2.5.5, sediment contamination may a f f e c t  whole-body concen- 

t r a t i o n s  a f  manganese i n  inver tebrates .  

The whole-body bioaccumulation 

However, we must n o t  p u t  too much emphasis on 

For studies i n  which bioaccurnulation fac tors  a re  based on u n f i l -  

tered values f o r  the manganese concentration i n  water, the bioaccumu- 

l a t i o n  fac tors  f o r  a l l  s o f t  tissues i n  bivalves except g i l l s  a r e  l e s s  

than 10 . Thus, \re recommend t h a t  a bioaccumulation fac tor  of 10 be 

used f o r  s o f t  t issues  o f  bivalves (Table  3 - 5 . 4 ) .  Note t h a t  the value 

o f  this recommended bioaccurnulation f a c t o r  compares favorably w i t h  the 

54Mn bioaccumulation fac tor  of 4.5 x 16 determined from the f a l l o u t  

data of Gaglione and Ravera (1964) f o r  a l l  s o f t  t i s sues  of Unio from 

Lake Maggiore. 

a bioaccumulation fac tor  o f  3 x 10 be used f o r  bivalve s h e l l s .  

5 5 

4 

On the basis of data in Table 3.5.4, we recommend t h a t  

4 

Based on the few data  f o r  snails we recommend t h a t  a bioaccumula- 

4 t i o n  f a c t o r  o f  18 be used f o r  snail  s h e l l s  and whole s n a i l s ,  For 

s o f t  t i s sues  of s n a i l s ,  we recommend a bioaccumulation fac tor  o f  2 x 10 . 3 
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3.5.3.3.2 Manganese Bioaccumulation Factors f o r  Invertebrates  other  
than Mol 1 uscs 

On the b a s i s  of data  i n  Table 3.5.5, we recommend t h a t  a biaaccumu- 

4 l a t i o n  f ac to r  of 70 be used for crustaceans.  

Table 3.5.5 t h a t  there i s  considerable var ia t ion  i n  manganese bioaccumu- 

l a t i o n  f ac to r s  among insec t  species. Owing t o  the lack of comprehensive 

d a t a ,  we must recommend t h a t  a bioaccumulation f ac to r  o f  10 be applied 

t o  insects in general .  

I t  i s  apparent from 

3 



Table 3.5.5 Eioaccumulatiori f a c t o r s  for  rwiqanese in  i n v e r t e b r a t e s  o t h e r  than molluscs 

S t a b l e  element S t a b l e  element 
S ize  c l a s s  o r  concent ra t ion  concent ra t ion  

Reference Species Descr.i p t i on l - i f e  s t a g e  i i s s d e  i n  t i s s u e  in  water BF Location 
(pprC) (P?b)a 

Calanoid arid cyclopoid 

Amphi poda (mostly 

Ranatra l i n e a r i s  

copepods 

Pontoporeia s p . )  

Notonecta glauca 

Hydroph.ilus piceus 

Dy s t i  cils ma rg i ria 1 i s 

zoopi an kton 

small shrimo 

carnivorous a c u a t i c  
heniipteran, feeding 
on tadpoles ,  i n s e c t s  
and liirvae 

a a u a t i c  i n s e c t  

carnivorous a q u a t i c  
i n s e c t  

ac;l;atic i n s e c t  

p a r a s i t i c  leech 
found on f i s h  
and i n s e c t s  

whol e 
whol e 

whol e 

adu': t whole 
adu: t wh3: e 
a31;lt wnol  e 

a d u l t  whole 
whol e 

a d u l t  whole 
who1 e 
rrnol e 
whol e 
rrnol e 

a d u l t  whol e 
whole 
whol e 

whole 

7.452.1 ('I 7 )  

51.8 ( 1 )  
333.m ( 2 )  
3545s (2  ) 

6.910 .S( 2)  

9.420.7 ( 2 )  
34.457.6 (4) 

.j 7.3TG. 2 (4) 
6.6 ( 1 )  
14.7i7.9 ( 2 )  

5.8- ( 'I) 

i t :  g:; [; 1 

40.1 ( 1 )  
9.5 

C .9250.08( 53 )' 

0.92TO. 08 ( 53) 

9 
%lo0 
Ql oc 

%loo 
""'I 00 

9 
""100 
""1 00 
2.1 00 
2.1 oc; 

9 
%-I 00 
%loo 

?.loo 

3,900 
4,600 

8,000 

6,000 
3,030 
4,OGO 

70 
60 

1,000 
300 
830 
400 
200 
7CO 
100 
%00 
100 

Lake Mich'igan 
Lake Mich-igan 

Lake Michigan 

e Caneri ,  I t a l y  
Casai ino,  I t a l y  
Crescent i  no, I t j ' i y  

Casal i n o ,  I ta'ly 
Oldenico, I t a l y  

Cameri, I t a l y  
Casa j ico ,  I t a l y  
Crescent ino ,  I t a l y  
Olber;ico, I t a l y  
Vercel: i , I t a l y  

Caineri, I t a l y  
Casa l ino ,  I t a l y  
Cresien-t i  no, I t a l y  

0'1 deni co,  I ta'ly 

5.5 
5.5 
5.5 

5.4 
5.4 
5.4 

5.4 
5.4 
5.4 
5.4 A 

5.4 
5 .c 

-P 
cn 

5.4 
5.4 
5.4 
5.4 
5.4 

aUnf i l te red  values Liniess i n d i c a t e d  o t h e y i s e .  

bMean 2 S . E .  ( n o .  o f  samples) o f  a l l  non-zero "correcLed" (Copeland and Ayers 1970) concent ra t ions .  

'Fi l tered value.  

%ncorrected va: ue. 

e -  i r r i g s t > o r :  canal a t  t h i s  and fol lowins l o c a t i o n s .  
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3.6 COBALT 

3.6.1 Cobalt Metabolism 

Cobalt i s  essent ia l  f o r  some bac ter ia ,  some fungi,  several species 

of blue green algae and several species o f  mammals (Bowen, 1966). 

Cobalt I1 ac t iva t e s  enzymes. A pr inciple  use of cobal t  I11 is i n  

cyanocobalamin (vitamin B12). 

b u t  is synthesized by bacter ia  and actinomycetes (Sherman, 1957).  

Cobalamin is  required by some green (algae and diatoms, many dino- 

f l a g e l l a t e s  and yellow-green algae,  iigher p lan ts ,  insec ts ,  f i s h ,  

b i r d s ,  and mammals. 

Cobalamin is not synthesized by animals 

Absorption e f f ic iency  of cobal t  from food i s  about 50% i n  

s n a i l s  (Nelson and Malone, 1969) and about 5% i n  fishes. These low 

absorption e f f i c i enc ie s  a re  i n  par t  responsible f o r  the decrease i n  

the cobal t  bioaccumulation f ac to r  with increasing trophic level t ha t  

i s  sometimes observed (Kevern and G r i f f i t h ,  1966; Lowman, 1963; 

Morton, 1965; Ophel and Fraser,  1973). T h i s  i s  because the r a t i o  

of intake r a t e  t o  elimination r a t e  gwerns isotopic  concentration 

of cobal t  i n  the  organism [Equations (2 .4 .3)  and (2.4.4)]. 

Elimination r a t e s  f o r  cobal t  a r e  given i n  Table 3 . 6 . 1 .  Good 

estimates of turnover r a t e s  come froin s tudies  in which the organisms 

have come in to  s teady-s ta te  w i t h  the source o f  radionuclide. 

such studies, long time components contain most o f  the radionuclide.  

Because o f  i t s  r e l a t i v e l y  short  radioact ive half-1 i f e  (72 days),  

58C0 will  have a lower bioaccumulatian f a c t o r  than the bioaccumulation 

f ac to r s  f o r  6oCo (5.27 year h a l f - l i f e )  and s t ab le  cobal t .  However, 

as  can be seen from the biological half-times given i n  Table 3.6.1, 

J n  



0 ab le 3.6.7 ~ . ~ o ’ i o g i c a I  elimination ra tes  ?or “Cs in var.a’aus aquat ic  organ-isms 

Lemna minor 
T c k w e e d j  

macrophyte 

Vallisneria americana macrophyte 
( w i  I d c l i e r  

-isi sna i l  
L 1 av a e formi s 

Larn~s i 1 i s  r a d i a t a  c7 am 

Cambarus lonaulus  c ray f i s h 

Gi er,i c ty4  us nevrt 

Ictal urus me1 as f i sh  

v i  r i  des cens 

(b’lack bu! Ihead] 

sp. Insect 
Tri choptera 
larva 

19 3.6 

51 1.4 

51 1.4 

4.5 15. 
320 0.22 

4.8 14.4 
277 0.25 

70 0.99 

37 1.9 

158 0.44 

1.5 46. 
40.5 1.7 

l o n g ,  undetsrmined 

3.5 20. 
3.5 2 .Q 

undetermined 

4 ong 9 undete rmi ncd 
undetermined 

135.3 0.66 
38.4 1.6 

from elimination 
a f t e r  five m o n t h  
up  .t a k e 
from e 1 i mi nati on 
a f t e r  f i v e  n o n t h  
uptake 

FI-GF, elinination 
a f t e r  f i v e  month 
u p t a k e  

f a s t  compartment 
slow compartnent 
s n a i l s  tagged by 
short term feeding 
f as  t cotrip a r tnen t 
slow cornpartrnent 
5 g at i imls,  high 
’ level  dcse 
6.9 cj animals, h i g h  
level dose 

f.i ve m o n t h  uptake 

single feeding 
s ingle  feeding 
s ingle  feeding  

4 days of water uptake 
4 days of water uptake 
4 days of w a t e r  uptake 

uptak.2 from water t a s  
u p t a k e  f r o m  f o o d  
ingestion 

100 

100 

90 

25 
25 

51 
49 
90 

90 

90 

93.9 
i .8 
0.3 

50 
35 
15 

89.3 
90 

6.27 

6.27 

6.30 

6.28 
6.25 

d 

cn 
N 

6.14 
6.14 
6.35 

6.35 

6.30 

6.32 
6.32 
6.32 

6.32 
6.32 
6 . 3 2  

5.13 
6.13 
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the 58Co bioaccumulation f ac to r s  a re  not expected to  be g rea t ly  lower 

than the bioaccumulation f ac to r s  for 6oCo o r  s t ab le  cobal t  i n  many 

organisms. Considering the uncertainty in both biological half-  

times and i n  the bioaccumulation f ac to r s  for- 60Co and s t ab le  coba l t ,  

we wil l  not d i s t i n g u i s h  between the bioaccumulation factors o f  

5 8 C ~  and the 1 onger-l ived isotopes.  

3.6.2 Environmental Cobal t and Ava-*labil i ty 

The proportion o f  cobal t  i n  t h e  pa r t i cu la t e  phase var ies  g rea t ly  

among bodies of water. 

law t u r b i d i t y ,  22% o f  the s t ab le  cobal t  in the water i s  i n  the par- 

t i c u l a t e  phase (Marshall and LeRoy, 1974). Greater than 98% o f  the 

s t a b l e  c o b a l t  i n  the Amazon and Yukon Rivers i s  pa r t i cu la t e .  

cobal t  appears as  adsorbed on organ;c s o l i d s  and i n  the c rys ta l  structure 

of  sediments. 

cobal t  appearing i n  the pa r t i cu la t e  phase i n  the Columbia River t o  

t h a t  i n  the Clinch River, Tennessee; the Columbia had from 80 t o  

95% ( a t  Vancouver, Washington) and .:he eutrophic Clinch, from 2 t o  

302, despite the much higher suspended solids concentration in the  

la t te r -  r i v e r .  In Perch Lake, a small d~strophic-ew$Ir,aphic lake,  

e s s e n t i a l l y  a l l  the radiocobalt  i n  the water i s  i n  the dissolved 

phase (Ophel and Fraser, 1973) i n  cont ras t  t o  mesotrophic Lake 

Maggjore i n  which roughly 80% of s t ab le  cobal t  i s  i n  the pa r t i cu la t e  

phase (Merlini e t  a ] . ,  1967).  These observations would suggest 

t h a t  the proportion o f  cobal t  i n  t h e  pa r t i cu la t e  phase increases 

with increase in suspended so l id s  concentration and decreases w i t h  

In Par Pond, an o l i ~ o t r o p h ~ c  reservoi r  o f  

The 

Fukai and Murray (1973) cont ras t  the flractisn o f  radio- 
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increase in eutrophy. 

tendency of cobalt t o  form associations with dissolved organic matter. 

Thus, increased dissolved organic matter concentrations in eutrophic 

waters may serve to keep radiocobalt in solution. 

This latter correlation may be related to the 

As indicated in Section 2.2, the soluble forni of a radionuclide 

is generally more available to algae and subsequent trophic levels 

,than the particulate form o f  the  radionuclide. 

that the greater the proportion o f  soluble cobalt, the greater the 

availability. However, as indicated in Section 2.2, chelated 

radionuclides are less available to food webs than radionuclides 

appearing as free ions. 

environments is probably less available than soluble cobalt in 

oligotrophic or mesotrophic environments due t o  the tendency o f  

cobalt to chelate or form other associations with dissolved organic 

matter. This expected pattern i s  seen in the review of the litera- 

ture on cobalt bisaccumulation factors which fol laws. 

Thus, it would seem 

For this reason, soluble cobalt in eutrophic 

3.6.3 Review of Cobalt Bioaccurnulation Factors 

Because most investigators have based their bioaccumulation 

factors on filtered concentrations of cobalt isotopes in water, 

we generally report filtered bioaecumulation factors. As indicated 

in Section 2.5.3 use of filtered bisaccumulation factors should 

generally lead to overprediction o f  radionuclide concentration in 

organisms. However, we noted that in nonturbid waters and in 

eutrophic waters, most o f  the radiocobalt in the water would be 
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organi sms . 

3.6.3.1 Coba 

Res ea r c  h 

i n  the soluble  phase. In these wat?rs,  use o f  f i l t e r e d  bioaccumu- 

l a t i o n  f ac to r s  would not overpredict  radiocobalt  concentrations i n  

t Bioaccumulation Factors f o r  Fishes 

rs have reported cobal t  bioaccumulation fac tors  for  

f l e sh  and whole bodies of fishes. The r e l a t i v e  concentrations of 

6oCo i n  black bullheads from Irlhite Oak Lake may be used t o  convert 

these bioaccumulation f ac to r s  to  biDaccumulation fac tors  f o r  other  

t i s s u e s .  

3.6.2. The organ w i t h  the highest  cobalt  concentration is  the 

kidney, which has a concentration 23 times tha t  of the whole body. 

Note t h a t  the f l e sh  t o  whole body r a t i o  is 0.3,  which compares 

well with the r a t i o  of 0.37 determined f o r  brown bullheads from 

Perch Lake, Ontario (Ophel  and Fraser ,  1973).  

The r e l a t i v e  s teady-state  concentrations a r e  g i v e n  i n  Table 

All bioaccurnulation f ac to r s  f o r  cobal t  i n  fishes were 

derived from steady-state  concentrations of 6oCo or s t ab le  cobal t  

i n  natural  bodies of water. Because cobal t  bioaccumulation f ac to r s  

a r e  expected t o  decrease w i t h  increasing eutrophy, the trophic 

s t a t e s  of the bodies of water were recorded. The bodies o f  water 

f e l l  i n t o  two ca tegor ies ,  eutrophic and mesotrophic; bioaccumulation 

f ac to r s  for  the  former a r e  given i n  Table 3.6.3, and bioaccumulation 

f ac to r s  f o r  the l a t t e r ,  fn Table 3.6.4. Mean bioaccumulation factors 

f o r  whole f i s h e s  and f i s h  f l e sh  a re  given i n  Table 3.6.5. 

expected, lower cobal t  bioaccumulation f ac to r s  a re  seen f o r  eutrophic 

environments. We recommend use o f  the bioaccumulation f ac to r s  given 

As 
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Table 3 . 6 . 2  Relative s t e a d y - s t a t e  c o n c e n t r a t i o n s  
of “CQ i n  t i s s u e s  o f  Ictalurus melas 

(black bullheads) from White Oak 
Lake, Calculated from d a t a  

o f  Reed (1971) 

__________ _____ 

__.---_1_ .- 

T i s s i i e  Concentration 

Whole Body Concentration 
-̂I ................ l...ll -.l_l.-____l_..- ’ r issue 

131 ood 4.3 
..... 

Skin 0.92 

F’o esh 

Liver 

0.38 5 
2 

3.1 

G u t  4.0 

Kidney 23 
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Table 3.6.3 Bioaccumulation factors for cobalt i n  fishes from eutrophic environments 
(based on f i l t e r ed  water concentrations) 

Stable element Stable element 

Species Size Description ( i n . )  
concentration concentration BF Location Reference 

in t issue i n  water Tissue 

IPW) ( PPb 1 

Perca flavescens 
(ye l lon  p e r c h r  

I c t a  1 Llrus 
nebul os us 
( b r o w  b u l  I h e a d )  

Seil-oti !us ___- 
var5at-i t a  
I p c a r l  dace )  

Dorocora 
ciipecianurn 
: g i z z a r d  shad) 

L e p o c i s  mcro-  
-3z-FX Ibiuegill) 

Achl t 

Adcil t 
(8.7-13) 

(2.4-3.9) 
young 

Advl  t 

Adult 
(6.7-11.8) 

Young 
(2.0-2.8) 

Ariii? t 
(C* 7-7.9) 
young 
(2.0-3.2) 

Adult 
(2.8-4.7) 

Adult 
(2 .O-3.9) 

Adul t 
(2.0-3.9) 

pi sei  vorous who1 e 

flesh 
zooplankton and whole 

insect 1 arvae 

omnivorous , whole 
pi  a n t  material 

f lesh 
whole 

18 Perch Lakc 
Canada 

9 
130 

52 

19 
6 3  

omni v o r o w  , p l  q t ,  whgje 

eating insect whole 

unknown whole 

1 arvae 

unknown whole 

u n k n w n  whole 

piscivorous whoie f ish 
less 
viscera 

chi ronomi d whole f i sh  
l a rvae ,  t e r -  less 
r e s t r i a l  i n s e c t s ,  viscera 
f i s h ,  carnivorous 

80 

94 

18 

20 

38 

..- 
! 32 White Oak 

Tennessee 
Lake, 

, 26 

6.29 

6.29 
6.29 

6.29 

6 .29  
6.29 

6.29 

6.29 

6.29 

6.29 

5.29 

6.26 

6.26 
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Tzble 3 . 6 . 3  (continued) 

Stable element S t a b l e  element 
concentration concentration BF Location Reference (in.)  Descriptfon in t issue i n  water Tissue Size class Species 

Assorted f ishb 
Esox lucius -- 
(northern pike) 

s igh t  feeders 
pi sc i  vorous 

b!i cropterus 
s a l ~ o i  des 
(=th bass ) 

Le isostdus 
+S 

!+bar) 

b i i  cropterus 
do 1 omi eui 
( m a l  lmouth bass) 

cwr i  ne1 lus 
( b i g n:ou t h  

buff a1 0) 

Ictiobus 

-- Dorosoma 

=had) 

Moxostoma macro- 

%%%--- 
redhorse) 

piscivorous 

piscivorous 

piscivorous 

omnivorous 
insect  larvae, 
mol 1 us ks , a1 gae, 
aquati.c plants 

omnivorous 
i risect' 1 arvae, 
mol?usks, algae, 
aquat ic  plants  

omni vorous 
insect  larvae, 
mollusks, algae, 
aquatic plants 

f lesh 
f lesh 

f lesh 

f lesh 

f l e s h  

f? esh 

flesh 

f lesh 

f lesh 

L-. r ' 5 J  6.5, 6.25 

0.07 (0.03-0.11)c 3 (1 -6f 23 Illinsis 6.22 

0.09 (0.06-0.18) 30 6.22 
River 

0.07 (0.05-0. 

0.15 (0.11-0. 

0) 23 6.22 

8) 50 6.22 

e.?s(o.?4-0.16! 

0.081 (0.06-0.1 2) 

0.16(0.1-0.25) 

0.083(0.05-0.11) 

50 

27 

53 

28 

6.22 -1 

Lii 

6.22 

6.22 

6.22 
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Table 3.6.4 Bioaccumulation factors for  cobalt i n  fishes from mesotrophic environments 
(based on f i l t e red  water concentrations) 

Stable element Stable element 
Species S i z e  class Description 

[in.) 
BF Location Reference concent rat1 on concent ra t i  on 

Tissue in t issue in water 
l p w l  (ppb) ( f i l t e r ed )  

losa Eeudoharen us 
+ew i 

A 1  os 3 Eeudoharengus 
-mew 1 f e 1 

Osrerus rmrdsx 

A1 b u r n  us alborel 1 a 

Coreqonbs 

(sr;lelt) 

---(-ma) 

-”del l a )  

Osmerus mordax 
(sc,el t]- 

Perccqsis or;isccnaycus 
*perch) 

N o t r c c  hudsoni ~s 
!sp 0 tta-fr-i iinzr) 

Notropis hudsonilrs 
i s p o t t a i l  snitier) 

Notrc is  hudsonius T-C- s p o t t a ?  1 shiner) 

.-_ Sczrdinius erythro- 
p b til a 1 !iius(ruda’r 

Perca flevescens 
fYE17LiFiGSg 

0.6-0.8 

4.5-70 

5 

4.3-5.1 

9.8 

>5 

2.4-3.7 

2.2-2.5 

4.5-5.5 

7.5-8 

1 

8-13 

mop1 a n k t o n  feeder 

zooplankton feeder 

benthic feeder 

zooplankton feeder 

plankton feeder 

p l a n k t o n  and benthic  
feeder 

plankton and benth ic  
feeder 

benthic 

benthic and zoo- 

benthic 

unknown 

omnivorous 

par t ia l  ly piscivorous 

plankton 

whole 6.029 -L 0.014 

whole 0.065 +- 0.005 

whole 0.19 ? 0.05 

flesh 0.072 I 0.002 

flesh 0.0077 f 0.0016 

flesh 0.043 ? 0.004 

whole 0.091 f 0.011 

whole 0.024 f 0.002 

whole 0.042 +- 0.015 

whole 0.12 +- 0.03 

flesh 0.041 t 0.003 

flesh 0.0058 kO.OOl1  

flesh 0.053 f 0.0089 

0.1920.02 190 

0.19 2 0.02 420 

0.19 k0.02 ,ff i?O\ 

0.02 600 

Yl-1 

0.02 385 

0.19 t 0.02 230 

0.19 f 0.02 480 
0.19 r 0.02 130 

0.19 2 0.0 220 

0.19 2 0.02 630 

0.19 k 0.02 220 

0.02 290 

0.19 20.02 280 

Lake Michigan 6.6, .6;20 

Lake Michigan 6.6, 6.7 

Lake Maggiore 6.23,6.24 

Lake Maggiore 6.23,6.24 A 

2 

Lake Michigan 6.6, 6.7 

Lake Michigan 6.6, 6.7 
Lake Michigan 6.6, 6.20 

Lake Michigan 6.6, 6.20 

Lake Michigan 6.6, 6.7 

Lake Mtchigan 6.6, 6.7 

Lake Maggiore 6.23,6.24 

Lake Michigan 6.6, 6.7 
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Table 3.6.5 Mean bioaccumulation f a c t o r s  f o r  cobal t  i n  fishes 
from mesotrophic and eutrophic waters 

B i  oaccumul a t  ion f a c t o r s  

F1 esh Mho1 e 

Nature o f  Number of 
body o f  water bodies o f  water 

Mesotrophic 3 323 L 47(11) 439 k 115(7) 

Eutrophic 4 26.6 4 3.5(16) 43.8 k 10.4(14) 
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i n  Table 3.6.5 f o r  mesotrophic and eutrophic environments. 

absence of data f o r  ol igotrophic  waters,  we suggest us ing  the 

mean value from the mesotrophic waters. 

In t h e  

Lucas and Edgington (1970) have suggested tha t  cobal t  

concentration may be under pa r t i a l  homeostatic control .  The 

inverse cor re la t ion  between the cobal t  bioaccurnulation f ac to r  and 

eutrophy could be due t o  pa r t i a l  homeostatic control i f  cobal t  

concentration i n  the water increased w i t h  eutrophy. In Figure 

3.6.1 the cobal t  concentrations i n  f i s h  f l e sh  a re  plot ted aga ins t  

cobal t  Concentrations i n  water fo r  three mesotrophic waters and 

one eutrophic water, the I l l i n o i s  River. 

o f  the logarithmic regression were I ,  the cobal t  bioaccumulation 

fac tor  would he independent of the cobal t  concentration i n  water. 

Sitice the slope i s  l e s s  than 1 ,  e i t h e r  pa r t i a l  homeostatic control 

or eutrophy coincident w i t h  increasing cobal t  concentration i n  

water may be operating t o  d i m i n i s h  the slope.  

sive data on bioaccumulation f ac to r s  from environments exhibi t ing 

a wide range o f  cobal t  concentrations w i t h i n  each of a few d i s t i n c t  

eutrophy categories  prevent us from firmly dec id ing  between the 

hypotheses o f  par t i a l  homeostatic control and eutrophy. In view 

o f  the  known tendency of cobal t  t o  form organic assoc ia t ions ,  the 

l a t t e r  explanation seems more plausible .  

If t h e  slope (exponent) 

Lack of.more exten- 

Some workers have observed tha t  the cobal t  bioaccumulation 

f ac to r  i n  f i shes  decreases w i t h  increase i n  tropkic level (Morton, 

1965; Nelson e t  a1 . , 1971; Ophel and Fraser,  1973). Other workers 

have n o t  found a c lear -cu t  correlation (Kevern and Griff i th, 1966 ; 



I .  

ORNL-DWG 74-7032 

0.01 0.02 0.05 0.1 0.2 0.5 1 2 5 
STABLE COBALT CONCENTRATION IN WATER ( p p b )  

Figure 3.6.1 Concentration o f  s t ab le  c o b a l t  i n  f i s h  f lesh  i n  v a r i o u s  
environments. 
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Mathis and Cummings, 1973). 

feeding habi ts  of the f i shes  i n  Tables 3 .6 .3  and 3.6.4. 

the l imited and conf l ic t ing  data a t  hand, however, we cannot specify 

For t h i s  reason we have specif ied the 

Based on 

a re la t ion  between the cobalt  bioaccumulation f ac to r  i n  f i shes  

and t h e i r  feeding habi t s .  

3.6 .3 .2  Cobalt Bioaccumulation Factors fo r  Plants 

In Table 3.6.6 a re  l i s t e d  cobal t  bioaccumulation fac tors  fo r  

algae and vascular plants .  

l a t i on  fac tors  of plants  a r e  h i g h .  

algae in Table 3.6.6,  we reconmiend a cobal t  bioaccumulation f ac to r  

of 10 fo r  algae.  

e x h i b i t  widely d i f fe r ing  cobal t  bioaccumulation fac tors .  

bioaccumulation f ac to r  was calculated from ‘OCo concentrations , 

and the h i g h  bioaccumulation f ac to r  was calculated from s t ab le  e le -  

men% concentrations.  Possibly, because diffusion of elements i n  

i n t e r s t i t i a l  water of sediment is slow, the ‘OCo concentration 

in i n t e r s t i a l  water from which ... Pontederia obtained i t s  6oCo had 

not reached steady s t a t e  with the ‘OCo i n  the water column above. 

Based on the s table  cobal t  bioaccumulation f ac to r s  fo r  Phragmi t e s  , 
we recommend a bioaccumulation f ac to r  of 10 for  emergent vascular 

Compared t o  f i shes  the cobalt  bioaccumu- 

On the basis  of the few data on 

4 The two species of emergent vascular plants  

The low 

3 

plants .  

Physical form of aquatic vascular plants  may a f f e c t  the cobal t  

bioaccumulation fac tor .  Merlini e t  a l .  (1971) reported t h a t  f loa t ing  

leaf  species have lower bioaccumulation fac tors  than submerged species.  

Ophel and Fraser (1973) noted t h a t  the f ine ly  divided submerged 

species had the highest bioaccumulation f ac to r s ,  t ha t  other  submerged 



Table 3.6.6 Bioaccumulation f a c t o r s  for cobal t  i n  aquatic plants  

Taxon BF 
{ f i 1 tered)  

BF 
(unf i l te red)  Location Reference 

A1 gae: 

bl ue-green a1 gae 

diatoms 

Navicula seminulum (diatom) 

Nitella sp. (green alga)  

P1 ectonema boryanum 
( f i 1 amen tous b l  ue-green) 

Sta’ eoclonium lubricum 
*Srez;nT- 

Emergent vascul a r  pl ants : 
Phragmites sp. 
Pontederia cordata 

Vascular plants floating 1 eaves : 
Nuphar sp. 

Nuphar variegatum 

Nyrnphea 1 utea 

Nymphea odorata 

P ~ ~ a m ~ g e t o ~  

~ ~ ~ a m ~ ~ e t o n  na tans 

Sparganiurn f l  uctuans 

30,000 

1,500 

1,100-2,000 

500 

250-620 

2,800 

2,000 

20 

800 

200 

900 

200 

600 
500 
300 

4 00 

160 

200 

Connecticut River 

Lake Michigan 

Laboratory 

Perch lake 

Laboratory 

Laboratory 

Lake Maggiore 

Perch Lake 

Lake Maggiore 

Perch Lake 

Lake Maggi ore 

Perch Lake 

Perch Lake 

Perch Lake 

Perch Lake 

6.2 - 
6.6 

6.16 
6.29 

6.16 

6.16 

6.23 ’ 

6 -29 

6.23 

6.29 

6.24 

6.29 

6.29 
6.29 

6.29 



168 

n
 

r
-
-
 

e
m

 
T

\
J

N
 

W
U

J
 

.
.

 

m
e

,
 

m
w

 
m

R
l

 
Z

E
 

m
a

J
 

Y
Y

 
R

3
R

l
 

1
-

J
 w

m
c

n
 

N
N

C
V

 
.

.
.

 
C

O
r

a
c

D
 

L
n

m
 

P
 

0
0

0
 

0
0

0
 

B
e

-
a

 
m

m
n

 
N

N
N

 
c
-
 

m
 

N
 

u3 

QJ 
Y

 
rb 
--I 

I
:
 

0
 

L
 

a, 
a
 

n
 

N
 

S
L
 



169 

species had intermediate bioaccumulation f ac to r s ,  and t h a t  f loa t ing  

plants  had the lowest. In Table 3.6.7 we give mean cobalt  bio- 

accumulation fac tors  f o r  submerged and f loa t ing  vascular plants from 

Lake Maggiore and Perch Lake. In  Lake Maggiore the cobalt  bioaccumu- 

l a t ion  f ac to r s  fo r  submerged plants a r e  s ign i f icant ly  greater  t 

those f o r  f loa t ing  p l a n t s .  

In Table 3.6:7 the mean cobalt bioaccumulation fac tor  f o r  

submerged vascular plants from mesotrophic Lake Maggiore is  s i g -  

n i f i can t ly  grea te r  than the mean bioaccurnulation fac tor  fo r  

dystrophic-eutrophic Perch Lake. 

resul t of decreased cobal t bioaccumulation fac tors  w i t h  increased 

eutrophy, We wi l l  assume the mean values given i n  Table 3.6.7 f o r  

Lake Maggiore and Perch Lake to  be representat ive of mesotrophic 

and eutrophic waters, respect ively.  T h u s ,  the cobal t  ~ i ~ a c ~ u ~ u ~ a t j o n  

T h i s  conforms to  the expected 

..... 

f ac to r s  f o r  submerged and f loa t ing  vascular plants i n  eutrophic 

waters a r e  2 x 10 and 4 x respect ively.  For mesotrophic and  3 

01 igotrophic waters we recommend cobalt  ~ i o ~ c c ~ m u l a t i ~ ~  fac tors  o f  

10 f o r  submerged vascular plants and 10 fo r  f loa t ing  vascular 

plants .  

4 3 

3 . 6 . 3 . 3  Cobalt Bioaccumulation Factors for Invertebrates 

The few cobal t  bioaccumulation fac tors  avai lable  fo r  inverte- 

brates  a re  l i s t e d  i n  Table 3 - 6 . 8 ,  The cobal t  b ~ ~ a ~ c ~ i ~ u ~ a ~ i ~ ~  

fac tor  fo r  the bivalve Unio from mesotrophic Lake Maggiore .is dbout 

25 times la rger  t h a n  the bioaccumulation fac tors  for  other  bivalves 

from the eutrophic I l l i n o i s  River and the ~ y ~ t r o p h i ~ - ~ t i ~ ~ ~ ~ h i ~  

Perch Lake. We a t t r i b u t e  this difference: to  differences i n  degree 

of eutrophy. For bivalves i n  eutrophic environments we recommend 



170 

Table 3.6.7 Mean cobalt  bioaccumulation fac tors  f o r  submerged and 
f loa t ing- leaf  vascular plants  from Perch Lake and Lake Maggiore 

(based on f i l t e r e d  water concentrations) 

-I 

Bioaccuinulation fac tors  Significance of 
difference between ...I__ il_l Location 

Submerged F1 oa t i  ng plant types 
_Î _ 

Lake Maggiore I 8,900 t 2,300(5) 850 ? 50(2) P < 0.05 

Perch Lake 1,600 f 500(4) 360 * 81 (5 )  P 2 0.10 

S i  gn i  f icance 
o f  differences 
between 1 akes P < 0.05 P 2 0.06 

11.--.- 



, I ,  

Table 3.6.8 Bioaccumulation fac tors  fo r  cobalt  in invertebrates (based on f i l t e r e d  water concentrations) 

Taxon 

Stable element Stable element 
concentration concentration BF Tissue Feeding habits i n  t i s sue  i n  water 

( P P d  (PPb)  

Location Reference 

Bivalves: 

Amblema pl icata 

E l l ip t io  sp. 

Fusconaia flava 

Quadrul a quadrul a 
Unio mancus -- 

Crustaceans: 

Cambarus s p .  
m s h )  
Copepods 

Nyysis r e l i c t a  

Insect 1 arvae : 
Argyracti s sp. 

Glossma sp. 
Hydrobaeni nae 

Hydropsyche cockerelli 

Tend i ped i nae 

Snails: 

Amnicola sp. 
Sta nico'la 
-%hl-=Es 

s o f t  

s o f t  

s o f t  

so f t  

s o f t  

whol e 

whol e 

whol e 

whol e 
whol e 

whol e 

whol e 

whol e 

whol e 

s o f t  

f i l t e r  feeder 

f i l t e r  feeder 

f i 1 ter feeder 

f i 1 ter feeder 

f i 1 t e r  feeder 

f i l t e r  feeders 

de t r i t u s  

periphyton 

phytoplankton 

de t r i t u s  

0.7 3 2 00 I1 1 inois River 

330 Perch Lake 

1 . 2  3 400 I1 1 inois River 

0.8 3 300 I l l i n o i s  River 

0.1 8-0.20 0.02 9,000-10,000 Lake Maggiore 

0.134 

0.034 

0.19 

0.19 

1,600 Perch Lake 

700 Lake Michigan 

200 Lake Michigan 

23 ,OOOa Columbia River 

11 ,OOoa Columbia River 

5 ,OOOa Columbia River 

15 ,OOOa Columbia River 

3 ,OOoa Columbia River 

4,400 Perch Lake 

9,000a Col urnbia River 

6.2 
6.9 
6.22 
6.22 
6.24 

6.29 

d 

Y 6.6 
6,6, 6.10 

6.8 
6.8 
6.8 
6.8 
6.8 

6.29 
6.9 
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2 a cobal t  bioaccumulation f a c t o r  o f  4 x 10 . 
trophic o r  ol igotrophic  waters we recommend 

For bivalves i n  meso- 

a cobal t  bioaccumulation 

4 f a c t o r  o f  10 . The few data ava i lab le  f o r  insect  larvae and s n a i l s  

suggest a cobal t  bioaccumulation f a c t o r  o f  10 f o r  both o f  these 

groups. The cobal t  bioaccumulation f a c t o r  for  t u b i f i c i d s  i n  the 

eutrophic I l l i n o i s  River i s  500, a value t h a t  we will assume i s  

c h a r a c t e r i s t i c  o f  eutrophic environments. The few data f o r  crus- 

3 taceans suggest a cobal t  bioaccurnulation f a c t o r  of 10 . 

4 
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EFFECT OF CARRIER CONCENTRATION ON 
THE DISCRIMINATION COEFFICIENT 

The discrimination Coeff ic ient ,  q i ,  i s  usually t rea ted  as a 

constant. The purpose of this appendix i s  t o  show t h a t  the  coef f ic ien t  

can vary w i t h  concentration o f  the c a r r i e r  i n  the  water and i n  other 

sources. 

i n  amount, R i ,  o f  radionuclide R i n  organism o r  t i s sue  i i s :  

Treating i a s  a s ing le  compartment, the time r a t e  of change 

- _  II - R i k  
d Ri 

d t  

* * 
and the s teady-state  amount,  Ci , o f  c a r r i e r  element C i s  g iven by 

* 
* - IT ci - .- 

k* 

where 

1,- = ra te  of i n p u t  o f  radionuclide from a l l  sources (UCilday) 

* 
= r a t e  o f  i n p u t  o f  c a r r i e r  element from a91 sources (pg/day) IT 

k = excretion ra te  coef f ic ien t  for the radionuclide i n  i ( d a y - ' ) ,  

* 
k = excretion r a t e  coef f ic ien t  f o r  the c a r r i e r  element i n  i a t  

steady-state concentratio? (day- '  1. 
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A t  steady s t a t e ,  Eqs. (1-1) and (1-2) imply t h a t  

For the  case where uptake i s  from a s ingle  prey j and from water: 

I = I w -t- I j’ and  (1-4) T 

IT* = I W * 4 I . *  J , 0 - 5 )  

where 

Iw a n d  I .  a r e  uptake ra tes  (pCi/day) of a radionuclide from w a t e r  
J 

and j ,  respect ively;  and Iw* and I * are  uptake rates (Uglday) of c a r r i e r  

element from water and j ,  respect ively.  

For uptake from water: 

j 

Iw = a[RIw and, 

Iw* = a*[C*IW 

where 

a = up tzke  r a t e  coe f f i c i en t  for  radionuclide from water (g/day),  and 

a* = uptake r a t e  coe f f i c i en t  fo r  carrier- element from water (g /day) .  

For uptake from food: 

I j  = b[R],Q a.nd, 

I j*  = b*[C*] J .O 
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where 

b = absorbtion eff ic iency o f  radionuclide u p t a k e  from food ( u n i t l e s s ) ,  

b* = absorbtion eff ic iency o f  c a r r i e r  element u p t a k e  from food 

( u n i  t l e s s )  , and 

Q = feeding r a t e  (g/day). 

- k* 
- - K  

(1-10) 

(1-11) 

Dividing Eq. (1-11) t h r o u g h  by (R/C*)vl and  incorporating the elimination 

coef f ic ien t  of the prey, qj, gives 

Equat ion (1-12) may be rewrit ten as  

c 

(1-13) 

(1-14) 
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Because o f  homeostatic control , [ C * l j  i s  constant. Thus, as can 

be seen from Equation (-1-141, qi s h o u l d  vary w i t h  [C*], s i n c e  uptake 

from w a t e r  i s  assumed proportional t o  [C*],. 

Equation (1-14) may be generalized f o r  any se t  of soi~rces:  

w 1-1 e re 

* = intake rate of c a r r i e r  elenient by i from j (pg /day) ,  Iij 

and 

(1-15) 

= absorption e f f ic iency  o f  uptake o f  radionuclide from source a i j  

j a t  surfaces o f  i ( u n i t l e s s ) ,  and 

a * = absorption eff ic iency of uptake o f  c a r r i e r  element from 
i J  

source j a t  surfaces of i (un i t l e s s ) ,  

I f  water is  a source,  where j = 1 f o r  water, a i l  i s  absorption of the 

radionuclide brought t o  the body surfaces and q,  E 1 .  
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