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INTRODUCTION 

This workshop was the f ou r t h  i n  which the Department o f  Energy and i t s  
predecessors, the Energy Research and Development Administrat ion and 
the Atomic Energy Commission have brought together the sc i en t i s t s  who 
have worked on environmental research re la ted  t o  the transuranic elements 
and other ac t in ides.  Representatives from the regulatory agencies have 
also been i n v i t e d  t o  pa r t i c i pa te  i n  these workshops. The object ives 
have been t o  provide a forum f o r  the discussion o f  the l a t e s t  research 
resu l t s  and develop guidance f o r  f u tu re  research d i rec t ion .  

The topics o f  discussion i n  t h i s  f ou r t h  workshop centered on the adequacy 
o f  plutonium information, the needs and d i r ec t i on  o f  f u tu re  transuranium 
research and the research necessary f o r  an appraisal o f  the po ten t ia l  
hazards associated w i t h  thorium and high spec i f i c  a c t i v i t y  uranium 
isotopes. These top ics  were discussed i n  fou r  panels which have prepared 
reports t h a t  make up the body o f  these proceedings. The four  panels and 
the i  r chai rmen were: 

Ecosys tem Research T. E. Hakonson 
Los A1 amos S c i e n t i f i c  Laboratory 

P l  ant/Soi 1 s Research C. E. Francis 
Oak Ridge National Laboratory 

Marine and Freshwater A. B. Joseph 
Research O f f  i c e  o f  Heal t h  and Environmental 

Research, Department o f  Energy 

S.ta ti s ti cs and Model i ng R. 0. G i l b e r t  
Ba t te l  l e  Pac i f i c  Northwest Laboratory 

I n  add i t ion t o  the appraisal and planning studies, a repor t  was given on 
an intercomparison o f  ana ly t i ca l  qua1 i ty control .  This exercise was 
conducted by the Environmental Measurements Laboratory (EML) o f  the 
Department o f  Energy under the d i r ec t i on  o f  H. Volchok and was a voluntary 
a c t i v i t y  f o r  the research laborator ies  involved i n  environmental research 
w i t h  the transuranic elements. The EML repo r t  w i t h  add i t iona l  responses 
since the workshop presentat ion i s  included a t  the end o f  the proceedings. 

The OHER s t a f f  wishes t o  thank a l l  o f  the par t i c ipan ts  f o r  t h e i r  cooperation 
and thoughtfu l  contr ibut ions.  Special thanks are extended t o  the panel 
chairmen f o r  the t ime and e f f o r t  which they expended i n  planning, conducting 
and repor t ing  the panel discussions. 



ECOSYSTEllS RESEARCH PANEL 

The Problem 

Environmental and h e a l t h  issues concerning the  t ransuran ic  elements 
stem from the  p o t e n t i a l  f o r  m o b i l i z a t i o n  and t r a n s p o r t  o f  these 
elements w i t h i n  t e r r e s t r ' i a l  ecosystems. The schematic i n  F ig.  1 
i 11 us t ra tes  the  concept o f  environmental p lutonium d i s t r i b u t i o n  and 
t ranspor t  and i nd i ca tes  p o t e n t i a l  t r a n s p o r t  pathways through a 
s i m p l i f i e d  ecosystem under the  assumption t h a t  the  s o i l s  compartment 
i s  the  source o f  t he  plutonium. 

Chemical, phys ica l ,  and b i o l o g i c a l  processes c o n t r o l  movement o f  
p lutonium w i t h i n  ecosystems. Physical  and b i o l o g i c a l  t r a n s p o r t  
processes a re  i l l u s t r a t e d  by the  arrows on the  l e f t  and r i g h t  s ide  
of F ig.  1 and represent  processes t h a t  a re  d r i v e n  by wind, water, 
b i o l o g i c a l ,  and mechanical a c t i v i t y .  For example, wind, water, o r  
mechanical ( i .e . ,  t i l l i n g  s o i l )  resuspension o f  s o i l  may r e s u l t  i n  
contaminat ion of p l a n t  and animal surfaces w i t h  redepos i t i ng  s o i  1 
plutonium. The d i e t  o f  consumer organisms may a l so  con ta in  t h i s  
s u r f  i c ia1  l y  deposited plutonium. Examples o f  b i o l o g i c a l  t r a n s p o r t  
i nc lude  the  movement o f  p lutonium associated w i t h  a graz ing  animal 
and the  subsequent r e d i s t r i b u t i o n  o f  t h i s  ma te r i a l  through defecat ion  
and/or death as w e l l  as burrowing and grooming a c t i v i t i e s  t h a t  r e s u l t  
i n  contaminat ion o f  t he  animal. 

Chemical t r a n s p o r t  i s  shown by the  passage o f  so lub le  p lutonium from 
s o i  1 through p l a n t  roo ts  and across phys io log i ca l  membranes ( i  .e. , 
lungs, g u t )  of consumer organisms. Leaching of so lub le  p lutonium 
through the  s o i l  column i s  another form o f  chemical t ranspor t .  

The a b i l i t y  t o  p r e d i c t  p lutonium behavior i n  the  environment requ i res  
i n fo rma t ion  on the  f o l l o w i n g  top i cs :  

1. The 'eco log ica l  r e l a t i o n s h i p s  i n  contaminated ecosystems i n c l u d i n g  
the  content  and s i z e  o f  the compartments and the  exchange o f  
ma te r i a l s  between compartments. 

2. The pathways and mechanisms o f  pl'utonium t r a n s p o r t  through t h e  
ecosystem and the  r e l a t i v e  importance o f  these pathways as sources 
o f  contaminat ion t o  receptor  compartments, i n c l u d i n g  man. 

3. The ra tes  o f  t ranspor t  o f  p lutonium between ecosystem compartments. 

4. Differences i n  p lutonium t ranspor t  as a f u n c t i o n  o f  source 
cha rac te r i  s t i  cs , reg iona l  ecology, and time. 
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I n  order  t o  address these top ics ,  we are h i g h l y  dependent on data 
obtained from d i r e c t  sampling o f  e x i s t i n g  contaminated s i t e s ,  s i t e  
contaminat ion h i s t o r i e s ,  plutonium sources and eco log ica l  r e l a t i o n -  
ships i n  the  var ious study loca les .  This in format ion,  i n  combination 
w i t h  the chemical data obtained from labo ra to ry  s tud ies  and from a 
l i m i t e d  number o f  f i e l d  studies on plutonium t ranspor t ,  provided the 
basis f o r  t h e  d iscussion i n  the  Ecosystems.Research Panel. 

Panel Object ives 

The broad d i r e c t i v e  g iven f o r  t h i s  workshop was t o  i n t e g r a t e  cu r ren t  
knowledge on ac t i n ides  i n  the  environment and at tempt t o  formulate 
use fu l  genera l iza t ions .  ' I n  keeping w i t h  t h i s  mission, the.Ecosystems 
Research Panel s e t  the  f o l l o w i n g  as s p e c i f i c  ob jec t ives :  

1. I d e n t i f y  commonal i t i e s  and provide general i t i e s  about the  d i s t r i b u t i o n  
-and t ranspor t  o f  t ransuran ic  elements i n  ecosystems. 

2. Eva1 uate the  p o t e n t i a l  f o r  changes i n  concentrat ions o f  t ransuran ic  
elements i n  ecosystem components over contemporary and extended 
t ime scales. 

3. Determine whether t ransuran ic  elements become concentrated as they 
are  t ranspor ted through food webs. . . 

4. I d e n t i f y  in format ion  needs, p a r t i c u l a r l y  f o r  o the r  ac t in ides .  

5. I d e n t i f y  p o t e n t i a l  environmental problems associated w i t h  non- 
pro1 i f e r a t i v e  f u e l  cycles. 

i . . , . .. 

.. , .. , . . . T o  address these issues, the  panel posed a se r ies  o f  ques t ions . tha t  were 
formulated t o  draw o u t  d iscussion on general t ransuran ic  element dynamics 

. . i n  ecosystems. . The format f o r  t he  pane l 's  d iscussion was . to  pose the  
question, discuss app l i cab le  i n fo rma t ion  and then attempt t o  formulate 
a general statement w i t h  appropr ia te  caveats summarizing our answer. 



Discussion ' ~ o p i c s  and Panel Response 

The following l i s t  of topics was addressed.by the panel. The 
consensus response to  the ensuing discussion i s  given: 

1. Generalizations about distribution of transuranic elements in 
t e r r e s t r i a l  and aquatic ecosystems as a function of time. 

( a )  Where a re  transuranic elements in presently contaminated 
ecosystems? 

Response: Soil and sediments contain a t  leas t  99 percent,of the 
ecosystem inventory of Pu  although a few percent less  
than th i s  aniount may appear in soi l  and sediment under 
chronic i n p u t  conditions due to interception of airborne 
part ic les  by plant surfaces. However, a f t e r  cessation 
of chronic input, vir tual ly  a l l  of the Pu will be trans- 
ferred to  the soi l  which serves as an effect ive sink for  
transuranic elements in ecosystems. 

Although l i t t l e  i s  known about transuranic elements other 
than P u ,  i t  i s  generally believed that  these elements 
will be distributed very nearly 1 ike Pu.  There i s  a t  
l eas t  one major exception to  th i s  generalization. In 
the Arctic only about 30 percent of the ecosystem inventory 
of f a l lou t  Pu  i s  in soi1.wit.h lichens containing most of 
the remainder. However, there i s  a continual loss of Pu 
from lichens to  soi l  so tha t  even in th i s  case, so i l s  will 
be the ultimate repository for  Pu .  While small, the amount 
in green plants can vary over several orders of magnitude 2. . . 
(10-5 to  10-3 of the amount in soi l  ).  Attached material, 
e.g., resuspended part ic les ,  can amount to  several percent,. 
In freshwater aquatic si tuations greater than 99 percent of 
the Pu will be found in the sediments. This' i s  true fo r  Pu 
translocated from soi l  by surface runoff and Pu entering 
through industrial  process effluents.  

I 

Are there major differences in the distribution of transuranic 
elements as a r e su l t  of s i t e  and transuranic element source 
factors? 

Response: Site/source factors a re  comparatively unimportant fo r  
approximate estimates of distribution in t e r r e s t r i a l  
ecosystems i ncl u'ding ponds. However, the small mobi 1 e .. ., . . 
fraction in a i r  or on plants may be s ignif icant ly 
affected by source character is t ics  such as par t ic le  
s ize ,  chemical species and physical-cbemical form. 



( c )  What changes i n  .transuranic element distribution wl'll 
occur w i t h  time? . . .  . . . 

Response: For a one-time deposition in s o i l ,  dilution :will ,occur 
in the long term as a consequence of Pu  migration down- 
wards, e.g., of the order of tenths of a centimeter (or  
l e s s )  per year. Short term redistribution will occur as 
a consequence of Pu bound to so i l  par t ic les  being trans- 
located by rainfall lrunoff processes. The ra te  and - 
direction are  highly dependent on water movement and soil  . 
type. Activity of soi l  biota, plants and animals, can be 
expected to redis t r ibute  Pu in both directions.  The net 
e f fec t  nevertheless will be a reduced surface concentra- 
tion available for  resuspension to a i r  and surface biota. 
In many locations, the time frame fo r  th i s  phenomenon i s  
not we1 1 establ ished. 

(d)  Can we re la te  the resul ts  of studies*-on the environmental 
dis t r ibut ion of transuranic elements to  the potential for  
human exposure? 

~esponse:  Current predictive models indicate tha t  redistribution can 
a l t e r  the relat ive im~ortance of pathways of human exposure, 
e. y . , for  the LMFBR es'timates, a plantisoi 1 concentration 
r a t io  of less  .than 10-3 indicated a predominant -radiation 
dose from the inhalational route.of e t ry  whereas for  
concentration ra t ios  greater than 1 O'Q the predominant 
radiation dose was from food chain transfer.  

(.el Are fur ther  f i e ld  studies needed on the dis t r ibut ion of 
transurani c elements? (Minimum and 'optimum ef for t s .  ) 

Response: A t  contaminated sites. ,  Pu distribution in soi l  and plants 
i s  f a i r l y  we1 1 characterized. Considering surface 
contamination of foliage ( in  f i e ld  s i tuat ions)  the f i e ld  
data agree reasonably wi. t h  experimental data from .the 
laboratory for  plant uptake. Some ecosystems such as 
Arctic tundra and tropical rain fores t ,  could be:better 
characterized butmay not be important from the-standpoint 
of nuclear development. There i s  greater need to  look a t  
Cm and Am dis t r ibut ions in ecosystems because of the i r  ' 



increasing.concentration with time relative to Pu in 
radiation waste management. In the context of long 
lived waste materials there is a need to examine the 
distribution of Np because of the greater tendency for 
mobility and lower soil sorption. There is a need to 
study applicability of present data to the new nuclear 
technologies, e.g., a1 ternative cycles (uranium and 
thorium isotopes). 

2. General i zations about transport' in terrestrial ecosystems. 

(a) What is the relative importance of chemical, physical and 
biological processes in mobilizing transuranic elements in 
the environment? 

Response: Physical processes predominate in transporting transuranics 
in the environment when bulk movement is considered. While 
only small fractions of the total inventory are involved . 
in chemical and biochemical transport their significance 
is great because biological availability is related to 
solubi 1 i ty (chemical mobi 1 i zation) and incorporation into 
biological tissues normally requires membrane transport 
(biochemical mobil ization) . 
(1) Importance of physical processes: can be seen in the 

resuspension experiments at Hanford (1), 'the Nevada 
. '  Test Site (2-6), and Savannah River (7.); and the ,. 

transport by water erosion in studies of gulley erosion 
at Los Alamos (8-9), large and small midwestern water- 
sheds in studies at Argonne (10-11 ), and the Savannah 
River (12). 

(2) Importance of chemical -biochemical processes can be 'seen 
in studies at Oak Ridge on root uptake (13) and studies 
at Battelle on gastrointestinal absorption of biologically 
incorporated plutonium (14). 

Fewer data are available for Am and Cm than for Pu .and 
virtually no field data for Np exist. 



b )  . Concentrations of Pu  do. not increase in higher trophic 
levels of ecosystems.. There i s  no biomagnification. 

.Transport of "soluble '~~~forms across membranes leads to  
. . . P u  concentrations of the receptor which are  103 to  104 

less  than the .concentration of the donor organism. 

Response: Relative to  a donor component, the Pu concentration of 
the receptor i s  always less  ,. i .e..,, the r a t io  of receptor1 
donor Is less  than 1. 

' 

Inventory 'distributions o f  Pu fol low the order: 

so i l s  & > vegetation > 'primary > secondary 
sediment. . . consumer consumer 

which a1 so re f lec ts  trophic t ransfer  processes, the 
inverse of biomagnification. 

Supporting data se t s  fo r  these relationships are  available 
for:  

~ r a s s l a n d  ,ecosystems--Rocky Flats. 
Forest ecosystems--Oak Ridge' 
Canyon ecosystems--Los Alamos 
Old Field ecosystems--Savannah River 
Desert ecosystems--NTS. 

. , 

. I t  i s  important t o  be certain about donors to  a receptor 
organism. Several special, cases are: 

Receptor Donor . . 
.. . 

~ative1domest.i c animaq s soi 1. i nges ti  on 
Aquatic animals sediment 

Biomagni f ication i s  genera1 1y defined i n terms of concen- 
t ra t ion increases in successive trophic levels expressed 
in terms of the quantity of the element present per u n i t  
of mass. This definit ion does not permit a comparison of 
plutonium concentration in plant mass in relation to 
plutonium concentration in soi 1 solution. 



Although passage across b i o l o g i c a l  membranes represents 
a small  f r a c t i o n  o f  Pu.movement i n  the:ecosystems, t h i s  
small quant i . ty  can be ve ry *  impor tan t  because 'i t can 
accumulate i n  c r i t i c a l  organs. Time dependent increases 
i n  Pu concentrat ion can occur i n  se lec ted t issues,  b u t  
l i f e - t i m e s  o f  organisms do n o t  a l l ow  b iomagni f i ca t ion .  

. . 

( c )  . Can we p r e d i c t  t ransuran ic  element behavior in'ecosystems? 

Response: The short - term behavior o f  p lutonium can be p red ic ted  t o  
a l i m i t e d  ex ten t  i n  a few wel l -s tud. ied ecosystems, 

I 

Models have been publ ished which descr ibe the  t ranspor t  of, 
p lutonium i n  t e r r e s t r i a l  ecosystems .at Oak Ridge Nat ional  
Laboratory, Nevada Test Site,. and Savannah River.  . Conceptual 
and computational aspects o f  these models are  app l i cab le  t o  
o ther  t e r r e s  tri a1 sys tems , b u t .  the  parameter values appl i cab1 e 
t o  most o ther  systems.have n o t  been w e l l  developed. The 
parameter values f o r  t he  ORNL and NTS models a re  der ived .. 

from experiments o r  f i e l d  data. Some attempts a t  s e n s i t i v i t y  
ana lys is  have been made. 

There i s  n o t  s u f f i c i e n t  i n fo rma t ion  t o  extend. e x i s t i n g  models 
t o  extended t ime per iods (beyond 100 years) .  However, 
t ransuran ic  element analogues such as Th and Nd can be used 
. f o r  such p ro jec t i ons .  

There i s  n o t  s u f f i c i e n t  in format ion  t o  incorpora te  t ime- - 

v a r i a b l e .  r a t e  parameters o r  s tochas t i c  processes i n t o  
e x i s t i n g  models. Hence e r r o r  est imates on p red ic t i ons  
a re  n o t  r e a d i l y  ava i lab le .  

Although Pu' t ranspor t  models a re  under development f o r  eco- 
systems a t  Rocky F l a t s  and Savannah.River, parameter values 
f o r  many o the r  ecosystems are n o t  ava i l ab le .  

Parameter values f o r  t ransuran i  c  e l  emints o ther  than p l  u t o n i  urn 
. are' genera l l y  lack ing.  



(d )  Are f u r t h e r  f i e l d  s tud ies  requ i red  on t ransuran ic  element 
t ranspor t?  

Response: Transport  processes a re  reasonably we1 1  understood, b u t  
app l i ca t i ons  f o r  hazard assessments a re  genera l l y  imprecise. 
Therefore, s e l e c t i v e  f i e l d  s tud ies  a re  needed i f  we are  t o  
p r e d i c t  b e t t e r  t he  t r a n s p o r t  o f  t r ansu ran i c  elements i n  
ecosystems. Time se r ies  data, which revea l  much about 
t r a n s p o r t  pathways and ra tes ,  a re  genera l l y  lack ing. .  

Experimental s tud ies  on i n t e r c e p t i o n  and r e t e n t i o n  o f  
t ransu ran i c  elements i n  var ious  physical-chemical forms 
by vegeta t ion  a re  badly needed s ince  the re  a re  few data 
and s ince  these are  c r i t i c a l  processes. E x i s t i n g  models 
need t o  be v a l i d a t e d  i n  a  v a r i e t y  o f  ecosystems and under 
va r ied  cond i t ions  . 
More emphasis needs t o  be placed on a c t i n i d e s  o ther  than 
p l  u t o n i  um. Ag r i  cu l  t u r a l  ecosys tems have rece ived 1  i ttl e  , 
a t t e n t i o n  i n  t he  ecosystem context .  Also, they are o f  
pr imary concern w i t h  respect  t o  human in take.  Therefore, 
they deserve g rea te r  a t t e n t i o n .  R e l a t i v e  t o  o ther  envi  ron- 
mental s t ressors ,  the  t ransuran ics  may be a  non-problem. 

3. Add i t i ona l  Research Needs 

U/Th Fuel Cycle 

The use o f  Th-232 t o  produce f i s s i l e  U-233 adds h igher  s p e c i f i c  
a c t i v i t y  U isotopes (U-232,-233,-234) t o  the  biosphere inventory  
o f  man-made r a d i o a c t i v i t y  than the  U-235/Pu-239 cyc les.  The pr imary 
r a d i a t i o n  hazard i n  terms o f  environmental t r a n s p o r t  t o  man should 
accrue from the  U-232 decay ser ies .  Rad ia t ion  doses t o  bone from 
deposited U-232 (and daughters) w i  11 be about f o u r  t imes greater  
than f o r  an equal Pu a c t i v i t y .  Transuranic elements w i l l  a l s o  be 
produced by the  f u e l  mix tu res  proposed, a l b e i t  i n  d i f f e r e n t  propor t ions.  

Po ten t i a l  Problems 

1. M i n i n g l m i l l i n g  and the  consequences o f  accumulating the  Th-232 
decay ser ies ;  i . e. , the Ra-228/Th-228 problem. 

2. Recycle and i n e v i t a b l e  re lease o f  h i g h - s p e c i f i c  a c t i v i t y  U 
isotopes t o  l o c a l  environments. 



3. Waste d isposa l .  

4. Mixed Th/U-235 and Th/Pu-239 f u e l s  wi 11 present- s i m i l a r  ., ,. 
t ransuran ic  element problems as Pu breeders. P ropo r t i on  , . 
w i l l  d i f f e r .  

Unique Environmental Issues 

1 . Comp'ared t o  t ransuran ic  elements , U w i  11 be more mobi 1 e 
i n  ecosystems, i n c l u d i n g  human food chains. 

. 2. U-232 and U-233 decay chains have s h o r t - l i v e d  daughters 
compared t o  Pu, there fo re ,  increased r e l a t i v e  l i f e t i m e  
dose commitments a re  poss ib le .  
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SUMMARY OF THE SOIL/PLANT PANEL 

Introduction: 

This report i s '  not intended , to summarize any individual or  group research 
e f fo r t  tha t  was presented to  the panel, b u t  i s  confined to  the overall 
concl us i ons and recommendation on direction of further research needs on 
actinides in the environment. 

I . .  Plutoni,um in Soil and I t s  ~ v a i ' l a b i l i t ~  to  Plants: 

The panel agreed that  individual so i l  properties such as pH, organic 
matter content, cation.exchange complex, redox potential ,  and texture,  
a l l  influence sorption of plutonium on soi l  and the subsequent ava i lab i l i ty  
to  plants. However, .the interaction between soi l  properties makes i t  
d i f f i c u l t  t o  evaluate independently the influence of each. 'Two exceptions 
noted were pH and clay content. The majority of the panel agreed tha t  
increasing so i l  pH resul ts  in decreased plant uptake, e i ther  as a r e su l t  
of greater sorption to so i l  par t ic le  surfaces, or as a r e su l t  of complex 
formation; increasing clay content had a similar e f fec t .  I t  was the 
opinion of the panel tha t  there i s  l i t t l e  need to  investigate fur ther  
the e f fec t  of so i l  properties on sorption of plutonium on so i l s  and i t s  
uptake by plants. A notable exception was.the lack of understanding 
of the influence of Eh* on sorption of Pu  to  s o i l .  The panel f e l t  tha t  
P u  sorption decreases as Eh  i s  increased; however, t h i s  depends on the 
s t a b i l i t y  of insoluble hydrolyzed Pu(IV) oxidation s t a t e  and tha t  of 
the more soluble species P u ( V )  and Pu(V1) i n  s o i l .  On the other hand, 
the panel agreed tha t  Eh  would have l i t t l e  influence on plant uptake of 
plutonium because of the reducing influence of plant roots,  i .e. ,  P u ( V )  
and Pu(V1) will be reduced to the more unavailable Pu(IV) by metabolically 
active roots. 

Phosphate minerals were thought to  decrease plutonium sorption to  soi l  
and decrease plant uptake; however, no specif ic  data were presented to  
support the concl usi ons . 

*Redox potential ,  the potential of a half-cell  measured against the 
standard hydrogen ha1 f-cel 1 . 



The members of t he  panel f e l t  t h a t  complexation o f  plutonium by so lub le  
,.organic 1 igands (those der ived na tu ra l  l y  from so i  1 organic mat ter  o r  
f rom s o i l  microorganisms and espec ia l l y  added as syn the t i c  chelates)  
s t r o n g l y  in f luenced and wgs poss ib l y  a c o n t r o l l i n g  f a c t o r  i n  the  a v a i l -  
a b i l i t y  o f  plutonium t o  p l a n t s  (Appendix A). Sources o f  organic l igands 

, i nc lude  compounds der ived from s o i l  organic mat ter  by na tu ra l  processes, 
s o i  1 microorganisms and t h e i r  metabol i c products, and especi a1 l y  syn the t i c  
che la t i ng  agents which are  sometimes used i n  a g r i c u l t u r e  and o f ten  found 

. * ,  i n ;  nuclear  wastes. Low molecular weight organic 1 igands appear t o  
compete more successfu l ly  i n  the  forming o f  coordinate bonds w i t h  
p lutonium than do the  inorgan ic  l igands commonly foun i n  s o i l  so lu t ion ,  
such as OH- ( f rom hyd ro l ys i s  o f  water) ,  HCO;, and CO# depending on pH 
and C02 p a r t i a l  pressure. To date the  evidence f o r  such a mechanism 
i s  i n d i r e c t ;  however, there  i s  some d i r e c t  evidence of p lutonium complex- 
a t i o n  w i t h  m ic rob ia l  metabol i tes  and dispersed so lub le  s o i  1 organic mat ter .  
A t  t h e  same time, i t  i s  appropr ia te  t o  p o i n t  o u t  t h a t  t h e  s ign i f i cance  
o f  the  na tu ra l  organic-Pu-complex i n  p l a n t  uptake has n o t  been domonstrated 
w i t h  respect  t o  i t s  impact on dose t o  man v i a  the  i nges t ion  pathway. 
Continued cropping o f  p lutonium contaminated s o i l  i n  t h e  greenhouse 
has shown s i g n i f i c a n t  increases o f  plutonium uptake by p l a n t s  i n  the  
f i r s t  few years, imp ly ing  t h a t  plutonium i n  the  roo ts  o f  previous croppings 
i s  more p l a n t  a v a i l a b l e  than so lub le  inorgan ic  plutonium added t o  t h e  
s o i l .  However, members of t h e  panel noted t h a t  t h i s  enhanced plutonium 
uptake leve led  o f f  a f t e r  t he  f i r s t  few years. The panel concluded t h a t  
f u t u r e  p l u t o n i  um p l a n t  uptak: s tud ies  be d i rec ted  a t  p lutonium source 
term evaluat ion.  

Other conclusions o f  the  panel regarding p l u t o n i  um-soil - p l a n t  i n t e r a c t i o n s  
were: 

r The dominant form o f  p lutonium i n  s o i l s  i s  a polymeric form. 

4 r Kdls* ranged from 10 t o  10 . 
r., Concent a t i o n  r a t i o s  ( c ~ ' s ) + , r a n g e d  from t o  f o r  whoie p lan ts  

and t o  10-7 f o r  t he  g r a i n  of p lan ts .  

, . The outstanding c h a r a c t e r i s t i c s  noted about plutonium i n  s o i l s  were 
-- . - . .  i t s  low s o l u b i l i t y ,  m u l t i p l e  o x i d a t i o n  states,  a b i l i t y  t o  form polymers 

. and a b i l i t y  t o  complex w i t h  inorgan ic  and shor t  chain organic l igands.  
, . I  --.. 

3 ,.. . . 
: . .  . , . 
. . . - 

- :. .,.*Concentration rad ionuc l i de  per  gram o f  so l id /concent ra t ion  rad ionuc l i de  
, ?".:: p e r  m l  o f  so lu t i on .  ... . 

' ;: 

+Concentration rad ionuc l i de  per gram d ry  weight o f  p l a n t  t i ssues/concent ra t ion  
rad ionuc l i de  per  gram d ry  weight o f  s o i l .  . 



The panel f e l t  t h a t  plutonium i n  s o i l  was a  non-problem w i t h  regard 
t o  r a d i a t i o n  dose t o  man v i a  p l a n t  uptake rou te  over the  short - term 
( l e s s  than 100 years);  however, no upper l e v e l  o f  s o i l  p lutonium 
concentrat ion was considered. 

It was the  unanimous op in ion  o f  t he  panel t h a t  t he  range i n  CR's 
in t roduced a  major unce r ta in t y  i n  plutonium dose t o  man v i a  s o i l - p l a n t  
food chains; however, there  was concern among some o f  t he  members t h a t  
dose assessment s c i e n t i s t s . m i g h t  use CR's t h a t  a re  i napprop r ia te  f o r  
c e r t a i n  s o i l s .  Members r e a l i z e d  t h e  d i f f i c u l t y  o f  cha rac te r i z ing  
s o i l s  w i t h  ranges i n  CR's i n  view o f  t he  i n a b i l i t y  t o  agree on t h e  
e f f e c t s  o f  i n d i v i d u a l  s o i l  p roper t i es  on behavior o f  p lutonium i n  s o i l .  
A t  t h e  same time, members o f  t he  panel f e l t  t h a t  extremes i n  s o i l  pH 
and t e x t u r e  cou ld  be considered key f a c t o r s  w i t h  regard t o  a n t i c i p a t e d  
CR's. The f o l l o w i n g  i s  o n l y  a  guide and should be used on ly  as a  " r u l e  
o f  thumb" where s p e c i f i c  s i t e  data are  n o t  ava i l ab le .  

suggested CR's f o r  Pu i n  Soi 1  s  o f  
Varying pH and Clay Content 

CR's Soi 1  Proper t ies  

Grain Whole P lan t  PH Clay Content (%) 

Maximum: 1  o - ~  1  o - ~  <5.5 <10 

Minimum: 1  o - ~  1  o - ~  >5.5 :lo 

Panel members a l so  f e l t  t h a t  t h e  above CR's are  s t r i c t l y  those i n  which 
f o l i a r  contaminat ion w i t h  plutonium contaminated s o i l  i s  n o t  included. 
Such contaminat ion can e a s i l y  overshadow t h a t  amount o f  p lutonium which 
i s  taken4up v i a  the  r o o t  pathway. Observed f i e l d  concentrat ion r a t i o s  
are  known t o  vary i nve rse ly  w i t h  r a i n f a l l .  This i s  considered t o  be 
due t o  t h e  tendency f o r  r a i n f a l l  t o  remove f o l i a r  contamination. 

11. S o i l  Sampl i n g  Procedures f o r  CR's: 

The concept o f  concentrat ion r a t i o s  has been developed and un i fo rm ly  
defined t o  charac ter ize  the  t rans fer  o f  a  rad ionuc l i de  from t h e  s o i l .  
t o  t h e  p l a n t  v i a  p l a n t  uptake a f t e r  a  cond i t i on  near s teady-state has 
been reached. Obviously t h i s  r a t i o  on ly  has s i g n i f i c a n c e  i f  the  



concent ra t ion  of t he  rad ionuc l i de  i n  t he  s o i l  i s  t h a t  f o r  s o i l  w i t h  
which the p l a n t  r o o t s  come i n  contac t  o r  s o i l  i n  c lose  p r o x i m i t y  t o  
t h e  p l a n t  roo ts .  There i s  no reason t o  expect a  r e l a t i o n s h i p  between 
Pu concent ra t ion  i n  s o i l  ou ts ide  the  r o o t  zone and Pu uptake. Use o f  
CR's a re  more appropr ia te  t o  a g r i c u l t u r a l  systems where the  s o i l s  a re  
mixed t o  a  c e r t a i n  s o i l  depth (e.g., t h e  plow l a y e r  o f  0-20 cm). Thus, 
CR's determined i n  the  greenhouse w i t h  homogeneous so i l - p lu ton ium 
mix tures  may n o t  be appropr ia te  f o r  c e r t a i n  na tu ra l  ecosystems'where 
t h e  contaminat ion i s  i n  the  top  0-3 cm, o r  a t  s p e c i f i c  waste management 
s i t e s  where r a d i o a c t i v e  contaminated s o i l s  have been bu r ied  by uncontami- 
nated s o i l s .  The panel f e l t  t h a t  the  p r e f e r r e d  method f o r  s o i l  sampling 
f o r  CR's under such cond i t i ons  would be sampling the  s o i l  i n  the  feeding 
r o o t  zone o f  the  p l a n t  f o r  which t h e  CR i s  desi red.  

111. Pathways f o r  F o l i a r  Uptake o f  Ac t i n ides :  

Wind and mechanical resuspension* i s  known t o  occur from s u r f i c i a l  
contaminated s o i l s .  However, the  resuspension r a t e s  requ i red  f o r  
p r e d i c t i n g  downward a i rbo rne  concentrat ions cannot be c o n f i d e n t l y  
p red i c ted  (experimental  values range up t o  13 orders o f  magnitude) . 
Data presented t o  the  panel by George Sehmel (Appendix B )  quest ioned 
t h e  v a l i d i t y  o f  e a r l i e r  data which showed t h a t  a i rbo rne  p lutonium 
concentrat ions decreased w i t h  a  h a l f - l i f e  o f  approximately 40 days. 
Other i n v e s t i g a t o r s  have a l s o  observed t h a t  such an approximation o f  
40 day h a l f - l i f e  may be i n  e r r o r ;  i n  fact ,  some cou ld  n o t  de tec t  
s i g n i f i c a n t  d i f f e rences  i n  a i rbo rne  concentrat ions over t ime. "Since 
George Sehmel was the  o n l y  s c i - e n t i s t  present  who has d e a l t  ex tens i ve l y  
i n  t he  a i rbo rne  measurements o f  resuspended p a r t i c u l a t e  mat ter ,  t h e  
panel f e l t  t h a t  they cou ld  n o t  make any conclus ion o r  recommendations 
regarding h i s  observat ions. H is  views a r e  expressed i n  Appendix B. 
I n  t h e  same vein,  T. Tamura emphasized t h e  problem t h a t  t he re  ,'are no 
data a v a i l a b l e  on the  i n f l u e n c e  o f  s o i l  aggregate s t a b i l i t y ,  o r  methods 
developed t o  determine s o i l  aggregate s t a b i l i t y  which w i l l  subsequently 
i n f l uence  resuspension. 

, L 

*Resuspension r e f e r s  t o  t h a t  m a t e r i a l  i n  s o i l  which becomes a i rborne.  
It was o r i g i n a l l y  used w i t h  regard t o  r a d i o a c t i v e  f a l l o u t  from weapons 
tes t i ng .  It i s  now f r e q u e n t l y  used t o  descr ibe the  process o f  ma te r i a l  
becoming a i rbo rne  whether o r  n o t  t he  contaminant was or ig ina1, ly  deposited 
from the  a i r .  



D. Cataldo presented evidence t h a t  plutonium ass imi la ted f o l l o w i n g  
d e p b j i t i o n  on p l a n t  leaves i s  more mobi le i n  the  p l a n t  than plutonium 
en te r ing  v i a  roo t ,up take.  The general consensus o f  the  panel'.was 
t h a t  i t  was indeed an i n t e r e s t i n g  'observation., b u t  they were i n d e c i s i v e  
regarding i t s  importance i n  the  movement o f  p lutonium t o  man v i a  the  
plant-man foodchain.. Regardless, . i n  a ' r i d  cl imates, f o l i a r  uptake o r  
contaminat ion appear t o  be j u s t  'as impor tant .as  the  root '  uptake rou te  
i n  es t imat ing  dose-to-man v i a  foodchains. The magnitude of t he  f o l i a r  
rou te  i s  enhanced i n  a r i d v c l  h a t e s  r e l a t i v e  t o  humid c l  imates because 
o f  t he  g rea te r  tendency f o r  wind resuspension and genera l ly  h igher  s o i l  
pH values than f o r  s o i l s  o f  t h e  humid c l imates.  

I V .  Conclusions Regarding the  Use o f  Kd: 

The d i s t r i b u t i o n  c o e f f i c i e n t  (Kd) i s  a conventional method used t o  
designate the  p a r t i t i o n i n g  o f  a chemical species between t h e  s o l i d  ;. 

phase and the  l i q u i d  phase o f  a suspension. Theore t ica l  considerat ions; 
1 i m l  t i t s  use t o  concentrat ions where t h e  measurement character izes 
the  exchange r e a c t i o n  and the re  a re  no o ther  competing reac t i ons  o f  
s ign i f i cance,  e.g.., p r e c i p i t a t i o n .  When t race  concentrat ions a re  used, 
t h i s  i s ,  'general ly  n o t  a problem, i .e., t he  mass o f  the. rad ionuc l  i d e  
being s tud ied i s  small compared t o  the  t o t a l  so rp t i on  capac i ty  o f  the  
matrix: I t s  i ncep t ion  i n  s o i l s  and sediment work was w i t h  r e l a t i v e  
s h o r t  h? l f - . l i f e  radionucl  ides (namely S r  and Cs), and a c t i v i t y  p e r  se 
was used t o  express o r  imply mass concentrat ion.  G .  Beal l  i l l u s . t r a t e d  
how mass e f f e c t s  can produce erroneous conclusions when ra'dionuc'l ides 
w i t h  a .long h a l f - q i f e  a re  used. The f o l l o w i n g  i s  an example: suppose ' 

250 m l  o f  a s o l u t i o n  gonta in ing  2500 dpm o f  Np-237/ml (approximately 
1 nCi/ml o r  1.6 x 10- g Np/ml) was used t o  determine t h e  Kd o f  0.1 g 
sample o f  s o i l  .having a CEC o f  10 meq/100 g. I n  t h i s  case, s u f f i c i e n t  
Np-237 i s  present  t o  sa tu ra te  approximately 20 percent of t he  exchange 
s i t e s .  Some p re l im ina ry  data presented by G. Bea l l  a l s o  i nd i ca ted  . 
t h a t  t he  s o l u b i l i t y  constant f o r  Am-carbonates may be exceeded t pH 
values g rea te r  than 7; t e n t a t i v e  ca l cu la t i ons  suggest t h a t  10-47 i s  
the  K f o r  Am (CO )3. I n  some cases r e p o r t e d i n  the  l i t e r a t u r e  
p r e c i $ q t a t i o n  6athS.r than so rp t i on  may account f o r  t h e  observed r e s u l t s .  
Thus, when us ing long - l i ved  radio isotopes,  the  concentrat ion o f  t h e  
rad ionuc l i de  i n  s o l u t i o n  and on the  s o l i d  phase should be given, 
p re fe rab ly  i n  mass/volume o r  mass/mass u n i t s .  Add i t i ona l  in format ion,  
such as, pH, i o n i c  s t rength,  and t h e  concentrat ion o f  t he  counter ions, 
should be 'reported. I f  t h i s  i s  done, i t  w i l l  g i ve  i nves t iga to rs  an 
oppor tun i t y  t o  compare resu l  t s  under the  var ious condi t i o n s  t h a t  a f f e c t  
Kd measurements and thus prov ide  conf idence t h a t  t he  Kd determined 
does charac ter ize  an exchange reac t ion .  



V. Conclusions Regarding Plutonium A v a i l a b i l i t y  t o  Plants Over the 
Long Term ( I n  Excess o f  1000 Years): 

As a r e s u l t  o f  the extensive so i l - p l an t  studies conducted a t  various 
locat ions w i t h i n  the '  USA, the p lan t  a v a i l a b i l i t y  o f  plutonium can be 
estimated, although the mechanisms f o r  i t s  a v a i l a b i l i t y  are not  c l e a r l y  
defined . 
Z-F synthet ic chelat ing agents are present, they w i l l  cont ro l  the 
chemistry, m o b i l i t y  and p lan t  a v a i l a b i l  i t y  o f  plutonium i n  so i l ,  
i.e., the s o i l  charac te r i s t i cs  become ins ign i f icant .  As mentioned 
above, they are f requent ly  present i n  nuclear waste and are used i n  
some ag r i cu l t u ra l  areas. The e f f e c t  o f  t h e i r  presence on plutonium 
a v a i l a b i l i t y . o v e r  a very long time, e.g., >I000 years, i s  unknown. 

Studies t o  date have provided the necessary informat ion t o  approximate 
the t ransport  o f  plutonium t o  man v i a  the ingest ion pathway. It i s  
ant ic ipated t h a t  t h i s  informat ion w i l l  be .va l id  f o r  a t  l e a s t  100 years. 
We, an t i c ipa te  t h a t  these shor t  term studies are l i k e l y  t o  be .a  f a i r  
approximation of the long-term a v a i l a b i l i t y  t o  plants, and plutonium 
avai l a b i  1 i ty w i  11 e i t h e r  remain constant o r  possibly decrease. These 
conclusions are based on the knowledge of avai l a b i  1 i ty o f  s tab le  Th 
f.rom p lan t  uptake studies, the physical and chemical behavior o f  
mineral so i  1 propert ies, and knowledge o f  s o i l  weathering processes. 

V I  . Future Research Needs on Act in ides i n  Soi l./Pl an t  Systems: 

The increased em~has&~on a l te rna te  nuclear fue l  cycles'such as the 
thorium-uran' (Th/ U) f u e l  cyc le  has created i n t e r e s t  i n  the 
movement o f  3YyU and i t s  daughters i n  the environment. erest  has 
been developed because o f  the high spec i f i c  act iv i t ) :  o f  69'U; thus, 
the hazard t o  man w i l l  be more from rad io log ica l  e f f ec t s  ra ther  than 
chemical effects, as i n  the case f o r  the long- l ived uranium isotopes 
(23% and Zg5u). The panel agreed t h a t  CR's f o r  uranium were 10 t o  
maybe 100 times more than those f o r  plutonium, and t h a t  the near future 
research e f f o r t s  should be d i rec ted  a t  c l a r i f y i n g  the range o f  CR's f o r  
uranium. It was ant ic ipated by the pan'el t h a t  the CR's f o r  uranium . 

w i l l  vary as a func t ion  o f  s o i l  property more than. t h a t  observed f o r  
plutonium. Although considerable i s  known about the geochemistry of 
uranium and thorium, there i s  r e l a t i v e l y  l i t t l e  known about the eco- 
system dynamics o f  natura l  uranium and thorium. The environmenta.1 
chemistries of uranium, thorium, and plutonium i n  the 1 V  ox idat ion s ta te  
are q u i t e  s im i la r .  However, the most s tab le  ox idat ion s ta te  of uranium 



i n  -the environment exposed t o  the ahosbhere i s  u(vI)', which i s  
s i g n i f i c a n t l y  more soluble than T~(Iv). o r  Put IV) . I t s  greater 
so lub i . l i t y  and i t s  complexation w i t h  carbonates makes movement 
and uptake by p lants  i n  a1 ka l  i n e  s o i l s  s ign . i f i can t l y  g rea te r  than 
thorium and plutonium. . . 

. . 

Addi t ional  research should be d i rected a t  determining thre in f luence 
o f  the oxidation. s ta te  o f  Np(1V .and V) sorpt ion on s o i l  and uptake 
i n  plants. So i l -p lan t  research..should a lso be continued w i t h  respect 

. t o  Am and. Cm. . Greater emphasis shoul d be p l  aced on research .methods 
t o  p red i c t  the 1.ong-term behav-ior o f .  the act intdes ( p a r t i c u l a r l y  
plutonium) i n  so i l s .  



APPENDIX A 

Organic Mat te r  Compl e x a t i  on o f  Ac t i n ides  

The importance o f  hyd ro l ys i s  i n  governing Pu behavior,  i n c l u d i n g  t h e  
s o l u b l e  f r a c t i o n ,  has been demonstrated. However, t h e  smal l  f r a c t i o n  
a v a i l a b l e ' f o r  p l a n t  uptake from the  s o i l  s o l u t i o n  must be t r u l y  i n  
s o l u t i o n  as an i o n i c  species f o r  some f i n i t e  p e r i o d  o f  time.. Several 
poss ib le  mechanisms e x i s t  f o r  p r o v i d i n g  a  source 'o f  t h e  Pu i ons  a v a i l -  
a b l e  f o r  p l a  t r o o t  uptake, i n c l u d i n g  i o n  p a i r s  o f  Pu(V)-Pu(V1) and 
HCO-I, -CO -', o r  complexes o f  Pu(1V) w i t h  o rgan ic  1  igands. Organic 
1  i g i n d s  fo?m the  most s t a b l e  complexes w i t h  Pu(IV) , b u t  bo th  low 
molecular  weight  l igands and HCO-1 and CO-2 l e v e l s  a r e  d i r e c t l y  r e l a t e d  
t o  m ic rob ia l  act'ivi t y  Bnd t h e  de20mposi t i a n  o f  o rgan ic  ma te r i a l s .  
There i s  d i r e c t  evidence o f  Pu complexat ion w i t h  m ic rob ia l  metabol i tes  
and considerable presumptive evidence support ing a microbial i n f l u e n c e  
on Pu s o l u b i l i t y  i n  s o i l .  

The importance o f  d e f i n i n g  the  mecha.nisms respons ib le  f o r  ma in ta in ing  
a  pool o f  b i o l o g i c a l l y  a v a i l a b l e  Pu i s  . c r i t i c a l  f o r  t he  p r e d i c t i o n  o f  
t h e  behavior o f  Pu and other .  a c t i n i d e s  i n  the  s o i l - p l a n t  systems over  
the  long term and i n  environments n o t  s p e c i f i c a l l y  s tudied.  

dorninic A. ' ~ a t a l d o  
P a c i f i c  Northwest Laboratory 



APPENDIX B 

Resuspension of Actinides from Soil 

Wind and mechanical resuspension i s  known to occur from surf ic ia l  
contaminated areas. However, neither the resuspension rates  required 
for predicting downwind airborne 'concentrations, nor the airborne 
concentration a t  the contaminated s i t e ,  can be confidently predi,cted. 
The uncertainties or  range of experimental values range up  t o  13 orders 
of magnitude. Continuing research i s  needed to  reduce t h i s  uncertainty 
to  a to1 erabl e 1 eve1 in order to  develop predictive , transport  models 
which are  validated. 

We know resuspension i s  occurring from controlled s i t e s ,  b u t  we suspect 
resuspension and atmospheric transport is also occurring from off -s i te  
low-level l su r f i c i a l  contamination caused by prior deposition. The 
re la t ive  extent and quantity of th i s  o f f - s i t e  transport needs to  be 
established, the r a t e  of spreading, and i t s  source determined by finger- 
printing by isotopic Pu analysis. 

We now know Pu  i s  being transported i n  the a i r  on both respirable and 
non-respirable host par t ic les .  Both par t ic le  diameters are  suspect 
of being e i ther  an immediate or a subsequent respirable concern. When 
large host soil  ' part ic les  impact on a surface, many smaller so91 part ic les  
a re  released. I t  is reasonable to  assume tha t  Pu par t ic les  attached to  
the host ,soil  par t ic le  could also be released. ,Thus, the r a t e  of surf ic ial  
contamination spread needs to  be.determined. 

There i s  l i t t l e  data for  linking airborne Pu concentrations (dpm/g) to  
sur f ic ia l  concentration (dpm/g). The range of (dpm/g)airborne/ (dpm/g)surface 
.is not unity, b u t  can range seven orders of magnitude from 10-4 to  10 . 
This uncertainty i s  caused i n  part  by coll ecting airborne material which 
was transported from upwind ( rather  than a t  the surface below the a i r  
sampler) the non-homogeneous variation of the surface contamination, as 
we1 1 as too few surface sample resu l t s .  Data a re  needed to  1 ink airborne, 
concentrations to  surface properties including - contamination level ,  
dis t r ibut ion on the so i l  par t ic les ,  s ize  dis t r ibut ion,  ground cover, as 
well as wind s t r e s s  and mechanical s t r e s s  resuspension variables. 

Data are  needed to  resolve and/or determine the change i n  resuspension 
airborne concentration with time. Early data indicated airborne concen- 
t ra t ions a t  NTS decreased with a half-life of "40 days.' Thus, c redi t  
was taken i n  dose assessment calculations for  reduced airborne concen- 
t ra t ions fo r  succeeding time. However, airborne data were subsequently 
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c o l l  ected a t  the same NTS s i t e  b y  a d i f f e r e n t  invest igator .  Subsequently, 
the ear l y  and l a t t e r  a i rborneconcent ra t ions were compared by a  t h i r d  
invest igator .  This comparison showed t h a t  a i rborne concentrations were 
essen t ia l l y  the same. ( w i t h i n  one order o f  magnitude) f o r  both t ime periods. 
Thus, c r e d i t  cannot be taken f o r  reduced resuspension w i t h  time. Conse- 
quently, several resuspension.  experiment,^ under d i f f e r e n t  cont ro l  1  ed 
condi t ions are s t i l l  needed t o  resolve the change i n  resuspension, and 

. - hence, a i rborne concentrations w i t h  time. . I T  

f:' , - . 
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Pac i f ic  Northwest Laboratory- 



_1 I . . .  " ,  
I ' .  

C. W. Francis, Chairman E. H. Essington 
Oak Ridge.Nationa1 Laboratory . : Los A1 amos S c i e n t i f i c  Laboratory . . 

. . . . 
D. C. Adriano, Secretary -H. N ish i ta  . .  , . - . '  

Savannah River Ecology Laboratory Un ive rs i t y  o f  Cal i f o r n i a ,  Los Angeles 

G. W. Beal l  E . M. . Romney 
Oak Ridge Naijional Laboratory Un ive rs i t y  o f  Ca l i fo rn ia ,  Los Angeles 

J. C. Corey R. G. Schreckhise 
Savannah River Laboratory P a c i f i c  Northwest Laboratory 

D. A. Cataldo G. A. Sehmel 
Paci f i c Northwest Laboratory P a c i f i c  Northwest Laboratory 

R. F rank l in  
Department o f  Energy 

J. C. Wheppard 
Washington State .  ~ n i v e r s i  ty  

T. R. ~ a r l a n d .  T, Tamura 
P a c i f i c  Northwest ~ a b o r a t o r y  Oak Ridge National ~ a b o r a t o r y  

S; Y.. Lee 
Oak Ridge National Laboratory 

A. Wall ace 
Uni vers i  ty o f  ~ a l  i f o r n i  a, Los Angel es 

S. G. Metcal f  . W. Weimer 
Rockwell Handford Operations Paci f i c Northwest Laboratory 

D . Wester 
Argonne National Laboratory 



MARINE AND FRESHWATER RESEARCH PANEL 

INTRODUCTION 

F igure  1 presents an abbreviated schematic ou t l . i ne  of the concerns o f  
the  Panel. As the f i gu re  i nd i ca tes ,  our  u l t i m a t e  concern i s  t o  be ab le  
t o  p r e d i c t  t he  exposure o f  man. The diagram h i n t s  of the  complexi ty  o f  
source terms, envi ronments and pathways--both food web and non-food web-- 
t h a t  comprise the  research problems o f  p r e d i c t i n g  the  exposure o f  man. 
I t  should be kept  i n  mind t h a t  t h i s  research area i s  superimposed on 
the  na tu ra l  behavior o f  these environments and b io ta ,  which a l s o  i s  
incomplete ly  understood. 

Most o f  the t ransuran ic  elements, Pu, Am and Cm, i n  the sur face waters 
a re  f rom nuc lear  weapons t e s t i n g  r a t h e r  than the  d i r e c t  discharge from 
nuc lear  i n d u s t r i e s .  The p r i n c i p a l  one from nuc lear  weapons t e s t s  i s  
Pu. About 120 KCi of Pu are  now deposited on the  land and about 210 
KCi a r e  est imated t o  be i n ,  the  oceans. Americium and curium inven to r i es  
f rom t h i s  source a re  smal l .  A  bu i l dup  o f  241~111 w i l l  occur due t o  decay 
o f  241 PU; however, a t  most i t w i  1  1  represent  about 30 per.cen t o f  the  Pu 
a c t i v i t y .  

Nuclear i n d u s t r i e s  u s u a l l y  discharge d i r e c t l y  t o  the  environment, e.g., 
Windscale (U.K.), Trombay ( I n d i a ) ,  and the  Miami R ive r  (Ohio).  I n  some 
cases the Am a c t i v i t y  'exceeds the Pu a c t i v i t y  (Windscale). Other sources 
a re  nuclear  weapons t e s t s  on ocean i s l ands  and p lane accidents i n v o l v i n g  
nuclear  devices. Most s tud ies  i n  sur face waters have been based on Pu 
from f a l l o u t .  

Plutonium i n  the  open ocean i s  der ived from atmospheric depos i t i on  whereas 
i n  smal ler  water systems such as r i v e r s  and streams the m o b i l i z a t i o n  o f  
the t ransuran ic  elements from watersheds may be important .  I n  coasta l  
waters and l a r g e  lakes,  a  combination o f  the  two processes i s  impor tan t  
i n  the  budget o f  t ransuran ic  elements. Most observat ions a re  based on 
f a l l o u t ,  there fore ,  we are  observ ing the  system's average. response t o  
f a i r l y  un i fo rm d i s t r i b u t i o n s  o f  Pu. The use o f  many o f  these observat ions 
t o  s i t e  s p e c i f i c  problems should be done w i t h  caut ion.  However, one 
impor tan t  p o i n t  i s  t h a t  i n  a l l  aquat ic  systems the sediment o r  sedimentary 
p a r t i c l e s  a r e  the  pr imary r e p o s i t o r y  f o r  the  t ransuranics.  

' 

A t  present,  t ransuran ic  element concentrat ions measured i n  t he  open 
aquat ic  environment do n o t  pose a  hazard t o  man and i n  f a c t ,  a r e  i n s i g n i -  
cant  when compared t o  the na tu ra l  r a d i a t i o n  environment. The open 
aquat ic  environment i s  taken t o  mean t h a t  which i s  accessib le t o  members 
o f  the pub1 i c. 
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DESCRIPTION OF RESEARCH RESULTS AND NEEDS 

Transport Processes 

Several' considerations guided the del  i berations o f  t h i s  group charged 
w i t h  i den t i f y i ng  p r i o r i t y  research needs concerned w j t h  describing and 
p red ic t ing  the behavior o f  the movement.of ac t in ides about the ear th 's  
surface. 

F i r s t  o f  a l l ,  there i s  recogni t ion t h a t  we should be dealing w i t h  uranium 
and thorium isotopes as wel l  as the transuranics inasmuch as the former 
may we1 1 be involved i n  f u tu re  energy systems. 

Secondly, problems are usual ly  s i t e  spec i f i c .  Although i t  may be possible 
t o  general ize about the behavior o f  ac t in ides dur ing t h e i r  movement about 
the earth 's crust ,  the unique s i t ua t i on  w i l l  usual ly  preva i l .  Thus, 
p r i o r i t i e s  should be given t o  areas where nuclear fue l  i s  processed. 

. . 
F ina l  ly, theb group was uncomfortable about ce r ta in  t ransport  problems 
when expert ise was' unavailable. For example, i s  a i r  t ransport  o f  pa r t i c l es  
from high l eve l  storage areas wel l  researched? Are there leaks o f  act in ides 
t o  the atmosphere a t  nuclear f u e l  f a c i l i t i e s ? .  

The fo l lowing schematic diagram; Figure 2, i s  proposed as a common basis 
f o r  discussion o f  physical t ransport  processes moving act in ides i n  
d i f f e r e n t  aqueous environments. Plutonium i s  used i n  t h i s  example, 
however, s i m i l a r  diagrams could be drawn f o r  each ac t in ide  and there 
would ce r ta i n l y  be a large degree o f  commonality. 

The four  e q u i l i b r i a  i d e n t i f i e d  are' a l l :  amenable t o  study both i n  the 
laboratory and i n  the f i e l d .  Equi l ibr ium 1. roughly def.ines the basic 
chemical forms o f  the plutonium ( a c t i n i d e  element) present i n  so lu t ion.  
The r e l a t i v e  importance o f  e q u i l i b r i a  2 and 3 depends upon equi l ib r ium 1, 
and the important chemical parameters which a f f e c t  t h i s  equi l ib r ium w i l l ,  
therefore, need t o  be i den t i f i ed '  and measured. The r e l a t i v e  magni tudes 
o f  the d i s t r i b u t i o n  coe f f i c ien ts  I n  e q u i l i b r i a  2 and 3 wi 11 i n  general 
d i f f e r  and one o r ' t h e  other w i l l  dominate. 

Any understanding o f  t ranspor t  processes o f  the act in ides between the 
water i n  which they are soluble and the so l ids  on which they are sorbed 
requires f i r s t l y ,  knowledge o f  -the e q u i l i b r i a  t h a t  w i l l  u l  t imate ly  be 
establ ished i f  no changes i n  the system occur, and secondly knowledge 
o f  the rates a t  which these e q u i l i b r i a  are approached.. Information 
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about the e q u i l  i b r i a  inc ludes  the  assoc ia t i on  constants between each o f  
the  ions  and those l igands which s t r o n g l y  complex the  -ions, t he  associa- 
t i o n  constants o f  t he  l igands w i t h  t h e  hydronium ion,  t he  redox p o t e n t i a l s  
of ac t i n ides  w i t h  mu1 t i p l e  o x i d a t i o n  states,  and the  d i s t r i b u t i o n  r a t i o s  
o f  the  a c t i n i d e  and/or a c t i n i d e - l i g a n d  ions  between the  aqueous media 
and the  sol ' ids which s t r o n g l y  sorb them. O f  these, t he  assoc ia t i on  
constants o f  the l igands w i t h  the  hydronium i o n  a r e ' t h e  o n l y  ones f o r  
which r e l i a b l e  values may e x i s t .  For the  assoc ia t i on  constants o f  the 
ions  w i t h  l igands,  present  knowledge s t r o n g l y  suggests t h a t  complexing, 
i s  impor tan t  b u t  there  i s  l i t t l e  o r  no in format ion about the  ac tua l  . 
values o f  t he  constants. For the  d i s t r i b u t i o n  r a t i o s  of the  a c t i n i d e  
and/or ac t i n ide -1  igand ions  between the  aqueous media and s o l  ids ,  there  
a r e  approximate ( f a c t o r  o f  10) values f o r  the d i s t r i b u t i o n  r a t i o s  i n  
c e r t a i n  na tu ra l  systems and s t rong i n d i c a t i o n s  of what the p r i n c i p a l  
adsorbant s o l i d s  may be, b u t  no i n fo rma t ion  as t o  which o f  these s o l i d s  
dominates. ( I t  should be st ressed t h a t  the  p r i n c i p a l  adsorbant f o r  one 
a c t i n i d e  i s  n o t  the  same as t h a t  f o r  another. This  app l i es  even t o  
d i f f e r e n t  o x i d a t i o n  s ta tes  o f  the same element, i.e., Pu(IV) and Pu(V1) 
may be adsorbed onto d i f f e r e n t  s o l  i d  phases. ) 

The ox ida t ion- reduct ion  regime i s  p a r t i c u l a r l y  important  as i t  c o n t r o l s  
t he  form o f  elements such as uranium and plutonium. There a re  no r e l i a b l e  
values f o r  t he  redox p o t e n t i a l s  o f  t he  a c t i n i d e  complexes i n  near n e u t r a l  
media. Furthermore, t h i s  l a c k  extends t o  the impor tan t  na tu ra l  c o n s t i t -  
uents such as i r o n  and manganese t h a t  a re  m u l t i v a l e n t  i n  t he  environment. 
The chemical behavior o f  such ac t i n ides  as p lutonium and uranium i n  o x i c  
systems such as the  Great Lakes and the  open ocean can be p red i c ted  w i t h  
assurance t o  be v a s t l y  d i f f e r e n t  from those t h a t  e x i s t  i n  anoxic systems 
such as o rgan ic - r i ch  sediments. 

There i s  a  need f o r  bo th  i n  v i t r o  and i n  v i v o  i n v e s t i g a t i o n s  and conbina- 
t i o n s  o f  both. I n  the  a b G n o f  s u c h s t u d l e s ,  i t  w i l l  n o t  be poss ib le  
t o  develop models t o  p r e d i c t  the  behavior of the  a c t i n i d e s  i n  na tu ra l  
sys tems . 
Rate measurements a re  u r g e n t l y  needed. There i s  1  i t t l e  o r  no in fo rmat ion  . 
about the r a t e s  a t  which the  mu1 t i v a l e n t  a c t i n i d e s  e q u i l i b r a v e  w i t h  
atmospheric oxygen i n  the  o x i c  systems nor  the  r a t e s  a t  which the  ox id ized 
forms are  reduced when the  system goes f r o m  o x i c  t o  anoxic. Although i t  
has. been general l y  assumed t h a t  the Pu ion-1 igand reac t i ons  (assoc ia t ion  
and d i sassoc ia t i on )  a re  rapid,' there  i s  no r e a l  evidence t h a t  t h i s  i s  t r u e  
a t  the  very low concentrat ions involved.  There i s  unce r ta in t y  about a  
s i m i l a r  s i t u a t i o n  fo,r  t he  r a t e s  a t  which the  a c t i n i d e  and/or a c t i n i d e -  

' 1  igand ions adsorb and desorb from s o l  ids .  



Ground Water 

The t ranspor t  o f  ac t i n ides  by underground water has received i n s u f f i c i e n t  
a t t e n t i o n .  The problems t h a t  should be s tud ied  i nc lude  the  p o t e n t i a l  
methods o f  i n j e c t i o n  o f  the a c t i n i d e s  i n t o  var ious types o f  aqu i fe rs ,  
the  e f f e c t  o f , t h e  d isso lved and s o l i d  phases i n  the  water on the  chemical 
na ture  o f  the  i n j e c t e d  ac t i n ides ,  and, the  e f f e c t  o f  i n te rven ing  geo log ica l  
format ions du r ing  the  t r a n s p o r t  o f  the contaminated w a t e r  on i t s  way t o  
the aquifer.  

Rivers 

R ivers  rece i ve  t h e i r  t ransuran ic  i n p u t  p r i m a r i l y  from m o b i l i z a t i o n  o f  
t ransuran ic  elements o f f  watersheds. Estimates o f  watershed Pu l o s s  
ra tes  t o  r i v e r s  range from 0.05 percent lyear  t o  0.005 percent  of t he  
est imated Pu i nven to ry  i n  the  watershed. The h igher  value i s  f o r  a  
h e a v i l y  c u l t i v a t e d  watershed i n  Ohio versus the  h e a v i l y  f o res ted  Savannah 
R ive r  watershed which i s  r e s e r v o i r  regulated.  These l o s s  r a t e s  r e s u l  t 
i n  Pu concentrat ions o f  %.I t o  %2 f C i / l  i n  the  r i v e r s .  S i m i l a r  est imates 
o f  Am and Cm watershed l oss  r a t e s  a re  n o t  a v a i l a b l e  because o f  s p a r s i t y  I 

o f  r i v e r . c o n c e n t r a t i o n  data and because the  watershed i nven to r i es  o f  
these nuc l ides  have n o t  been made. However, based on r a t i o s  of Pu/Am 
concentrat ions one would expect Am removal values t o  be s i m i l a r  t o  Pu. 
On-going research on o the r  types o f  r i v e r  systems w i l l  p rov ide  a d d i t i o n a l  
watershed l oss  r a t e  values. L i t e r a t u r e  on Th and U concentrat ions are  
a v a i l a b l e  f o r  r i v e r s ;  however, a  rev iew o f  the l i t e r a t u r e  t o  determine 
i t s  usefulness f o r  determin ing Th and U t ranspor t  processes has n o t  
been made. 

Transport  o f  a c t i n i d e  elements by r i v e r  systems i s  a  sub jec t  o f  major  
concern i n  assessment o f  the  p o t e n t i a l  hazards t o  man r e s u l t i n g  from 
the  handl ing o f  reac to r  wastes. 

The behavior o f  ac t i n ides  i n  r i v e r s  may be s t r o n g l y  in f luenced by the  
chemistry p r e v a i l i n g  i n  the  s p e c i f i c  drainage basins. For example, 
r i v e r s  d r a i n i n g  a r i d  lands a re  t y p i c a l l y  lower i n  both suspended and 
d isso lved organic carbon and h igher  i n  d isso lved carbonate i o n  than 
r i v e r s  i n  more humid c l imates.  R ivers  d r a i n i n g  swamp areas con ta in  
extreme1.y h igh  loads o f  humic ac ids and o ther  d isso lved organic com- 
pounds.: D i f fe rences have been observed i n  t he  behavior o f  t r a c e  
meta1s. in  r i v e r s  as a  f u n c t i o n  o f  these parameters. There i s  l i t t l e  
i n fo rma t ion  concerning the  d i s t r i b u t i o n  o f  a c t i n i d e  elements between 
the  d isso lved and suspended load o f  sediments and a l so  concerning the  
i n f l uence  o f  l igands,  sediment mineralogy, and sediment chemistry 
on the d i s t r i b u t i o n .  The l a c k  o f  i n fo rma t ion  inc ludes the  transuranium 
elements i n  general, b u t  a l so  extends t o  uranium and thor ium and t h e i r  
daughter products i n  r i v e r s .  



Both f i e l d  and l abo ra to ry  research a r e  requ i red  t o  make poss ib le  pre-  
d i c t i v e  models f o r  the  behavior o f  a c t i n i d e  elements i n  these systems. 
Studies concerning adsorp t ion  p rope r t i es  o f  a c t i n i d e s  and a l s o  U-Th 
s e r i e s  nuc l ides  on a v a r i e t y  o f  sur faces need t o  be supplemented w i t h  
observat ions i n  na ture  o f  the  parameters which c o n t r o l  the  behavior o f  
these elements. The contaminat ion of the e a r t h ' s  surface w i t h  f a l l o u t  
nuc l ides  and re leases from nuc lear  f a c i  1  i t i e s  prov ide  adequate amounts 
o f  these elements f o r  s tud ies  i n  na tu ra l  systems. I t  may be f r u i t f u l  
t o  pursue s tud ies  of chemical analo s  i n  na tu ra l  systems, e s p e c i a l l y  
U and Th as analogs f o r  put6 and Puq4. U and Th a re  a d d i t i o n a l l y  
impor tan t  because of the  probable f u t u r e  emphasis on U-Th f u e l  cyc les 
r a t h e r  than breeder reac tors .  

The chemical i n t e r a c t i o n s  o f  a c t i n i d e s  i n  r i v e r s  w i l l  c o n t r o l  t he  form 
' 

i n  which these elements are  in t roduced i n t o  es tuar ies .  The understanding 
o f  the  chemistry o f  the  i n p u t  source i s  necessary t o  a d e s c r i p t i o n  o f  
t h i s  n e x t  s tep  i n  t r a n s p o r t  o f  m a t e r i a l s  t o  the  ocean. 

Estuar ies 

Es tuar ies  rece i ve  water conta in ing  t ransuran ic  elements from t e r r e s t r i a l  
sources as w e l l  as the  ocean. A t  t h i s  i n t e r f a c e  between the oceans and 
r i v e r s ,  many i n t e r a c t i o n s  occur. The p r i n c i p a l  i n t e r a c t i o n s  a r e  the  
depos i t i on  o f  suspended sediment from t e r r e s t r i a l  sources by s a l t  water 
f l o c c u l a t i o n  and the  ensuing sorp t ion-desorp t ion  reac t ions .  Sediment 
depos i t i on  pa t te rns  vary from estuary t o  estuary, and a re  sub jec t  t o  
changing w i t h  storms and r i v e r  f low.  Dredging t o  main ta in  sh ipp ing  
channels i s  an impor tan t  t r a n s l o c a t o r  o f  sediment i n  many es tuar ies .  
The dredged m a t e r i a l  i s  sometimes used as l a n d f i l l ,  w i t h  the  f i l l e d  
areas used as farmland o r  f o r  o the r  a c t i v i t i e s .  

Plutonium concentrat ions i n  es tua r ine  waters a re  about th-e same as f o r  
r i v e r s ,  %.I t o  3 f C i / l ,  the  h igher  concentrat ions a re  u s u a l l y  associ -  
a ted  w i t h  h igher  suspended sediment loads. Probably h a l f  o f  t he  r i v e r i n e  
concent ra t ion  i s  deposited i n  t he  es tuary  and the  o the r  h a l f  i s  t rans-  
po r ted  t o  the  ocean. However, the  t ransuran ic  i n p u t  from the ocean has 
n o t  been p rope r l y  eval  ua ted. 

Plutonium concentrat ions i n  es tua r ine  sediments range from <1 fCi/gm 
t o  200 fCi/gm ( d r y  w t )  which i s  i n  t he  'same range as f o r  othe'r aquat ic  
environments. From Pu data i t  i s  obvious t h a t  depos i t ion  pa t te rns  a re  
nonuniform and most sediments show a decrease i n  Pu concent ra t ion  down- 
ward. Many times no s i g n i f i c a n t  d i f f e r e n c e  i n  Pu conce.ntrations were 
found i n  sediments from the  headwaters t o  the  mouth o f  the  estuary.  



Large estuaries can support a. substantial f ishery (i . e. , Chesapeake Bay) ; 
however,.,Pu concentrations in f i sh  from estuaries are about the same as , 

fo r  rivers and coastal areas (< I0  fCi/gm dry w t )  which resul ts  in doses 
.\10.001 percent of the dose from natural radioactivity.  However; estuaries 
are  s i t e s  of major shell  f isheries  and shel l f ish normally have concentra- 
tion ra t ios  (concentration in organisms/concentrati on in seawater) fo r  
transuranic elements that  can be as high as 1000. Due to lower consump- 
tion of shel l f ish and s t i l l  re lat ively low Pu concentration (%I0 fCi/gm 
dry . w t ) '  the radiation dose' to the human population i s  s t i l l  insignificant 
when compared to  the natural radiation dose. 

A variety of estuarine areas, characterized by the i r  physics, biology 
and chemistry, a re .  under investigation b u t  these have not ye t  produced 
the amount of information required for  generalizations about actinide 
transport. 

. . 

Cycl ing of Actinides in Aquatic Ecosystems 

Observations have been made in the l a s t  decade of actinide behavior in 
freshwater and marine aquatic environments around the world. The loca- 
tions studied include areas which have received inputs of transuranic 
elements from stratospheric f a l lou t  alone--such as the Great Lakes, 
coastal zones, estuaries and the open oceans and the areas where nuclear 
weapons 'debris f e l l  locally such as Bikini and Enewetok At01 1s. Coastal 
areas including the English Channel, I r ish Sea, and Trombay, India, and 
rivers such as the Miami in Ohio have had releases from fuel fabrication 
o r  reprocessing plants. Results of these studies were examined in terms 
of four general prevalent concepts: 

1. Transuranic elements are insoluble and immobile in the aquatic 
environment; 

2. transuranic elements in marine systems behave different ly than in 
freshwater systems; 

3. the behavior of the transuranic elements in .  the environment i s  
dependent upon source term; and 

4. trarkuranic elements do not increase .i 11 concentration with higher 
trophi c 1 eve1 . 

, . 



,Geochemical Interactions 

The experimental data fo r  freshwater systems so f a r  indicate tha t  two 
of the general hypotheses i n  relation to the transuranic elements, viz. - 
(1) tha t  they are  insoluble and 'immobile i n  the aquatic environment, 
and ( 2 )  that the i r  behavior i s  dependent upon source term are not 
confirmed. While i t  may be argued tha t  any element which seeks the 
sediments as strongly as plutonium i s  insoluble, when the so lubi l i ty  
can vary by two orders of magnitude the element cannot he considered 
' t o  be completely insoluble. However, there a re  complex interrelat ion-  
ships between the tendency for  complexation and the various oxidation 
s t a t e s  . 
We could find no evidence to  suggest tha t  differing sources have any 
e f fec t  on the chemical properties of the transurani c elements in aquatic 
systems when moderately well dispersed i n  the system. The resul ts  
indicate tha t  the transuranic elements are soluble to  some extent in 
both freshwater and marine systems and therefore available for  d i rec t  
active physiological transfer across biological membranes. From the 
evidence available plutonium appears to  behave chemically and biologically 
a l ike  in the oceans and the Great Lakes. Since these systems are  oligo- 
trophic and the i r  chemical properties are  largely controlled by the i r  
respective carbonate cycles, the s imilar i ty  in the values of KD and the 
r a t io  of Pu(V,VI)/Pu(IV) should be expected. However, the behavior in 
the oceans may not be as simple as i t  would appear. 

Nelson reported tha t ,  whi1.e a l l  the plutonium remaining i n  solution 
immediately a f t e r  discharge from the Windscale Plant will pass through 
an ul t r a f i l  t e r  and i s  predominantly Pu(VI), samples collected in the 
North Sea which contain a f a r  lower concentration of plutonium have 
a higher fraction of the i r  content as Pu(1V). 

In a1 kal ine, ol'igotrophic lake systems soluble plutonium appears to  
be in equilibrium in solution with the major fraction present as 
Pu(V1) or Pu(V) (probably as a carbonate complex), b u t  Pu(1V) i s  
primarily taken up  by part iculate  material. In other lakes a .majority 
of the soluble plutonium~appears to  be present as Pu(II1) or (IV). 

These studies show the danger of attempting to  extrapolate the resu l t s  
of 1 aboratory experiments carried out w i  t h  moderately concentrated 
solutions ( > ~ o - ~ M )  t o  predict the behavior of plutonium i n  the envir 99, rnent, where-the maximum concentration observed has not exceeded %lo- , 
I t  must b recognized, however, tha t  somewhere within the concentration 
range 10-73 -10-GR, plutonium ceases to  exhibit  the properties of 
simple ions and the formation of polymeric species cannot be ignored. 



Biological Accumulation 

The major r e su l t  common to a l l  biological studies to  date i s  that  the 
transuranic el ements,.dp not increase in concentration wi t h  higher 
trophic level i n  aquatic'organisms, thus bearing u p  the previously 
held concept. While bioaccumulation of plutonium and americium occurs 
i n  a l l  organisms, biomagnification, i n  general, does not appear to  
occur a t  higher trophic levels.  However, a t  present we do not know 
what fraction of the element i n  the environment i s  biologically avail-  
able to man re la t ive  to  a calculated concentration factor in aquatic 
organisms. 

I t  i s  c lear  tha t  we do not ye t  understand the complexities of the trans- 
f e r  of the transuranic elements through aquatic food chains. However, 
there i s  no evidence so f a r  to  suggest tha t  these elements behave l ike  
mercury i n  the food chain, in that  high concentrations are  not found 
in edible f i sh  species. The experiments so f a r  confirm the d i f f i c u l t i e s ,  
in understanding of the biological cycling of these elements in aquatic 
systems. The variabi l i ty  in the values of the concentration ra t ios  
re f lec ts  not only biological variation b u t  also variations i n  the 
concentration or chemical form of plutonium or americium i n  the water 
col umn, parti cul ar ly  fo r  free-movi ng species. 

In terms .of transfer to humans, i t  i s  c lear  tha t  the transuranic 
elements are not s ignif icant ly enriched in the fresh edib1.e f i sh .  
However, 1 i t t l  e is, known about the mechanisms of transfer through 
the food chain.. 

:2# 

Marine - g&ochemical cycles of the natural ly-occurri ng actinides and 
the i r  daughters are  well known, owing i n  par t  to the i r  usefulness 
for  studies of ocean dynamics. Tetravalent and t r iva lent  .forms 
such as those of thorium or actinium are l eas t  soluble and their  
transport tends to be primarily with par t iculate  matter. Biological 
uptake of .  te t ravalent  and t r iva lent  actinides i s  a lso,  therefore, 
re lat ively s l i g h t  compared to other members of the ser ies .  O n  the 
other hand,, hexavalent uranium and divalent radium are more soluble, 
more mobile and of greater biol.ogica1 ava i lab i l i ty  in the marine 
environment. Radium-226 and 228~a both are  released into seawater 
,from sediments. The former appears to  be returned to sediments i n  
zones of. high biological productivity. 



It i s  wel l  establ ished t h a t  210~o,  a member of the 238uFseries below the 
h igh l y  mobile i n e r t  gas 222Rn, i s  a major cont r ibu t o  the natura l  
rad ia t ion-dose f o r  some marine organisms. I n  the 5gjTh ser ies i t  appears 
t h a t  228~a  i s  the most mobi le  member bu t  r e l a t i v e l y  l i t t l e  i s  known o f  
i t s  ecological dynamics. I t  w i l l  be important t o  determine the t rans fe r  
routes and coe f f i c ien ts  whereby 228~a  and i t s  2 2 8 ~ h  daughter may move 
from coastal waters t o  man. By coincidence, the natural  in t roduc t ion  
o f  @ a t i v e l y  so lub le  228Ra i n t o  coastal water and i t s  subsequent decay 
t o  Th mimics the po ten t ia l  inadvertent re lease.of  r e l a t i v e l y  soluble 
2 3 2 ~  (a by-product o f  the thorium fuel cycle)  and i t s  decay t o  228~h. 
.The ser ies o f  short-1 ived, a1 pha-emi t t i n g  daughters o f  2 2 8 ~ h  make i t s  
s p e c i f i c  b io log ica l  dose r a t e  among the greatest  o f  a1 1 radionucl ides. 
It i s  therefore important t o  determine i t s  f a t e  i n  marine systems both 
f o r  the,  est imation o f  natural  dose rates and, also, f o r  assessment o f  
po ten t i a l  hazard from by-products o f  the thorium fue l  cycle. 

Sediment Uptake and Redis t r ibut ion 

Experimental stud'ies i n  the  Great Lakes, Buzzards Bay, I r i s h  Sea, and 
Trombay Harbor have shown t h a t  i n  these comparatively shallow bodies 
o f .  water greater than 95 percent o f  the t o t a l  plutonium introduced as 
a r e s u l t  of f a l l o u t  and discharges from fuel reprocessing plants i s  
r ap id l y  t ransferred t o  sediments. 

Where the r a t e  o f  sedimentation i s  comparatively rapid, the sediments 
provide a record o f  not  only the h i s to r y  of deposit ion but  a lso evidence 
o f  r e d i s t r i b u t i o n  o f  the sediments due t o  physical, chemical and b io-  
l og i ca l  processes. 

I n te r f ace  Processes Section 

While several in ter faces.  o f  biogeochemical importance may be defined 
f o r  the transuranic elements i n  natura l  waters, the in te r face  o f  major 
importance i s  t h a t  between man and the environment. - I n  recent years, 
a considerable e f f o r t  has gone i n t o  the study o f  the t ransport  o f  
plutonium across th is .  inter face. The resu l ts  o f  t h i s  e f f o r t  have 
af forded a general understanding of the possible impact o f  plutonium 
on man. However, s i m i l a r  knowledge i s  lacking f o r  the other trans- 
uranium elements, i .e., Np, Am, Cm; as wel l  as uranium and' thorium 
and t h e i r  respect ive rad io log ic  daughters. This i n f o m a t i o n . w i l 1  be 
important i n  proposed nuclear f u e l  cycles. 



It has been stressed. t h a t  on a long .time scale. (hundreds .to thousands 
o f  years) the oceans w i l l  be an extremely important component o f  the 
biogeochemical cyc le  o f  ac t i n i de  elements. Hence, a quan t i t a t i ve  . 
understanding o f  the basic physical constants o f  the oceanic system 
must be forthcoming , inc lud ing deep water c i r c u l a t i o n  rates,  thermal . 
coe f f i c i en t s  o f  deep sea oozes and p l a s t i c i t y  o f  .sediments .. However, 
i n  considering the in te r face  t o  man, shallow water systems are f a r  
more important than the deep ocean. I n  fac t ,  on a shor t  t ime- scale 

, (days t o  hundreds o f  years) freshwater and estuar ine systems w i l l  be 
o f  prime importance because o f  t h e i r  prox imi ty  t o  man's a c t i  v i . t ies .  

The problems o f  source tern, ckemica.1 form, storage and t ranspor t  i n  
various compartments of the in ter faces t o  man (freshwater, estuar ies , 
groundwater and atmosphere) have been addressed by the o ther  discus.sion 
groups. The general conclusion i n  every case i s , t h a t  the ava i lab le  
i n f o m a t i o n  i s ,  by necessity, s i t e  spec i f i c .  ' I n  addi t ion,  the data 
which do e x i s t  are p r ima r i l y  f o r  plutonium and are barely.adequate. 
Information on americium, uranium, thorium and t h e i r  rad io log ic  
daughters i s  1 im i ted  and c e r t a i n l y  no t  adequate, whi le  informat ion .. 

on neptunium and curium i s  essen t i a l l y  non ex is tent .  
. . 

The f i n a l  compartment i n  the i n te r f ace  o f  environment w i t h  man t h a t  
was discussed by t h i s  group was diet.. 1 t . i ~  general ly  accepted t h a t  
there i s  no biomagni f icat ion o f  plutonium i n  la rge  aquatic. food webs 
t h a t  eventual ly  t rans fe r  t o  man v i a  the ingest ion o f  p isc ivorous f i s h .  
The data base f o r  the 'o ther  act in ides,  espec ia l ly  i n  marine systems., 
does no t  a l low us t o  make .the same statement f o r  these elements. How- 
ever, l i t t l e  i s  known, even f o r  plutonium, about t r a n s f e r , o f  mater ia l  
t o  man v i a  shortened food webs where ind iv idua ls  d i r e c t l y  consume 
organisms from the i n i t i a l  t roph ic  l eve l  which are  known concentrators 
o f  plutonium. Examp1.e~ o f  t h i s  behavior may be found i n  any o f  a 
number o f  cu l tures which regu la r l y  ea t  seaweeds o r  seaweed products . . 

(e-g., a lg in ) .  F i na l l y ,  what i s  the r e l a t i v e  importance i n  these 
food webs o f  dissolved vs. p a r t i c u l a t e  forms o f  a l l  the act i 'nides 
on accumulation by organisms and r e l a t i v e  a v a i l a b i l i t y  t o  man? ~ 

I t  was the conclusion o f  t h i s  discussion group t h a t  very l i t t l e  
information ex i s t s  on the chemical forms, transport,  and avaiqabi l  i t y  
t o  man o f  the ac t i n i de  elements and uranium and thorium daughters i n  
freshwaters, groundwaters and estuar ies t h a t  would a l l ow - the  construc- 
t i o n  o f  a p red i c t i ve  model o f  these elements i n  the environment. Of 
p a r t i c u l a r  concern, i s  the pauc i ty  o f  data f o r  elements o f  the uranium 
and thorium ser ies i n  food webs o f  f resh  and nearshore surface waters 
and the chemical changes t ha t  these elements may undergo. in ground- 
water environments. 



Transcending the  e n t i r e  d iscuss ion o f  the  environmental i n t e r f a c e  w i t h  
man i s  the  pr imary observat ion'  o f  t he  s i t e  s p e c i f i c  o r  r e g i o n a l i t y  o f  
t he  problems t h a t  we are  asked t o  address. It i s  d i f f i c u l t  t o  imagine 
t h a t  so few inves t iga to rs ,  facing the  1 i m i  ted  number o f  environments 
t h a t  each i s  capable o f  studying, w i i l  a r r i v e  a t  so lu t i ons  on a g loba l  
scale. Emphasis should be placed on achiev ing p r e d i c t a b i l i t y  w i t h i n  
regions having s i m i l a r  problems. Whether those regions be def ined by 
l oca le ,  c l ima te  o r  soc ia l  customs i s  n o t  important .  What i s  important  
i s  t h a t  the  p r a c t i c a l  ,boundaries and magni twde of t h e  in ter faces w i t h  
man be q u a n t i t a t i v e l y  def ined w i t h i n  a region.  These cond i t ions  have 
ba re l y  been met f o r  plutonium and, f o r  the  most pa r t ,  have n o t  been 
addressed f o r  t he  o ther  elements under d iscussion.  

Research Needs 

Programmatic Problem Areas Re1 eated to. t he  Nuclear A1 te rna t i ves  

1. Evaluat ion o f  parameters r e l a t e d  t o  the re lease of rad ioac t i ve  
wastes i n  the  oceans, p a r t i c u l a r l y  i n  regard t o  sea-bed emplace- 
men t. 

2 .  The eva luat ion  o f  the  c r i t i c a l  parameters r e l a t e d  t o  the  ca l cu la -  
t i o n  o f  dose t o  man--concentration. f a c t o r s  and .gu t  t r a n s f e r  f o r :  

a. the t ransuran ic  elements, 
b. a1 pha-act ive products from a1 t e r n a t i v e  f u e l  cycles, and 
c. na tu ra l  a1 pha-emi t t e r s .  

3 .  The need t o  develop comprehensive conceptual and then pred ic -  
t i v e  models f o r  the  chemical speciat ion,  b i o l o g i c a l  uptake and 
t ranspor t  o f  these rad ionuc l ides  i n  a l l  watersheds coupled t o  
the  oceans which w i l l  i n t e r f a c e  w i t h  the  models used by I C R P  
t o  p r e d i c t  dose t o  man. 

Research Topics o f  C r i t i c a l  Importance Related t o  . 
These Problem Areas Which Have Not Been Adequately Explored 

1. Charac ter iza t ion  o f  source terms i n  r e l a t i o n  t o  l a b i l e  and non- 
l a b i l e  forms o f  t ransuran ic  elements. Are the re  any sources a t  
present  i n  the  environment which a re  s t r i c t l y  nonlabi  l e y  i .e. ,. 

. I  

l i k e  h i g h - f i r e d  oxides? 



2. The determination o f  chemical form (spec ia t ion)  i n  water bodies 
1 i kely  t o  cont r ibute  s i g n i f i c a n t l y  t o  the dose t o  man: 

a. ox'idation s ta te  

b. complex formation wi th 'major  inorganic l igands and w i t h  
characterized natura l  organic 1 igands '(see c below) 

c. character ize organic complexing agents responsible fo r  
p re fe ren t ia l  s o l u b i l i t y  o f  Pu(1V) i n  ce r t a i n  freshwater 
sys terns 

d. .as a f fec ted  by, microb io log ica l  react ions 
. , 

3.  The determination o f  concentrat ion ra t i os - - i s  the uptake by 
organisms dependent upon chemical form and/or environment? 
Concentrate on species and environments leading d i r e c t l y  t o  
man. Val i da te  u t i l i t y  o f ,  the use o f  t roph ic  t rans fe r  fac tors .  

4. Make a carefu l  evaluat ion o f  d i s t r i b u t i o n  coe f f i c ien ts  (Kg's) 
w i t h  sediments: IS equi l  i brium r e a l l y  'attained? 

a. 'Are ' K  ' s  dependent upon sediment type, water chemistry P (comp exing , etc. ) , mineralogy, and surface adsorption. 

b. DO prec ip i ta tes  o f  the transuranic elements occur i n  the 
environment, i.e., i s  the s o l u b i l i t y  product concept 
vai  i d ?  

. b  

. . 

c. ' What happens i n  passage from f resh  t o  sa l ine  condi t ions? 

5. Determine the t ransfer  o f  r ad ioac t i v i  t y  from t e r r e s t r i a l  t o  
aquatic environments and thus t o  the oceans due t o  windand 
water erosion. In tegrate  the transuranic element data i n  
r e l a t i o n  t o  our general knowledge o f  the t ranspor t  o f  sedi- 
ments i n  a l l  coastal~environments, from land, t o  r i ve r s ,  t o  
oceans. 

6. Determine the loss o f  plutonium and americium from temporary 
sinks (0-100 years) and t rans fe r  , to  permanent sinks i n  sedi- 
men t s  . 



a. What i s  the r a t e  of t rans fe r  of sediments from the cont inental  
shelf t o  the deep oceans? 

b. Evaluate the residence time of radionucl ides i n  the surface 
layers o f  sediments w i t h  respect t o  sedimentation rate,  b io-  
turbation, catastrophic events i n  c r i t i c a l  areas and the 
transfer t o  the b i o t i c  comnunity. 

7. Are there any possible'  mechanisms which can re tu rn  radionucl ides 
from the deep ocean t o  the cont inental  she l f?  . I 

8. Continue t o  use radionucl ides as t racers f o r  physical, b io log ica l  
and chemical processes. The processes w i l l  be the same f o r  a l l  
other energy-rela ted pol 1 utants whether organic o r  inorganic. The 
sinks w i l l  be the same. The major advantage i n  using f o r  example 
Pu(1V) and Pu(V1) as t racers  f o r  Th(1V) and U ( V I ) ,  respect ively,  
i s  t ha t  the Pu i s  no t  i n  equi l ib r ium and therefore we can measure 
the r a t e  o f  change. 

9. Inves t i  a te  the e f f ec t s  o f  po l lu tan ts  from other.  technologies on 
the ( r e  3 mobi 1 i z a t i  on o f  transuranic elements i n '  the environment. 
What w i l l  be the e f f e c t  o f  ac id  r a i n  for.example on the concentra- 
t i o n  o f  plutonium i n  s.of t  wa,ter lakes and reservoirs?,  ' 

10. Invasion o f -  ac t in ides i n t o  groundwater.' 

11. Kinet ics o f  exchange o f  introduced isotopes o f  Th and U w i t h  t h e i r  
natural  i sotopes--d i f ferent ia t ion between surface adsorption o f  
po l lu tan ts  and incorporat ion i n t o  mineral l a t t i c e s .  
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Panel Objectives: 
. . 

The o r i g i n a l  goals o f  the  S t a t i s t i c s  and ~ o d e l  i n g  Panel were t o  
i den t i f y :  

a   he type and qua1 i t y  o f  environmental data needed t o  make 
general izat ions concerning environmental t ransport  o f  ac t in ides 
t o  man. 

e S t a t i s t i c a l  design and analysis needs. 

a Modeling needs. 

We began by attending. other pane1 sessions t o  gather information, be 
ava i lab le  for .d iscussions,  and keep abreast o f  possible f u tu re  d i rec t ions  
o f  research. The.r.entaining time we met, together as a panel t o  discuss 
issues and prepare a rough d r a f t  o f  our f i n a l  report .  This r e p o r t .  
begins w i t h . t h e  i d e n t i f i c a t i o n  o f  perceived problem areas and a l i s t  
o f  spec i f i c  recommendations t o  help solve these problems. This i s  
fol lowed by a summary o f  discussions t h a t  occurred dur ing our panel 
meetings. We conclude w i t h  some summary remarks. 

I d e n t i f i c a t i o n  o f  problem areas: 

A t  an ea r l y  stage o f  the workshop we came t o  the general consensus tha't 
several problem areas i n  s t a t i s t i c s  and modeling ex is t :  

a ' Modeling and s t a t i s t i c s  are no t .  being u t i l i z e d  t o  t h e i r  f u l l  advantage 
by researchers. 

e A need ex i s t s  f o r  increased communication between modelers, s ta t i s t i c i ans ,  
and researchers. 

a The e f f o r t s  o f  the modeler, s t a t i s t i c i a n ,  and researcher are often 
uncoordinated. 

a '  Modelers are f requent ly charged w i t h  providing a p red ic t ion  f o r  
decision making purposes w i t h  inadequate data. 



The n e t  e f f e c t  o f  these in f luences i s  t o  slow down both the  r a t e  a t  
which research ob jec t i ves  w i l l  be achieved and t h e  q u a l i t y  o f  t h e  
modeling exerc ise.  The panel f e e l s  researchers need t o  have a g rea te r  
awareness o f  the  r o l e  t h a t  modelers and s t a t i s t i c i a n s  can .plan i n  the 
conceptua l iza t ion ,  design, execut ion, analys is ,  and r e p o r t  p repara t ion  
phases o f  a research e f f o r t .  

I d e a l l y ,  i n t e r a c t i o n  between t h e  s t a t i s t i c i a n ,  modeler, and researcher 
should' f o l l o w  th i ' s  pa t te rn :  An i n teg ra ted ,  t e n t a t i v e  model f o r  the  
process under study i s  developed i n  .conc,ert w i t h  t h e  researcher,  making 
f u l l  use o f  h i s  p r i o r  knowledge and o f  any hypotheses he may have 
regarding processes. Close i n t e r a c t i o n  a t  t h i s  conceptua l iza t ion  phase 
helps the researcher  de f i ne  h i s  s tudy ob jec t i ves  t o  a f i n e r  degree and 
should r e s u l t  i n  a more e f f i c i  en't. s tudy design.. E f f e c t i v e  communication 
exposes aspects o f  t he  in tended research t h a t  tiad n o t  been p rev ious l y  
recognized. P re l im ina ry  analyses o r  computations a re  performed t o  
i d e n t i f y  s e n s i t i v e  f a c t o r s  and.as a d i r e c t i o n  t o  a i d  research. P i l o t  
s tud ies  a re  conducted t o  c o l l e c t  i n fo rma t ion  requ i red  t o  design an 
e f f i c i e n t  research e f f o r t .  Once data have been obta ined and s t a t i s t i c a l l y  
analyzed,. they  a r e  used t o  evaluate the  o r i g i n a l  t e n t a t i v e  model, ob ta in  
a b e t t e r  understanding of t h e  process, determine i f  s i g n i f i c a n t  parameters 
have been i d e n t i f i e d ,  perform model s e n s i t i v i t y  analyses, i d e n t i f y  model ' 

weaknesses, and attempt a v a l i d a t i o n  o f  the  model. These analyses form 
a bas is  f o r  designing f u t u r e  s tud ies  which, i n  t u rn ,  r e s u l t  i n  a d d i t i o n a l  
data f o r  i n p u t  models. 

I n  essence, we are  desc r ib ing  the  s c i e n t i f i c  method and i t s  a p p l i c a t i o n  
t o  environmental s tudies.  I n  r e a l i t y ,  t h i s  i d e a l  i s  seldom accomplished. 
The S t a t i s t i c s  and Modeling Panel be l ieves  tHe process i s  n o t  working 
o p t i m a l l y  due, a t  l e a s t  i n  p a r t ,  t o  a l a c k  o f  communication between 
modelers, s t a t i s t i c i a n s ,  and researchers. 

a 

Recommenda ti ons : 

I n  1 i g h t  o f  t he  above d iscussion,  t h i s  panel makes the  f o l l o w i n g  general 
recommendations: 

8 OHER should consider  steps i t  can take t o  increase communication 
between researchers t o  he lp  ensure t h a t  research goals a r e  met 
w i t h  increased e f f i c i e n c y .  

8 OHER should take a more a c t i v e  r o l e  i n  d e f i n i n g  research ob jec t i ves  
and coo rd ina t i ng  r e ~ e a r c h ~ e f f o r t s  between labo ra to r i es .  



One approach t o  imp1 ementing these recommendations might  c o n s i s t  o f  
es tab l  i s h i  ng a  model i n g - s t a t i  s t i cs - researcher  group ( o r  person) w i t h i n  
OHER t o  he lp  d i r e c t  and coord ina te  research, and t o  make sure t h a t  t he  
r i g h t  quest ions a re  being asked and t h a t  s tud ies  a r e ' p r o p e r l y  planned 
and executed t o  answer these quest ions. 

Th is  .panel has a l so  i d e n t i f i e d  a  number, o f  other ,  more s p e c i f i c ,  
model i ng and s t a t i s t i c a l  needs. S p e c i f i c  recommendations d i r e c t e d  
a t , i n c r e a s i n g  communication and improving the  design and ana lys i s  , 

o f  environmental a c t i n i d e  s tud ies  are: 

1. Increased a t t e n t i o n  t o  p rec i se  d e f i n i t i o n  o f  study ob jec t i ves .  
Precise study ob jec t i ves  he lp  ensure an eas ie r  t r a n s i t i o n  t o  more 
e f f i c i e n t  s tudy designs and more powerful  s t a t i s t i c a l  analyses. 
A  c lose  matching o f  sampling methods w i t h  s tudy ob jec t i ves  i s  
essen t i a l .  The fo rmu la t i on  o f  ob jec t i ves  and methods requ i res  
t h a t  we ask ourselyes the  r i g h t  k inds o f  quest ions. Two examples 
are: How w i l l . s . t udy  r e s u l t s  be used, and i s  the  study designed 

. . t o  p rov ide  r e s u l t s  compati b l e  w i t h  ob jec t i ves?  

A c lose r  working 
and  researchers. 
i n .  t he  desisn o f  

r e l a t i o n s h i p  between modelers, s t a t i s t i c i a n s ,  
Modelers and s t a t i s t i c i a n s  should be invo lved 

s tud ies  t o  he1 p  ensure t h a t  appropr ia te  h a t a  
are  obta ined f o r  modeling purposes, and t o  ga in  a  b e t t e r  under- 
s tanding o f  t he  q u a l i t y  o f  data t h a t  i s  poss ib le  t o  o b t a i n  under 
f i e l d  cond i t ions .  The researcher needs t o  ga in  a  b e t t e r  apprecia- 
t i o n  o f  t he  data requirements o f  t he  s t a t i s t i c i a n  and modeler, 
and"to improve h i s  understanding o f  t h e i r  r o l e  a t  var ious stages 
o f .  t he  study. 

. -  , . ' 
The g rea te r  use o f  p i l o t  s tud ies  t o  o b t a i n  i n fo rma t ion  f o r  des ign ing  
more e f f i c i e n t  f i e l d  s tudies.  . Quest ions concerning number and 
spacing o f  f i e l d  samples, components o f  v a r i a t i o n ,  and o ther  
design considerat ions cannot be answered w i t h  any assurance unless 
p e r t i n e n t  p r i o r  i n fo rma t ion  a r e  ava i l ab le .  Even i f  o n l y  a  few 
data o r  p r e l i m i n a r y  est imates o f  means and variances a r e  ava i l ab le ,  
t h i s  i n fo rma t ion  can be very  use fu l  i n  t h e  design o f  s tud ies  t o  
maximize . * .  ou tpu t  f o r  f i x e d  cost .  

4. Increased communication between researchers a t  d i f f e r e n t  l abo ra to r i es .  . 

Although we r e a l i z e  t h a t  d i f f e rences  i n  source terms and ecosystem ' 

s t r u c t u r e  can c rea te  problems i n  the  comparison o f  data between 
s i t e s ,  we be l i eve  t h a t  increased communication cou ld  promote (a )  an 
understanding o f  t h e  s i m i l a r i t i e s  and d i f f e rences  among modeling 
approaches, (b)  s tud ies  w i t h  s i m i l a r  ob jec t i ves  t o  a1 low eva lua t ions  
o f  d i f f e rences  i n  d i s t r i b u t i o n  and t ranspor t  processes a t  d i f f e r e n t  

. s i t e s ,  and (c )  t h e  development o f  comparable sampling, a n a l y t i c a l ,  
and s t a t i s t i c a l  techniques. 



5. Design o f  r e p l i c a t e d  f i e l d  s tud ies  and experiments. E f f o r t s  should 
be made t o  develop and implement experimental  f i e l d  s tudy desiqns 
r e p l i c a t e d  a t  d i f f e r e n t  l oca t i ons ,  c l imates,  and times.  h he design 
o f  such s tud ies  should be a  j o i n t  e f f o r t  by a  research team f a m i l i a r  
w i t h  the  c h a r a c t e r i s t i c s  o f  each study s i t e  across the  country. 

6. Greater awareness o f  dangers i n  the  i napp rop r ia te  use o f  es t imators  
such as r a t i o s  and a r i t h m e t i c  means. Concentrat ion r a t i o s  and 
a r i t h m e t i c  means a r e  examples o f  es t imators  whose values a re  
e a s i l y  changed by o u t l y i n g  data po in ts .  Est imates o f  r a t i o s  a r e  
i n  general h i g h l y  v a r i a b l e  and a re  o f t e n  s t a t i s t i c a l l y  biased when 
few data a re  ava i l ab le .  The frequency d i s t r i b u t i o n  o f  r a t i o s  i s  
u s u a l l y  skewed, which complicates the  s t a t i s t i c a l  ana lys is .  I n  
add i t i on ,  t he re  a r e  several d i f f e r e n t  ways o f  es t ima t ing  an average 
r a t i o ,  where each may g i v e  a  d i f f e r e n t  r e s u l t .  F i n a l l y ,  a l l  t oo  
of ten,  we f a i l  t o  evaluate whether t he  numerator ( y )  and denominator 
( x )  a re  r e l a t e d  by y = Rx, i .e., as a  l i n e a r  regress ion  through the  
o r i g i n ,  where R i s  t he  r a t i o .  The absence o f  t h i s  r e l a t i o n s h i p  
imp l i es  R depends on the  value o f  x  r a t h e r  than being constant  
f o r  a1 1  values o f  x. 

7. Increased awareness o f  unresolved problems i n  data ana lys i s  regard ing  
data t ransformat ions and < de tec tab le  numbers. It i s  c l e a r  t h a t  
d i f ferences i n  methodologies e x i s t  on a number o f  sub jec ts - -espec ia l l y  
data t rans format ions  and the  handl ing o f  < de tec tab le  numbers. These 
problems should be s tud ied  and recommendations made t o  t h e  OHER 
commun i t y  . 

8. Minimum standards f o r  da ta  r e p o r t i n g  should be considered. As a  
very minimum, the  a r i t h m e t i c  mean, standard dev ia t i on ,  and number 
o f  samples should always be repor ted.  Probably no s i n g l e  t h i n g  
could be as i n fo rma t i ve  t o  o the r  i nves t i qa to rs ;  modelers, and 
s t a t i s t i c i a n s  as being cons i s ten t  i n  always r e p o r t i n g  the  mean, 
standard d e v i a t i o n  and sample s ize .  We emphasize t h a t  these a r e  
minimum requirements, i.e., i n  most, i f  n o t  a l l ,  s i t u a t i o n s ,  o the r  
summary s t a t i s t i c s  and data analyses a re  h i g h l y  des i rab le .  

9. . E f f o r t s  should be made t o  assess v a r i a t i o n  i n  model p r e d i c t i o n .  
S t a t i s t i c a l  and model i n g  techniques should be developed f o r  
es t ima t ing  r e a l i s t i c  conf idence i n t e r v a l s . o r  "ranges o f  un- 
c e r t a i n t y "  about est imated parameter values such as t r a n s f e r  
c o e f f i c i e n t s .  This  " s tochas t i c "  approach i s  recommended over 
t h e  " d e t e r m i n i s t i c "  procedure o f  computing a  s i  ngl'e p red i c ted  



value unaccompanied by any est imate o f  p rec i s ion  o r  accuracy. ' T h e  
, ' 

s tochast ic  approach i s  recommended even when s i m p l i f y i n g  assumptions 
must be made regarding the  shape o f  frequency d i s t r i b u t i o n s  f o r  
estimates o f  model parameters. Add i t i ona l  i n s i g h t  might  be 'gained 

' 

. by- intercomparison s tud ies  o f  selected models developed by d i f f e r e n t  
l abo ra to r ies  o r  research groups. Pred ic t ions  o f  t e r r e s t r i a l ,  atmos- 
pher ic ,  o r  aquat ic  models could be intercompared s t a r t i n g  from. 
common base cond i t ions  and hypothet ica l  source terms o r  re1 eases. 
Whenever possible, p red ic t i ons  should be f u r t h e r  compared t o  e x i s t i n g  
app l i cab le  f i e l d  data. 

Panel Discussion: 

The above recommendations grew o u t  o f  discussions w i t h i n  our panel 
concerning the  r o l e  o f  models, types o f  models, modeling techniques, 
and the  i n f l uence  o f  data q u a l i t y  on modeling and s t a t i s t i c s .  In t h i s  
sec t ion  we sumrnaFize some o f  t h a t  discussion. 

Modeling serves the  purpose o f  numer ical ly  descr ib ing  our  cu r ren t  
hypotheses about a  proce.ss o r  s e t  o f  processes. Once developed i t  
has the  advantage o f  inexpensively p rov id ing  a  method o f  examining 
the  s e n s i t i v i t y  o f  p red ic t i ons  t o  the  parameters involved.  The model 
i s ,  accordingly,  a  valuable t o o l  i n  designing and/or s e l e c t i n g  f u t u r e  
research p r o j e c t s  t o  o b t a i n ' a d d i t i o n a l  in format ion  about . important  
parameters. Model i n g  can a l s o  provide 'a  hol  i s t i c  analys is .  That i s ,  
OHER research i s  genera l ly  d i rec ted  a t  i n d i v i d u a l  elements of t he  
environment, e.g., d e f i n i t i o n s  o f  chemical behavior i n  aqueous envi ron-  
ments, measurement o f  resuspension fac tors ,  etc. However, t he  end ' 
ana lys is  must incorpora te  and i n t e g r a t e  each o f  these elements. . . 

We can consider models t o  be o f  two basic types: (1)  those used t o  guide 
inves t iga to rs  i n t o  the  s t r u c t u r e  and func t i on  o f  some sys tem (termed 
"research" o r  "process" models), and ( 2 )  those used t o  prov ide  informa- 
t i o n  t o  dec is ion  makers, regulators,  o r  assessors (termed "p red ic t i ve "  

' models). A1 though we term the  second type p r e d i c t i v e  models, i t i s  the  
i n t e n t  o f  both types t o  est imate the  magnitude o f  some phenomenon given 
c e r t a i n  measured values. 

The process model i s  intended t o  describe the  behavior and i n t e r r e l a t i o n s h i p  
o f  parameters f o r  purposes o f  understanding the  process. The requirements 
o f  the  process model a re  t h a t  s u f f i c i e n t  data po in ts  be obtained t o  i d e n t i f y  
the  s i g n i f i c a n t  parameters and the  form o f  t h e i r  i n f l uence  on the  p a r t i c u l a r  

.system under i nves t i ga t i on .  An i t e r a t i v e  procedure f o r  modeling and exper i -  
mentat ion i s  t y p i c a l l y  u t i l  i zed i n  the  process model u n t i l  t he  model d u p l i -  
cates the  observat ion a t  some minimum l e v e l  o f  a c c e p t a b i l i t y .  However, a 



process model i s  never f i n a l i z e d  i n  the  sense t h a t  i t  i s  always poss ib le  
t o  extend i t  t o  greater  l e v e l s  o f  complexity.  For exampl,e, an aspect o f  
t he  model which t r e a t s  an animal as a  s i n g l e  u n i t  may be f u r t h e r  decomposed 
i n t o  organ systems, organ, t i ssue,  c e l l u l a r ,  and biochemical l eve ls .  

The process model t y p i c a l l y  forms the  basis f o r  p r e d i c t i o n  models. The 
p r e d i c t i o n  model may be used as a  bes t  est imator  based on present knowledge 
f o r  dec is ion  making purpose o r  as a  means o f  demonstrating compliance w i t h  
regu la t i on : '  We may use l a r g e  and invo lved p r e d i c t i v e  models t h a t  r i v a l  
process models i n  t h e i r  complexi ty  and a t t e n t i o n  t o  d e t a i l ,  b u t  t h i s  does 
n o t  ensure t h e i r  accuracy o r  v a l i d i t y .  The p r e d i c t i v e  model i s  a  user- 
o r ien ted.product  whose success w i l l  be determined by minimiz ing the  amount 
o f  s i t e  s p e c i f i c  i n f o h a t i o n  requ i red  and t h e  s o p h i s t i c a t i o n  o f  the  c a l  cu la-  
t i o n s  t o  be employed wh i le  main ta in ing  an "acceptable" l e v e l  o f  accuracy. 
The simple model P V = P V i s  s u f f i c i e n t  t o  p r e d i c t  t he  behavior o f  
gases and 'doei not1 rJqu i rD g i n s t e i n ' s  thermodynamic explanat ion t o  work! 

, The major func t iona l  d i f f e r e n c e  between process and p r e d i c t i v e  model s  
occurs i n  what happens a f t e r  they have been found t o  produce inaccurate 
p red ic t i ons  . The theory (hypotheses) under ly ing  a  process model ,must be 
rethought  and res t ruc tu red  t o  incorpora te  a d d i t i o n a l  phenomena so t h a t  
t h e  rev ised model more accura te ly  p r e d i c t s  the  r e a l  world. The r e v i s i o n  
o f  a  p r e d i c t i v e  model may o r  may n o t  r e q u i r e  r e s t r u c t u r i n g  o f  theory. 

"'It i s  more l i k e l y  t h a t  r e v i s i o n  w i l l  i nvo l ve  some simple mathematical 
change such as s u b s t i t u t i n g  a  non- l inear  f u n c t i o n  f o r  a  l i n e a r  func t ion .  

The q u a l i t y  0.f data requ i red  f o r  p r e d i c t i v e  models may be character ized 
i n  a t  l e a s t  two ways:, accuracy (data a re  unbiased 'and a re  measuring 
what we r e a l l y  need t o  meet study ob jec t i ves )  and p r e c i s i o n  (var iance 
o f  est imated parameters i s  s u f f i c i e n t l y  small t o  meet our  needs). . Modelers 
a re  a t  t h e  mercy o f  i n v e s t i g a t o r s  w i t h  respect  t o  the  accuracy o f  estimates. 
This f a c t  i s  n o t  o f t e n  understood by i nves t iga to rs .  Modelers a re '  o f t e n  
fo rced i n t o  us ing i n s u f f i c i e n t  data o r  equa l l y  i n s u f f i c i e n t  approximations. . 

':It. should be hoped t h a t  when i n s u f f i c i e n t  data a re  employed i n  model. 
construct ion,  t h e  modeler appreciates the  weakness o f  h i s  model .: Further-  
more, the  .model e r  should understand t h a t  an i n v e s t i g a t o r  may ' hol'd a  ,model 
i n  ill repu t  i f  he f i n d s  h i s  data misapplied. . . 

..-.I . 

~ r e c i k i o n ' o f  data i s  a  model"erls ratsbane. A t r a n s f e r  t h a t  i s  est imated 
w i t h  a 95 percent  conf idence i n t e r v a l  whose w id th  i s  on l y  10 percent o f  
t h e  est imate might  be considered a  good est imate o f  t he  " t rue "  value. 
I n  s p i t e  o f  t h i s ,  the  p r e d i c t i o n  o f  the  model could be a l t e r e d  by an 

? ' , ,order  o f  magnitude by using e i t h e r  the  lower o r  upper bound o f  t he  :95 
' "percent  conf idence- i n t e r v a l .  -' The impacts o f  p o t e n t i a l  e r r o r s  ' i n  parameter 



est imat ion  upon model p r e d i c t i o n  i s  a .current  area ,of t h e o r e t i c a l  
i n t e r e s t .  U n t i l  more i s  known about the  e f f e c t s  o f  inaccurate 
parameter est imation, we w i l l  have t o  work on the  assumption t h a t  
an est imate w i t h  a small confidence i n t e r v a l  i s ,  on t h e  average, 
b e t t e r  than an est imate w i t h  a l a r g e  confidence i n t e r v a l .  This i s  
p a r t i c u l a r l y  t r u e  f o r  parameters which have a l a r g e  c o n t r o l l i n g  
f u n c t i o n  on the  behavior o f  t he  model. 

  his panel d i d  n o t  a r r i v e  a t  a comprehensive answer t o  whether o r .  
n o t  p resen t l y  a v a i l a b l e  data a re  "adequate" f o r  p r e d i c t i o n  o f  
a c t i n i d e  movement i n  t h e  environment. . A c e n t r a l  problem i s  t h a t  
standards o f  adequacy have'not  been establi 'shed,,i.e., how accurate 
and prec ise  do model p red ic t i ons  have t o  be? The answer t o  t h i s  
quest ion depends on t h e  p a r t i c u l . a r  process under .study and the.  
consequences o f  an inaccurate pred ic t ion . .  Indeed, the  establ ishment 
o f  acceptable e r r o r  l i m i t s  on model p red ic t i ons  f o r  i n d i v i d u a l  I .  

research p r o j e c t s '  o r  models would be most h e l p f u l  i n  the .  design oP 
environmental studies'. Without . s p e c i f i c  guidance from management 
on t h i s  matter,  decis ions made by the  s t a t i s t i c i a n  concerning t h e  
type, number and spacing o f  samples over. t h e  study s i t e  . e f f e c t i v e l y ,  
determines the  l i m i t s  o f  accuracy and p rec i s ion  t h a t  can be obta ined 
i n  model p red ic t ions .  

It i s  our op in ion  t h a t  p resen t l y  a v a i l a b l e  data are  probably s u f f i c i e n t  
t o  const ruc t  reasonably accurate p r e d i c t i v e  models f o r  t ranspor t  o f  
plutonium t o  man. We say "probably" because we cannot be sure u n t i l  
we use the  e x i s t i n g  data t o  at tempt t o  const ruc t  models o r  modify 
e x i s t i n g  models, and decide what l e v e l  o f  accuracy these models should 
obta in.  A t  present, t h e  data are  probably i n s u f f i c i e n t  t o  develop 
p r e d i c t i v e  models fo r  Am, Thy Y, Npy and Cm. 

Conclusions : 

The research goals o f  t h e  OHER environmental a c t i n i d e  research program 
can be achieved w i t h  greates t  e f f i c i e n c y  when c l e a r  communication on ' 

research ob jec t ives ,  methods, and resu l  t s  e x i s t s  between modelers , 
s t a t i s t i c i a n s ,  researchers, and OHER management. We be l i eve  t h a t  
modeling and s t a t i s t i c s  are  n o t  being f u l l y  u t i l i z e d ,  t h a t  t h e  e f f o r t s  
o f  t h e  modeler, s t a t i s t i c i a n ,  and researcher are  o f t e n  uncoordinated, 
and t h a t  t h e  modeler i s  f requen t l y  provided w i t h  inadequate data f o r  
purposes o f  p red ic t i on .  I n  t h e  op in ion  o f  t h i s  panel, OHER should 
cont inue and expand e f f o r t s  t o  improve communication and should 
consider  es tab l  i shing a model ing-stat isti cs-researcher group ( o r  person) 
w i t h i n  OHER t o  he1 p d i r e c t  and coordinate i n d i v i d u a l  research pro jec ts .  



Par t i c ipan ts *  , ' 

P. M. Altamere W. E. Mar t i n  
C. T. Garten J. E. Pinder 
R. 0. G i l b e r t  (Chairman) R. G. Schreckhise 
C. A. L i t t l e  G. C. White 

*The f o l l o w i n g  members o f  t h e  S t a t i s t i c s  and Modeling Panel were n o t  
ab le  t o  a t tend  the  Workshop: D r .  B. G. Bennett, Environmental Measure- 

.merits Laboratory; Dr. Stephen V. Kaye, Oak Ridge Nat ional  Laboratory, 
and D r .  L. L. Eberhardt, P a c i f i c  Northwest Laboratory. 



AN ANALYTICAL LABORATORY INTERCOMPARISON EXERCISE.;. . , 
To, assure a cont inu ing knowledgeof  the  accuracy and p rec i s ion  o f  ' ' 

a n a l y t i c a l  data and t o  sus ta in  a h igh  degree o f  s c i e n t i f i c  c r e d i b i l i t y ,  
l abo ra to r ies  must main n a systematic qua1 i ty con t ro l  (QC)-qua1 i t y  tTj assurance (QA) program . Good. QC-QA rograms general l y  i n v o l  ve " b l  i nd" e analyses o f  knowns, dup l ica tes  and b lan  s. The programs must be repeated 
o f t e n  enough t o  enable percept ion o f  a change i n  q u a l i t y .  "B l i nd "  means 
t h a t  t o  the  ex ten t  possib le,  the  QC-QA samples resemble r e a l  unknowns 
and t h a t  t h e  ana lys ts  no t  be aware t h a t  they a re  i n  any way spec ia l .  

Another very usefu l  aspect o f  QC-QA i s  p a r t i c i p a t i o n  i n  i nter l -aboratory 
intercomparisons. The main value i n  these ' e f f o r t s  i s  i n  de tec t i ng  
systematic biases which may gradua l ly  and o f t e n  impercept ib ly  occur. 
These e f f o r t s  should u t i  1  i z e  sampl es n t a i n i n g  known concentrat ions 

( $7 o f  rad ionuc l ides  i n  na tu ra l  matr ices where p r a c t i c a l .  

I n  support o f  t h e  freshwater and marine programs o f .  t h e  O f f i c e  o f  
Heal th and Environmental Research, DOE, t he  Environmental Measurements 
Laboratory (EML) organized and c a r r i e d  o u t  an a n a l y t i c a l  1 aboratory % 

intercomparison. This exerc ise  focused on rad ionuc l ides  o f  concern 
i n  the  research a c t i v i t i e s  o f  t he  major cont rac tors  funded by the  
D i v i s i o n  o f  Ecological  Research. For convenience, the  exerc ise  was 
dubbed, BERLI-1 f o r  t he  f i r s t  B i o l o g i c a l  and Environmental Research 
Laboratory Intercomparison. 

Seven samples were o f f e r e d  t o  the  pa r t i c ipan ts ,  on a vo luntary  basis.  
Each con t rac to r  chose the  samples he/she wanted and analyzed f o r  t he  
rad ionuc l  ides i n v o l  ved i n  t h e i r  p a r t i c u l a r  research. The samples 
o f f e r e d  were: 

1 .  Fresh Water (FW)--about 2 l i t e r s  o f  d i s t i l l e d  water spiked w i t h  
known amounts o f  Cs-137, Eu-152, Pu-238, Pu-239, and Am-241. 

2. Sea Water (SW)--about 2 l i t e r s  o f  sea water spiked.as t h e  fresh 
water. 

3. R iver  Sediment (RS)--50 - 100 g a l i q u o t s  o f  Nat ional  Bureau o f  
Standards' "homogeneous r i v e r  sediment" Research Mate r ia l  45a. 

4. *Marine Sediment (MS)--50, - 100 g . .a l iquots  o f  t he  I n t e r n a t i o n a l  . . 

Atomic Energy Agency's intercomparison sediment No. SD-B-3. 
. . . <  . . 

.: . . .. 
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5. Sal twater  F i sh  (SFZ--50 - 100 g  a l i q u o t s  o f  a  l a r g e  f reeze dr ied ,  
homogenized sample o f  sa l twa te r  f i s h ,  spiked w i t h  a lgae conta in ing  
e levated rad ionuc l i de  concentrat ions.  

6. Vegetat ion Meal (VM)--50 - 100 g  a l i q u o t s  o f  a  l a r g e  f reeze dr ied,  
homogenized sample o f  ca r ro t s ,  sp iked as t h e  f i s h  sample. , 

7. (SO)--50 - 100 g a1 i quo ts  o f  a  l a r g e  pu lver ized,  homogenized Sot1 
s o i l  sample conta in ing  e levated t ransuran ic  concentrat ions.  

i 
The samples were shipped i n  May and June o f  1978. Table 1  l i s t s  the  ' 

p a r t i c i p a t i n g  con t rac to r  l a b o r a t o r i e s  and p r i n c i p a l  i n v e s t i g a t o r s .  The 
numbers i n  parentheses i n  Table 1  denote the  order  i n  which data were 
rece ived f r o m ' t h e  con t rac to r  l abo ra to r i es .  These numbers a re  used i n  
subsequent t ab les  i s  i d e n t i f i e r s .  Labora tor ies  w i t h  no i d e n t i f y i n g *  
numbers had n o t  submitted a n a l y t i c a l  r e s u l t s  by January 1, 1979. 

One non-contractor  labora tory ,  t he  Bhabha Atomic Research Centre, Bombay, 
I n d i a  (Dr. K. C.  P i l l a i ) ,  requested, was sent  samples and has t ransmi t ted  
r e s u l t s .  However, s ince  t h e  purpose o f  t h i s  r e p o r t  i s  t o  intercompare 
t h e  cont rac tors ,  t h e  P i l l a i  data a re  n o t  included. 

Resul ts :  

For t h i s  intercomparison, i t  was decided t h a t  the  concentrat ions o f  t he  
rad ionuc l ides  o f ' i n t e r e s t  should be h igh  enough t o  ove r r i de  the  uncer ta in -  
t i e s  encountered i n  low l e v e l  radioassay. The na tu ra l  samples were chosen 
and the  spiked samples were prepared accordingly .  The r e s u l t s  were 
successful  i n  t h i s  aspect as on l y  a  small number o f  data were repo r ted  
as " l ess  than," "no t  de tec tab le"  o r  w i t h  e r r o r s  o f  g rea te r  than +50 percent.  

- 

Tables 2  through 9  l i s t  a l l  o f  t he  analyses rece ived through November 15, 
1978. Where i t  appeared usefu l ,  t he  median value was computed and wherever 
poss ib le  an "expected" concent ra t ion  i s  l i s t e d  on t h e  f i n a l  l i n e  i n  each 
tab le .  These f a l l  i n t o  f o u r  categor ies,  more o r  l e s s  i n  o rder  of decreasing 
conf idence i n  our  knowledge o f  t he  ac tua l  concentrat ions.  

1. The f r e s h  and seawater samples which were q u a n t i t a t i v e l y  spiked w i t h  
known amounts o f  Cs-137, Ce-144, Eu-152, Pu-238, Pu-239t240 and Am-241 
(hencefor th i n  t h i s  r e p o r t  Pu-239+240 w i l l  be r e f e r r e d  t o  as Pu-239). 



2. The r iver  sediment sample RM 45a was drawn from the same batch of 
wet blended material as was the NBS Standard Research Material 
No. 4350. The data strongly support the notion that  for  the radio- 
nuclides of in te res t  in t h i s  intercomparison the concentrations 
in 45a and 4350 are  essent ial ly  ident.ica1. The l i s t ed  expected 
values are  ther r e  those quoted (decay corrected where. necessary) 
in Noyce -- e t  a l .  ? 59 

3. 'The marine sediment samples were part of a f a i ~ 4 ~  large number of 
aliquots of IAEA intercornparison sample SD-B-3 : In a l l ,  about 
40 laboratories analyzed the sample for  one or  more radionuclides. 
The values quoted for  Co-60 and the Cs isotopes a re  the averages 
obtained a f t e r  rejecting out l ie rs  by Chauvenet's c r i te r ion ,  a 
method. commonly used in IAEA intercomparisons. The IAEA report 
did not apply th i s  c r i te r ion  to  the transuranic analyses because 
of suspected inhomogeneity. The expected values shown in Tables 
6, 7 and 8 are the medians of a l l  reported data in reference 4. 

4. The expected values for  the f inal  three samples, sal  t-water fi,sh, 
vegetation meal and so i l  are median concentrations of three or 
more. analyses ca.rried out a t  the Environmental Measurements 
Laboratory. The number of analyses a re  noted in parentheses. 

No tabulations were made for  nuclides reported by less  than two 
participants.  Hence a small number of submitted data fo r  Sr-90, 
Sb-T25, Ru-106, and Ce-144 do not appear in th i s , r epor t .  
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TABLE 1 
PARTICIPANTS IN BERLI -1 

Laboratory . . .Principal Invest iqatoi  . ., . 

(1) Argonne National Laboratory D r .  David N. Edgington 

Colorado Sta te  University 

(10) Lamont-Doherty Geological 
Observatory 

D r .  F.. Ward Whicker 

D r .  H. James Simpson 

(12)  Lawrence .Livermore Laboratory D r .  Florence Harrison 

( 2 )  I 1  I 8  I 1  D r .  Victor E. Noshkin 

(5) ' 'oak ~ i d ~ e  National Laboratory . . D r . .  E. A. Bondietti 

(4) ' I# I) t o  D r  ., Norman cutsha l l  

(8) Oregon Sta te  University D r .  Thomas Beasley 

Pacif ic  Northwest Laboratory 

(3) Scripps Ins t i tu t ion  of 
Oceanography 

Savannah River Ecology 
~ a b o r a t o r ~  

Savannah River' Laboratory 
(E. I. duPont ) 

Texas A & M University 

University of Washington 

Washington Sta te  University 

.Woods Hole Oceanographic 
Ins t i tu t ion  - 

Y a l e  University 

D r .  Wallace 'weinier. 

D r .  Edward Goldberg 

Dr. James Alberts 

D r .  Albert L. Boni 

D r .  David Hayes 

D r .  . Martha' Scott  

D r .  W i l l i a m  R.. Schell 

Dr . '  ,John C. Sheppard 

D r .  Vaughan T. Bowen 
. . 

D r .  K a r l  K. Turekian. 

( ) Indicates order i n  which data w e r e  reported through 
November 15, 1978. 



TABLE 2 

K-40 RESULTS I N  B E R L I - 1  
(pCi/kg) 

&qh~riratory . . .  S a m p l e  Desiqnation 

,,I i//i,,IIII I.,.,. 

NO. S W - 1  " RS-I. MS-1 S F - 1  VM-1 SO-1. 
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TABLE 3 

. . . ; .  

RESULTS I N  BERLI-1  
. . : (.pCi/kg.) . , . 

I 
.. >... ... - 0  . ., . . . .  . . \ 

~ a b o r a t d r ~  Sample D'es'lqnatlon 

., . . . . NO. FW-1. SW-1 . RS-1 MS-1 . . .  SF-1 VM-1, . SO-J.., 
I .  ..-.. . . .  , .  .... u >...- >. - 

2 - N. D. - N.D. 1040 " '2620 - 

4 - - 2530 N.D.  1030 2500 - 
. . 

7 - - 2310 111 9 i 7  ' 2550 * 
, 

8 - - 2480 ' 86 1149 - .  - .  

.. . 

9 C2 * . 2460 '  146 900 2300 <7 5 

10  - . . - 2580. ' 105' .. - - - ,- . : . - . : ",. 
: .-,,-" . 

. . 1 2  - - 2430.  112 1036 - - 
. f ,  - .. , ... .!.....,.,I . !'."., <..; 

14 <2 . <2 3370 125 760 3100' <. 2 ___________________---------------------------------------- 
'Median 2480 112 1036 2550 

b 

Expected 2470 ' 90(5 )  

N.D. = n o t  d e t e c t a b l e  o r  t r a c e  

- = no d a t a  r e p o r t e d  

I * = error r e p o r t e d  2 50% 

' ( ) = .  N o .  o f  ana lyses  r e p o r t e d .  
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J TABLE 4 

Cs-13'7 RESULTS I N  B ~ R L I - 1  
(PC i/kg 

Labora tory  Sample Des iqna t ion  
NO. FW-1 SW-1 RS-1 MS-1 SF-1 VM-1 SO-1 

1 . 17.9 6 . 9  2970 1 . 9 9 ~ 1 0 '  2260 7550 410 
L,,,,-,-,~--,-------------------------------------------------~------- 

Median 6.2 6.7 2480 1 . 7 9 ~ 1 0 '  2780 6610 449 

~ x p e c t e d  5.9 5.9 2480 1 . 8 1 ~ 1 0 "  (32) 3050 (12) 6490 ( 9 )  480 (6)  

N.D. = n o t  d e t e c t a b l e  o r  t r a c e  

- = no d a t a  r e p o r t e d  

( ) = No.. of a n a l y s e s  r epo r t ed .  
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TABLE 5 

Laboratory Sample Designation 
NO. ' LW-1 S W - 1  RS-1  M S - 1  SF-1 VM-1 SO-1 

1 2  - - 450 - - - - 
14 . <3 <. 5 2870' c.03 <. 03 <. 06 <. 02 

i 
------------------------^------------------------------------------ 

9 
Median 5.0 4780 

Expected 5.9 5.9 4850 

N.D. = not detectable or  t r a c e  

- = no data reported 
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TABLE 6 

Pu-238 RESULTS I N  BERLI-1  

(pCi/kg - 

Labora tory  Sample Designat  i o n  
NO. FW-1 SW-1 RS-1 MS-1 . SF-1 ' VM-1 SO-1 

. . 

1 .026 .029 1 . 4  21.6 1 .5  4 . 5  57.8 

2 - .03 - 20. 1 .7  4 . 1  - 
3 .024 .027 1.1 17 .3  1 .9  - - 

14 .013 .027 1 .4  15.4 1. 51 3.5  44.2 '  ............................................................ 
Median - .026 . .027 1 . 4  20.  1. 5 4 .3  52.8 

Expected 0 2 4  .024 1 .45 21. (38) 1. 5'8 (4)  3 .9  (4)  - 

- = 'no data '  r e p o r t e d  

( ) = N o .  o f  a n a l y s e s  r e p o r t e d .  



TABLE 7 

Pu-239 RESULTS IN BERLI-1 
(pCi/kg! 

Laboratory Sample Designation I 

NO. FW-1 SW-1 RS-1 MS-1 SF-1 VM-1 . SO-1 

13 - - '32,.3. 508 - I - 
. . 2103 

14 . -  .060 .066 36.0 430 17.2. 37. 6 " '  ' 23'50 
-----,,----,,------------------'----------&---------------------- 

Median .096 .lo1 35.3 '560 18.4 43. 2720 
, . I . ,  . 

Expected .098 .098 37.8 606 (39) 19.1(4) 42.6(4) 2750 (5) 

- = no data reported 

( )=No. of analyses reported 
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TABLE '8 

Am-241 RESULTS I N  BERLI-1 
(pCi/kg 

. . 

Laboratory Sample Designat ion' 
FW-1 SW-1 R S - 1  MS-1 . NO. SF-1 VM-1 SO-1 

9 * - - - .- - 3  92  

14 <2. <2. <120 .  <230 .  C160. <110 .  ' <3'10. -------------------------------------------------------------- 
Median ' 0 3 7  . 0 3 1  9 . 4 '  '*.l75 5 . 4  13. 3 7 1  

Expected . 0 3 5  - 0 3 5  8 . 5  1 5 8 ( 2 6 )  4 . l i 6 )  1 . 7  3 3 5 0 ( 3 )  

C 

- = no data reported 

* = error reported 2 50% 

1 ( ) = No. of  analyses  reported 



~ a b o r a t o r ~  MS * RS * SF.* 
NO. CS-134 EU-154 ' EU-155, Cm-244 

. .  . .  

14 985 
- - - - _ - _ _ _ - - _ _ _ _ - _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - _ , - - - - , -  

Median 1010 1140 

. . .,. . 
Expected ' lSod-(i8) ' .  .. 1400' 






