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1 .o - INLXODUCTION 

1.1 Purpose and Objective of Soil Qide l ine  Study 

The Ikpartmknt of Energy (DOE), has prepared a d r a f t  document, "A Elanual 
0 

for Implementing Residual Radioactivity Guidelines", ( G i l b e r t ,  1985). A 4' 
revis ion to t h i s  document (still in  d r a f t  form) was issued i n  1987 ( G i l b e r t ,  

1987). A "Final Draft" w a s  i ssued in  January of 1988 ( G i l b e r t  1988). This 

docunent (which s h a l l  be referred to as "the Hanual") presents procedures and 

w 
e 

. 

e 

Y 

0 

R 

data for implenenting DOE decontamination guidelines a t  sites ident i f ied  as 

Formerly Uti l ized S i t e s  Remedial Action Program (FUSRAP) and remte sites 

ident i f ied  as the Surplus Facilities Management Program (SF'MP). The DOE 

guidel ines  provide criteria fo r  ce r t i fy ing  a site f o r  release for unrestr ic ted 

use. These criteria are expressed as guidelines.  f o r  unrestr ic ted use. Site 

s p e c i f i c  soil guidelines are derived from a basic dose limit f o r  the annual 

average radiat ion dose to a critical population group. One of the object ives  

of t h i s  study is to ident i fy  that popula t ion  group and define the pathways 

tha t  e x i s t  f o r  tha t  group from the radionuclide sources in  the soil €or 

exposure, by inhalation or ingestion of t!e radionuclides. The D3E annual 

comitted e f f ec t ive  dose equivalent limit of 100 mrem w a s  also to be evaluated 

as a su i t ab le  dose ' c r i t e r i a  €or unres t r ic ted  release of the site. 

Ut i l iz ing  the Manual and other  derived guideline reports,  the main 

object ive of t h i s  study was. to develop a set of s i t e s p e c i f i c  res idual  

rad ioac t iv i ty  soil guidelines for the  Feed Materials Production Center ( FMPC) 

located in  Fernald, mio. ?he f a c i l i t y  is operated by the 74sstinghouse 

Platerials Company of Ohio (WMCO). 

The quant i ta t ive  determination of t he  concentrations and types of 

radionuclides a t  the FMFC f a c i l i t y  are still being determined. The Weston 

Company (WESTON 87) has completed a radiological  analysis  of the waste pits.  
5 'f' 



A number of radionuclides have keen identified in the waste pit areas. Soil 

guidelines have been prepared for each radionuclide identified as present in 

the waste pits. 

acquired in a less formal and less extensive manner. 

. Radiological data on the remainder of the site has been 

The soil guidelines have 

been calculated by a mthod that will allow the guidelines to be easily re- 

evaluated as new radiological data becore available. 

an adaptation of the mixture sum formula that will allow a great deal of 

flexibility in the site cleanup. 

This w a s  accomplished by 

1.2 Ehviromntal Standards Investigation 

The recomndation of the DOE (KOCHER 8 7 )  and the NCRJ? (NCRP 8 7 )  are that 

the annual effective dose equivalent to the maximally exposed individual be 

limited to 100 mem. 

radiation plus the effectiE dose equivalent fran internal radiation. 

?his would include the dose equivalent from external 

It is 

e 

0 

a 

believed that the 100 mem standard will soon be the industry standard for 

unrestricted release of decommissioned facilities and will replace the wide 

variety of standards cited in the discussion which follows. The soil 

guidelines for the FMFC are based on 100 mrem per year. 

The enviromntal standards investigation was performed to determine the 

source and the reasoning for the derived limits of exposure and to compare 

these limits with those from various agencies. The agencies considered were 

the Nuclear Regulatory Commission (NRC), the Enviromkntal Protection Agency 

(EPA), the International Corrsnission on Radiological Protection (ICRP), the 
d 

National Council on Radiation Protection and Fleasurement (LlCRP), and the 

Department of Energy (D3E). With the exception of the ICRP, all of the above 
0 

are organizations within the United States. 

sf th6k.G organizations the flow of rules and guidelines is apparent. 

When one considers the evolution 
-_ 

I - ,  

The ICRP . ,$ :-’ 

2 



0 395 
establishes t!!e general  philosophy and makes recommendations. The NCRP then 

0 

0 

follcrws the lead of the ICRP and de l inea tes  s p e c i f i c  criteria f o r  appl icat ions 

i n  the United States .  The NRC adopts the recommendations of these 

organizations and es tab l i shes  the regulat ions t h a t  w i l l  govern the commercial 

uses  of radioactive sources. 
. .  

The regulat ions put  for th  by the NRC are 

contained i n  the Code of Federal Regulations (CFR),  T i t l e  10 covering 

energy. The chapter covering the limits of exposure to workers and the public 

is 10 CFR 20. This chapter r e fe r s  the reader to 40 CFR 190 f o r  addi t iona l  

regulat ions governing the u ran im fue l  cycle. The dose l imi t s  expressed i n  10 

CFR 20.105 whi& apply to an individual i n  the  general  public are summarized 

as follaws: 

' one year and 

(a) dose to the whole body s h a l l  be less than 0.5 r e m  i n  any one 

(b) when continuously present the  dose sha l l  be less than 2 mrem 

As a i n  any one hour period, or less than 100 mrem in  any 7 consecutive days. 

comparison the dose l i m i t s  delineated in  40 CFR 190 are (1) .025 rem to the  

whole body, ( 2 )  .075 r e m  to the thyroid, and ( 3 )  .025 r e m  to any other  

organ. Fs one can immediately see, the doses to the public from the f u e l  

cycle (40 CFR 190) and from other  commerical nuclear f a c i l i t i e s  (10 CFR 20) 

are not in  agreement. 
0 

The EPA l i m i t s  are the more s t r ingent  i n  term of total  

annual dose txt there is no s t ipu la t ion  on the time span in  which the exposure 

9 

a 

can occur. The NRC c lea r ly  del ineates  the l imi t  one can be exposed to on a 

continuous basis. The mst s t r ingent  m d t t e d  e f f ec t ive  dose equivalent 

l i m i t  is set by the DOE guidelines. The l i m i t  i n  t h i s  case is 100 men in  a 

year from a l l  sources. The mjor difference is i n  the committed dose. This 

s t i p u l a t e s  t ha t  the quant i ty  of radioactive material tha t  is retained i n  the 

body is considered as a source f o r  an individual ' s  l i f e .  As an example, 

consider an individual who happns  to ingest  a small quantity of radioact ive 

material. The individual's. dose l in i t  is naw based on the dose that the 

3 
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person receives each year from the ingested quant i ty  which is retained i n  the 

body, plus  any new dose f o r  t ha t  year. 

1.3 Review of Invest iqat ions P e r f o m d  a t  Other Sites 

The mt relevant work re la ted  to t h i s  soil  guidel ines  pro jec t  was the 

w o r k  done f o r  the Weldon-Springs v i c i n i t y  proper t ies .  Several  repor t s  

per ta in ing  to the Wldon Springs site were obtained and used as guidance in  

the preparation of the FFlpc  soil guidelines.  
0 

In addi t ion  to the Weldon- 

Springs mrk, the reports  l i s t e d  i n  Table 1.1 show the va r i e ty  of radiological  

assessment type work t ha t  has been done. 

areas of concern in  the FMPC soil guidel ine study. 

These s tud ie s  covered many of the 

Som of these reports 

include the heal th  assessment due to various sources, soil and air  ana lys i s ,  

and the remedial act ion required to l i m i t  the  dose to the public.  men 

considering any of these areas one must inves t iga te  the pathways by which 

radionuclides end up as sources of exposure to the public.  

needed to model the pathways' are general ly  similar. 

important assumptions to note are t h a t  secular  equilibrium e x i s t s  €or elements 

belaw Ra-226 and Th-232 in  t h e i r  respective series decay chains,  migration of 

The assumptions 

Som of the more 

elements does not change.between isotopes, and source t e rn  are generally 

considered h o q e n e o u s .  In te rna l  exposures are by the  inha la t ion  and 

ingest ion pathways. 

These s tudies  provided useful  information in  the determination of the 

appropriate  pathways to be considered and provided readi ly  ava i l ab le  

comparisons for the analysis.  Even though the circumstances of the D1PC study 

are s ign i f i can t ly  d i f f e ren t  i n  sone, areas, the methodologies employed a r e  

similar. The FT.W study is a unique s i t u a t i o n  because the site is still 

0 

c 

U 
;I 

a 

c) 

0 

- 'operating w i t h  no da te  es tabl ished fo r  decommissioning. ~ 

I :  
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375 
1.4 The Use of Computer Prqrarrrs f o r  Analysis 

The use of computer codes c a n  grea t ly  increase the number of 

radionuclides to be considered and assist in  ca lcu la t ing  the dose to the 

public.  The codes u t i l i z e d  i n  t h i s  study wre the  AIRDOS-EPA(floore 1979) , and 

oNSITE/MAXI (Napier 1984). 

0 

AI= was used i n  t h i s  study to ca lcu la te  the dose equivalent to the 

maximally exposed individual following decommissioning of the site and the 

near term release of the site f o r  unres t r ic ted  use. 

data  w e r e  used i n  the code f o r  such paraneters as the population d i s t r ibu t ion ,  

a g r i c u l t u r a l  infomation,  and the  local mterolcgical conditions. &tai ls  

concerning the  co l lec t ion  and evaluation of these data  w i l l  be covered in  the  

sec t ion  2. The air  concentrations,  surface,  and ground deposit ion rates were 

also input to the code d i r ec t ly .  

u n i t  quan t i t i e s  of radionuclides mixed homogeneously i n  the environment. 

pathways u t i l i z e d  within the AI= code were: (1) externa l  d e  due to  

FMPC area site spec i f i c  
0 

This enabled the de teminat ion  of doses from 

The 

0 

0 

immersion i n  an i n f i n i t e  cloud, (2)  ex terna l  dose due to the exposure from 

surface contamination, ( 3 )  i n t e rna l  dose f r m  inhalat ion of the airborne 

pa r t i cu la t e s ,  and 

water, and vegetables produced or g r m  within the contaminated zone. 

( 4 )  the in t e rna l  dose due to the ingestion of mat, milk, 

The AIRDOS computer code was rrodified to incorporate the addition of a 

continuous contanination of the soil. The a i r  concentrations w e r e  determined 

by estimating a value f o r  the resuspension of soil i n  the  zone of in te res t .  

The code w a s  then used to calculate the dose frcm uranium 238. This value was 

c o q a r e d  to dose calculat ions performed using the mthods  i n  the Manual and 

hand calculat ions.  The r e s u l t s  of t h i s  comparison i l l u s t r a t e d  two face ts  not 

previously considered. The f i r s t  of 

f ac to r s  used in  the A I R E X  code w e r e  

these was t h a t  

d i f f e ren t  f r m  

the dose conversion 

those used in  the  

- -  11 
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Manual. The second facet w a s  t h a t  great care mst  be taken when ca lcu la t ing  

the dose f r m  a pa r t i cu la r  radionuclide. 

the Manual are €or pr inc ipa l  radionuclides. 

l i ves  of one year or mre and members of decay chains. 

f ac to r s  take i n t o  account the decay products up to a point where the daughter 

The dose conversion fac tors  given i n  

These are radionuclides with half  
0 

The dose conversion .l 

e 
has a s ign i f i can t ly  long half l i f e  (one year or longer).  Tne conversion 

f ac to r s  used in  AIRDOS only consider the individual radionuclide. 

ca lcu la te  the  total dose contribution from u r a n i m  238, an appropriate model 

of the uranium decay chain mst be input i n t o  the code. 

In  order to 

a 
A t  f i r s t  glance t h i s  

may appear to be a l i a b i l i t y .  Rowever, t h i s  is ac tua l ly  an advantage, 

especial ly  in  the FFlPC study. In nature the  decay products w i l l  usual ly  be i n  

secular  equilibrium w i t h  the parent. A t  a f a c i l i t y  t h a t  processes uranium and 

s l i g h t l y  enriched uranium, seldom are a l l  the daughters in  secular  equilibrium 

e 

with the parent. Since the AIRDOS code makes no assurrption regarding secular 0 
equilibrium, the resu l t ing  doses can be e a s i l y  determined from any 

radionuclide concent ra t im on an individual radionuclide basis .  This was 

accomplished i n  t h i s  study by u t i l i z i n g  a value of 1 picocurie per gram of 0 
soil f o r  selected radionuclides as the  basis of dose ca lcu la t ions  using 

AIRDOS. Additional details concerning the AIRDOS m d e l s ,  the d i f i c a t i o n s ,  

and the r e s u l t s  w i l l  be covered in  Section 5. e 

1.5 ?he ONSITE/MAXI Computer Proqram 

M r .  Bruce Napier and h i s  co-workers a t  Pac i f ic  Northwest Laboratories 

(PNL) develo,ned the ONSITE/MAXI computer program (Napier 1984) for the NRC. 

a 

The object ive of t h i s  program was to allow the NRC Waste i.lanagement Division 

s t a f f  to conduct human-intrusion, dose pathway ana lys i s  f o r  ons i te  bur ia l  of i )  

1r)w level  radioactive -wastes. ~ - 

. .  - !  - i  
I 
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Specific h m n  intrusion scenarios were developed for various 

combinations of direct exposure to radiation, inhalation of airborne 

radionuclides, ingestion of agricultural products raised i n  mntaminated soil 

and ingestim of water containing radionuclides. 

described i n  mre detail  la ter  i n  this section. 

These scenarios w i l l  be 

The ONSITE/IYAXI software package contains four computer programs. ONSITE 

is an interactive coquter  program that allows the u s e r  t o  construct exposure 

scenarios for a w i d e  variety of contaminated s i t e  so i l  parameters. 

u t i l i zes  th i s  scenario and s i t e  information to calculate the maximum annual 

dose to  an individual a t  the site for the selected pathways. 

program generates intermediate dose conversion factors for food pathways. 

dose conversion factors are stored i n  a f i l e .  

MAXI 1 

The MAXI 2 

The 0 
The MAXI 3 computer program 

calculates similar dose conversion factors for aquatic pathways. Figure 1.1 

depicts the f lm chart for the oNSITE/MAXI computer program. e 
The MAXI 1 program contains data f i l e s  with dose conversion factors for 

inhalation of a i r  containing radionuclides and external dose conversion 

0 

0 

0 

0 

factors. 

nodel developed by International Conmission on Radiological Protection. 

(ICRP) ICRP 30 (1978a) describes this d e 1  i n  great detai l .  I t  is the mst 

widely used lung model i n  the, world for calculation of inhalation dose. For 

?he dose conversion factors for inhalation are based on the lung 

9 

ingestion pathways, food products or dr inking  water, the IWI 2 and i;lAxI 3 

computer program u t i l i z e  the dosimetry model called the G I  t ract  model, 

developed by ICRJ? i n  reports 23 and 30. 

For external exposure, dose conversion factors are u t i l i z e d  which convert 

the radionuclide source strength to the dcxe rate i n  tissue a t  a height of 1 

meter above the surface. This is also a widely used procedure to calculate 

the dose to  an individual frm a contaminated surface or v o l m  soil source. 
1 3  

* 9 
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MAXI 2 generates dose conversion f ac to r s  associated with the food chain 

0 

e 

0 

0 

0 

0 

0 

pathways. 

t he  roots of garden or farm crops. 

MAXI 2 accounts f o r  radionculides in  the soil t h a t  are taken up by 

It also accounts f o r  deposit ion of 

radionuclides on soil or crops. 

The MAXI 3 coroputer program is used to evaluate  the drinking water and 

aquat ic  food pathway. MAXI 3 generates dase conversion f ac to r s  f o r  

contaminated drinking water and aquat ic  food harvested f r m  contaminated 

water. There are four standard scenarios  t h a t  can be accessed in t e rac t ive ly  

with the ONSITE program and one scenar io  t h a t  can be oonqletely defined by the  

user.  These scenarios are b r i e f l y  described below: 

(1) External Rrpo sure  Scenario. 

hr/yr i n  a 1 hectare (ha) area previously used f o r  onsite disposal. 

External exposure f a c t o r  f i l e s  are supplied to consider & f a c e s o i l  

contamination, buried wastes a t  depths of 0.5 m or 1.0 m, or ent ry  i n t o  

a room (or vau l t )  t h a t  is used f o r  waste storage or dispokl. For soil 

An individual is assumd to work f o r  2000 

contamination, the inventory may be m d i f i e d  by a f a c t o r  of 0.2 to 

account f o r  di lut ion.  Chly whole-body dose is calculated. The user 

selects the locat ion of the  w a s t e  (e.g., surface,  buried, or stored) and 

suppl ies  the waste inventory. 

r a d i o a c t i e  decay before exposure, the d i lu t ion  of the waste, the  

The user m y  nrodify the m u n t  of 

reference site s i ze ,  and the  durat ion of exposure. 

( 2 )  External Exposure Plus Inhalat ion Scenario. 

work f o r  2000 hr/yr i n  a 1 hectare  area with surface-soil  contamination 

An individual is assumed to  

re su l t i ng  from a w a s t e  exhumation event. 

, radionucl ides  are calculated using a resuspension equation by Anspaugh 

Air concentrations of 

(1975). For the resuspension equation, the age of the contamination a t  

t h e  beginning of the scenario is assumed to be zero and the-top 1.0 
- 15  

11 
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centimeter of the contaminated surface soil is assumed to be available 

for resuspension. Doses to the total  body, bone, lungs, thyroid, and 
0 

t he  lower large in tes t ine  (=I) of the G I  tract are calculated. The 

d i lu t ion  fac tor  f o r  the inventory is 0.2 unless changed by the 

analysis .  The user provides the  waste inventory. The user m y  d i f y  

the amount of radioactive decay before exposure, the duration of the 

exposure and the reference site s ize .  The user m y  also opt ional ly  

select a mass-loading equation, and specify fewer organs. This scenario 

is s imi la r  to the intruder-construction scenario described i n  the Draft 

1981). 

( 3 )  Aqricul tural  Scenario. An individual is assurrred to  raise h i s  e n t i r e  

diet  i n  1 hectare of soil contaminated by the onsite dispasal of 

radioact ive wastes. The individual is assunred to be exgmsed 2000 hr/yr 

by external  exposure and by inhalation of resuspended radionuclides i n  

soil. w a i n ,  the air  a n c e n t r a t i o n  resu l t ing  f r o m  resuspension is 

calculated using the equation by Anspaugh (197518 with parameters 

presented f o r  Scenario 2. bses to t o t a l  body, bone, lungs, thyroid and 

L U  are calculated. The user furnishes the waste inventory to which a 

d i lu t ion  f ac to r  of 0.2 is applied. Modifications can be mde to the 

amount of radioactive decay before exposure, the duration of the 

exposure, the f rac t ion  of the total diet grm m the site, the 

reference site s ize ,  and the d i lu t ion  of the waste. As in the  previous 

scenarios,  the user m y  subs t i t u t e  the mss-loading dust  d e l  and 

specify fewer organs. This scenario is similar to the intruder  

agr icu l ture  scenario described i n  the DEIS f o r  10 CFR Part 61 (U.S. NRC 

1981 1. 
- 

0 

0 

a 

0 

0 
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( 4 )  Irriqation/Drinkinq-Water Scenario. An individual is assumed to use a 

water supply contaminated by radionculides f m  an onsite disposal site 

0 

(5) 

for irrigation and/or drinking. The user is required to input the 

concentration of each radionuclide in the water supply. The e w e d  

individual is assumed to irrigate his field at a rate of 150 I&n /m 2 

during a six mnth graving season. 

with contaminated water for 10 years prior to the beginning of the 

scenario. 

The site is assumed to be irrigated 

The individual obtains his entire diet (or a fraction of it) 

from a 1 hectacre irrigated field, and drinks 1.2 L of water per day 

fran a contaminated water source. In addition, he is assumed to be 

subjected to 2000 hr/yr of external exposure and inhalation of 

resuspended radionuclides that are deposited on the surface of the soil 

by the irrigation water. Doses to total body, bone, lungs, thyroid and 

LLJ are considered. Irrigation and drinking water may be fran the same 

or separate water supplies. 

asked for radionuclide concentration in drinking and irrigation water 

separately. 

by entering zero concentrations for the other pathway. The user may 

mdify the irrigation rate, the length of the irrigation Season, the 

t h  of irrigation prior to the scenario, the fraction of diet grown 

with contaminated irrigation water, the consumption of drinking water, 

When providing the inventory, the user is 

Irrigation or drinking water can be individually simulated 

the times of exposure, the resuspension equation selection, the 

reference site size, and the organ selection. 

User-Defined Scenario. 

selecting exposure pathways and defining anditions associated each 

The user may construct his own scenario by 

0 
pathway. 
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1.6 Adaptinq the "Planual" to the RlPC Site 

A thorough and axplete review was made of the 'Wanual for Inplementing 

Residual Radioactivity Guidelines" to determine it's applicability to the Mpc 

site. The Manual, as it will be referred to, was detedned to apply to the 

F'M€C situation. Assuming the FMPC plant is decmissioned at s m  future 

date, the Manual can be used to develop soil guidelines for the unrestricted 

release of the site. The pathways a d  soil guidelines may also be used to 

assist in the remedial action program. 

The major task in adapting the Manual to the FMFC situatim was 

development of a site specific analysis. This required information on the 

size and shape of the contaminated areas, the radionuclides present in the 

soil, (source terms), the chemical form of the radionuclide, an exposure 

scenario, a site-specif ic pathway analysis, geologic and hydrogeologic 

infomtion about the site and dozens of site specific parameters such as: 

soil density, soil distributicn coefficients, runoff coefficients, type of 

soil, annual precipitation, etc. 

1.7 Goals of this Study 

The mjor goal of this study was to develop a set of site specific 

radionuclide soil guidelines for residual radioactivity at the F'MFC. 

project used DOE guidelines and the Manual to develop a set of criteria for 

certifying the site for unrestricted use following decormission. 

radioactive soil guidelines ere developed to limit the committed effective 

dose equivalent of the maximally expcsed individual to 100 mrepn per year or 

less (US DOE 1985a,b). 

The 

The residual 

0 

0 

0 

0 

a 

0 

0 
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1.8 Limitations of ?his Studv 

0 

0 

The mjor limitations of this study.were the lack of availability of site 

specific data; especially information on the extent of the radionuclide 

contamination at the site. The soil guidelines are dependent on knowledge of 

the specific radionuclides that are present on the site in above background 

concentrations. The analysis is also uew dependent on the chemical form of 

these radionuclides and the size and shape of the contaminated area (local hot 

spots vs. large areas). The depth of the contaminated area is also an 
0 

important factor. 

radionuclides in the waste pit areas. There was also sane limited information 

The Weston report (Weston 87) provided gmd information on 

0 

0 

0 

provided on uranium 238 and thorium 232 in other areas of the site. There was 

no information provided on the K65 silo contents. Thus, the project focused 

on guidelines for radionuclides that were identified in the waste pit areas. 

The soil guidelines for single radionuclides and the mixture sum formula apply 

to large areas such as the waste pit areas. If smaller areas of contamination 

exist at other locations (small hot spots) the results will not directly apply 

to these small hot spots. Simple modifications would be required. 

And finally, it will also be obvious to the reader of this report, that 

many of the assumptions and data used throughout the Manual and this analysis 

are the best engineering assumptions and data that are available today. 

of these techniques may be improved as better data and better analytical 

Sane 0 

techniques are developed. The Ehnual requires a very conservative analysis, 

thereby insuring the health and safety of the general population, when the 

r"Mpc site is released for unrestricted use. 
0 

0 
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2.0 SITE SPECIFIC INFORMATION 

2.1 Non-Radioloqical Data Acqu isi t ion 

- 

2.1.1 k s c r i p t i o n  of the FMPC site and nearby propert ies  

The Feed Materials EYoduction Center (FMPC) located a t  Fernald? Ohio is 

operated by Westinghouse Materials Company of Ohio (WMCO) for the U S .  

Department of Energy (DOE). 

DOE. 

It is the only uranium ref inery  aperated by the 

The plant  chemically pu r i f i e s  various forms of uranium to an extremely 

high pur i ty  uranium metal. The f a c i l i t y  is located approximately 20 miles 

northwest of Cincinnati, Ohio, with operations covering about 136 acres i n  the 

center  of a 1025 acre site. Several r u r a l  cananunities lie within a 1-5 mile 

radius of the plant ,  as shown in  Figure 2.1. The FPlX site is predominantly 

l eve l  and is located 3/4 mile west of the big bend area of the  Great b t i a m i  

River. Paddy's Run Creek runs along the west side of the complex. The site 

layout is i l l u s t r a t e d  i n  Figure 2.2. 

On-site vegetation is typical of that cccuring elsewhere in  the region 

under s i m i l a r  la@ use pract ices .  The on-site areas north and w e s t  of t he  

production area are mdera t e ly  &ed with a var ie ty  of deciduous hardwoods. 

To the immediate north of the production area and to the Southwest White and 

Austrian Pines were planted in  1973. 

with a var ie ty  of p a s t u r e  grasses typical of the  area. 

The remainder of the s i te  is covered 

Most of the pasture  

grasses are leased to local dairy producers f o r  grazing purposes. The= are 

several  small industr ies  nearby. The major economic a c t i v i t i e s  i n  the area 

are f a d n g ,  dairy f a m ,  and ra i s ing  beef cattle. Major,fann crops are sweet 

' . and f i e l d  cornr soybean; and wheat. Gravel and ground water are also 

0 

0 

0 

0 

0 

0 

0 

important products sold commercially. A water ampany j u s t  2 km upstream of 

0 the FMFC o u t f a l l  punp nearly 20 mil l ion gallons of water per day. Flany 

gravel p i t  operations are found i n  the Miami Valley both near the r i v e r  and 
~ ---- :-. - -~ ~ ~ 

- 
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FIGURE 2 . 1  FMPC AREA MAP (TAKEN FROM FMPC 
ENVIRONMENTAL MONITORING REPORT 

FOR 1984, NLO) 
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FIGURE 2 . 2  GENERALIZED LAYOUT OF THE 
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Figure is a composite based on material made available 
Westinghouse Materials Company of Ohio (WMCO). 

18 



0 - 

inland i n  the flood plains. 

0 
The area arcund the  F T i l p c  is sparsely populated with approximately 40 

percent of the ,people within 5 miles occupying the areas East, North East and 

South East of the site. The remaining people are spread evenly in  a l l  

direct ions.  Additional d e t a i l s  on population densi ty  w i l l  be given i n  Section 
0 

2.1.4. 

0 

0 

2.1.2 pgr i c u l t u r a l  base 

The present ag r i cu l tu ra l  base around the FMPC site provides a good 

indication of the possible use of the site if it w e r e  released for 

unres t r ic ted  use. Vk? have therefore catalogued the present agr icu l tura l  use: 

The agr i cu l tu ra l  base f o r  the area surrounding the FMPC cons is t s  

primarily of f a r m  producing corn, hay, and wheat and dairy forms located in  

Hamilton and Butler countries.  0 
?he FMPC resides  i n  an area of Chi0 that is both rural and developed, 

consis t ing of large farm and cities within close proximity to the plant.  For 

0 

e 

0 

t h i s  reason a large area was used f o r  considering the population dose and to 

support the farmer scenario. An area with a 30 m i l e  radius from the FMPC was 

then se lec ted  as the assessment area f o r  considering the  ag r i cu l tu ra l  base. 

The assessment area occupies nearly a l l  of both Hamilton and Butler 

counties. 

determined f o r  the FMPC study. 

County Extension of the Department of Agriculture. 

Using t h i s  basis, a crop and farm animal d i s t r ibu t ion  was 

Information w a s  obtained f r a n  the Hamilton 

The data was a list of the 

crap and livestock production in  the S ta t e  of Ohio. From t h i s  data it is 

i m d i a t e l y  apparent t h a t  the four mjor crops are (1) corn - with Butler 

County producing j u s t  about 11 times more bushels than Hamilton County, ( 2 )  

soybeans with the ratio of about 5 to 1, ( 3 )  wheat - with Hamilton County 

19 
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pr&&ng fewer than 1000 acres i n  1985, and ( 4 )  hay with the ratio of about 

4 to 1. This information reinforces  the concept t h a t  a large port ion of 

Hamilton County is 'dedicated to urban and c i t y  l iv ing .  This f a c t  has 

important consequences on the pathway ana lys i s  of people i n  the assessment 

area. 

and the majority of the food is grown i n  the North and Northwest, ca re fu l  

Since a m j o r i t y  of the publ ic  l i v e  to the Southwest of the L;Mpc site 

consideration mst be given to the quant i ty  of food that w i l l  be grown i n  the 

as ses smnt  area. A s ign i f i can t  quant i ty  of food is gram within 5 m i l e s  of 

t h e ' f a c i l i t y .  The agr i cu l tu ra l  data also mntains the  total number of beef 

and milk cattle as w e l l  as the number of hogs and sheep. 

The total  number of animals-and crops were reduced to  densi ty  

d i s t r ibu t ions  based on the  30 m i l e  radius  around the  p lan t .  This was 

accomplished using scale mps of the two counties and est imat ing the  land 

ava i lab le  f o r  agr icu l ture .  Since the population dens i ty  w a s  k n m  to a 

d is tance  of 50 miles from the site, a reasonable es t imat ion f o r  the farming 

could be made. 

d i s t r i b u t i o n  within 5 miles of the site. 

Table  2.0 is a summary of the  population and a g r i c u l t u r a l  

0 

0 

0 

0 

0 

0 

0 

0 
20 



375 
TABLE 2.0 
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SUMMARY OF AREA ( 5 mile radium) SURROUNDING THE FMPC 

Food Crops 
- Area Meat Animals Milk Cattle (Square Meters) Population 

N 
NE 
NE 
ENE 
E 
ESE 
SE 
SSE 
S 
s37 
sw 
wsw 
w 
m7 
Nw 
tw7 

311 
311 
311 
142 
142 
142 
142 
142 
142 
142 
142 
142 
142 
311 
311 
311 

47 
47 
47 
28 
28 
28 
28 
28 
28 
28 
28 
28 
28 
47 
47 
47 

0 . 500E+07 
, 0.500E+07 

0.500E+07 
0.853E+07 
0.853E+07 
0 853E+07 
0 853E+07 
0 . 853E+07 
OO853E+07 
0.853E+07 
0 . 853E+07 
0.853E+07 
0.853E+07 
0 . 500E+07 
0.500E+07 
0 . 500E+07 

403 
200 
443 
2255 
464 
646 
1455 
89 2 
606 
353 
167 
398 
470 
142 
463 
470 

2.104 pap ulation density distribution 

Papulation density distribution data was based from a "Report of 

Findings, Population Studies for -DOE Feed Materials Production Center, near 

Femald, chio, for NIB, Inc.", May 1981. This data, although established for 

a radius of 80 km, w a s  easily condensed to met the needs of this study. This 

was accomplished by using an averaging technique and taking a ratio of the 

data for the greater distances to the smller sectors used in the study. The 

original data and the condensed data are presented in Appendix A. , This 

information is then input to the AIRIXX computer code so that population 

exposure and risk assessments .can be determined. 

2.1.5 Area qeoloqical features 

Glacial action during the Illinoian and Wisconsin Glaciation periods left 

the area in much the sam geological form as it is today. In the immediate 

e 21 - 
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area, outwash f r a n  r e t r ea t ing  glaciers f i l l e d  the remains of an ancient r i v e r  

valley. The G r e a t  Miami River, which runs in  a southerly d i rec t ion  about 1 h 

east of the FTR, at its present course through t h i s  f i l l .  

0 

To understand what the area is l i k e  today, one must kncn something of the  

underlying s t ructure .  

approximately 2 miles w i d e  and 200-300 f e e t  deep. 

The m s t , p r d n e n t  fea ture  to note is a val ley,  

This val ley represents t h e  

remnants of a preglacial drainage system. The average gradient  of t h i s  h r i e d  

e 

a valley,  from West Carrol l ton to the Ohio River, is approximately 2 f e e t  per 

m i l e .  J u s t  south of Hamilton, near Fa i r f ie ld ,  the  gradient  f l a t t e n s  to 

approximately 1.3 f e e t  per m i l e .  

the  area being studied. 

This gradient remains nearly constant across 

The configuration of the bedrock surface,  upon which the va l l ey - f i l l  

aquifer material rests, can be described as a flat-bottomed trough with 

steeped walled s ides  [-Trans, 19851. The trough is inclined s l i g h t l y  (about 0 
2 f e e t  per m i l e )  toward the southwest. 

the  l imited area around and near the FMPC site. There is a bedrock is land to 

the east of the F'MFC. 

around it tawards the towns of New Baltimore and Femald. 

The aqui fe r  is assumed horizontal  over 

It acts as a b a r r i e r  to f l w  and d i v e r t s  ground water 

The va l ley- f i l l  aquifer  w a s  deposited within t h i s  bedrock val ley system ' 

by repeated ice advances in  combination with f l u v i a l  sediment t ransport  

processes during in t e rg l ac i a l  periods. 

unconsolidated mterial: (1 1 ice m n t a c t  cutwash, ( 2 )  proglac ia l  Outwash, 

arid 

proximity of the cont inental  ice sheet a t  the t ime the  material was 

The aquifer has three types of 

( 3 )  till. The in t e rna l  s t ruc ture  of these materials depends on the 

deposited. The proglacial d r i f t  and the ice contact are highly s t r a t i f i e d  

where the till, being d i r ec t ly  deposited by the  ice, is not s t r a t i f i e d .  

T i l l  can be e i t h e r  of two types, lodgmnt or ablat ion,  w i t h  ea& having 
__z- 

- 
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different water transmitting properties. Lodgment is mre compact than 

0 

0 

0 

0 

a 

ablation and, therefore less permeable. Ablation, being less compact is 

associated w i t h  surficial mraine deposits. 

clay and act to retard water mvement. 

and sand in their textural mkeup. 

In general till units are rich in 

The clay enriched layers contain silt 
I 

At the FFlpC site, lodgment and ablation 

till restrict both recharge fran precipitation and the hydraulic' connection 

between the upper and lmer portions of the aquifer system. 

aqbifer of the Great Miami River is an agglomration of the aforementioned 

types of unconsolidated sediments. 

into a single, regional aquifer system. 

section was obtained from the FMPC Enviro-ntal Monitoring Annual Report for 

1985, and f m  a &Trans, Inc. report prepared for the Ohio Environmental 

The valley-fill 

These drift materials have been integrated 

Most of this information in this 

Protection Agency entitled, "Preliminary Characterization of the Groundwater 

Flow System, near the Feed Materials Production' Center, Great [ l i d  River 

Valley-Fill Aquifer, Fernald, Ohio". The full references are given at the end 

of this report. 

2.1.6 Qdroqeoloqy of the area 

Section 2.1 . 5 contained information indicating that the valley-f ill is 
0 

0 

composed of three types of unconsolidated sediments. 'These drift materials 

have been integrated into a single, regional aquifer system. 

the internal character of this aquifer and its associated hydraulic properties 

A close look at 

suggests extreme heterogeneity on a local scale. Individual units or strata 

do not possess extensive lateral or vertical continuity (tens to hundreds of 

feet). The fluid transmission properties of the redia are therefore 

anisotropic with respect to direction. The magnitude of directional hydraulic 

0 

conductivity varies naturally with the lithology of the sediments and the 
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scale ( the  ratio of the depth to length of the region) a t  which the aqui fe r  

property is measured. 

The aquifer  systems i n  t h i s  v i c in i ty  can be characterized as follows: 

(1) the main va l ley- f i l l  aquifer  un i t  (type I-A-1 and I-A-2) and 

secondary aquifer  (type 111). 

v ic in i ty  of the Great M i a m i  River and is predominantly sand and gravel  with 

minor clay lenses. 

approximately 350 f e e t  per day and the v e r t i c a l  conductivity is 35 f e e t  per 

( 2 )  a 

The m i n  va l l ey - f i l l  aqui fe r  is located i n  the  

The horizontal  conductivity of t h i s  m i n  aqui fe r  is 

day with a recharge of 15 inches per day. 

The second aqui fe r  un i t  extends fu r the r  westward of the r ive r .  It is 

divided in to  two vertical subunits by a l a t e r a l l y  extensive clay layer  located 

about 440 feet above m a n  sea level.  The horizontal  hydraulic conductivity of 

these subunits is 250 f ee t  per day with a vertical conductivity of 25 f e e t  per 

day and a recharge of 6 inches per year. 

c lay  is 0.025 feet per day. 

area is estimated to be 2.2 f e e t  per day. 

The conductivity of the intervening 

The ground water veloci ty  in  the  Fernald RIP2 

The aquifer  near the FMPC site is characterized by e x t r e m  v a r i a b i l i t y  

and hence the f lm or containment of water is dependent on the local 

var ia t ions.  ?he area i n  general has the capabi l i ty  of re ta ining la rge  

quant i t ies  of water. It w a s  previously mentioned t h a t  t h i s  gives rise to a 

s ign i f i can t  economic incentive for the supply of water to industry. 

extracted from the aquifer  is used in  and around the  area. 

The water 

0 

0 

0 

0 

0 
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2.1 .7  Soil data 

The flow and storage of water, the m v e m n t  of a i r ,  and the a b i l i t y  of 

the soil to supply nut r ien ts  to p lan ts  are propert ies  determined by the s i z e  

and arrangement of the soil particles. The soil is composed of two types of 

particulate matter; organic and inorganic. 

about one half of the total volume of surface soils. 

silt and c lay  determine the texture  of the soil. 

The inorganic materials occupy 

The percentages of sand, 

The soil is broken i n t o  three v e r t i c a l  layers  which are: (1) the surface 

soil, which is from 30 to 60 an deep; (2) the subsoi l ,  which extends to about 

1 nreter; and ( 3 ) .  t h i rd  layer,  which extends to 1.5 meters deep and is 

composed of loose and partly decayed rock. 

designated as the  A, B and C horizons. "Ihe exact m q o s i t i o n  of these layers  

w i l l  determine which types of p l an t s  can grw and hcw much nut r ien ts  are 

available f o r  t h e i r  grwth. 

These layers  are generally 

The soils in  the v i c in i ty  of the FPIPC vary s l i g h t l y  with location. In  
- 

general, the  soils have f a i r l y  high ,percentages of c lay and silt. 

deviat ion from t h i s  is found i n  the soils nearer to the' gravel pi ts ,  where 

s l i g h t l y  higher concentrations of sand are found. 

soils are c la s s i f i ed  as loam or' clay loam. 

contaminants of the soils are given in  the next sect ion covering the  

radiological  data aquis i t ion.  

Some 

For the most part, the 

Further d e t a i l s  on the 

2.2 Natural 8ackqround Data 

Data were collected to determine the natural  l eve l  of radionuclides in  

soil, water and food products. The Manual defines a contaminated area as an 

area with above background concentrations of a radionuclide if the inequality 

0 25 
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is satisfied. 

where : 

si 

'B,i - 

- - 
- 
concentration of radionuclide i in soil, gi/g 

natural background of radionuclide, i, pCi/g 

= twice the standard deviation in the treasured background =,,i 
concentration, $i[g 

6Si = twice the standard deviation of the counting statistics, gi/g 

This section contains a compilation of data related to nom1 levels of 

radioactivity in soil, water and foods. 

Table 2.1 consists of Ra-226, 1h-232, lF-238 and K-40 concentrations in 

soil stated in units of pCi per gram of soil. 

and for the lowest and highest state values in the United States. 

for Ohio can be compared to the laws and highs, and observe that for Ra-226, 

Ohio is equal to the high value, for 31-232 Chi0 is at the U.S. averager and 

for U-238 Ohio is a little helm the high value. Only one piece of data was 

The values are given for Ohio 

The values 

0 

0 

0 

0 

0 
found for K-40 and is presented at a U.S. average. 

0 
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0 TABLE 2.1 
c 

MEAN RADIONUCLIE CONCENTRATIONS I N  SOIL ( M y r i h  1983) 3 33 
, 

0 S t a t e  

1.50 1.00 1.40 Ohio 

0.65 
0.24 

0.58 

LlId Alaska 
Florida 
buisiana 

HIGH Kentucky 
Nevada 

1.50 1.60 
1.50 

1.10 0.98 1.00 12.00 U.S. Mean 0 

Measurements =re performed by the  University of Cincinnati  an local sand 

0 and gravel samples for the WlCO In-Vivo Nonitoring Fac i l i t y .  Samples were 

taken from local concrete suppl ies  and analyzed f o r  uranium 238, radium 226, . 

t h o r i m  232 and p t a s s i u n  40. The r e s u l t s  of these radiological  measurements 

are Shawn belaw in table 2.2. Although these are not soil masuremnts ,  the 0 
results of the sand analys is  are l i k e l y  to be an indicat ion of the background 

content  of these radionuclides i n  local soils. 

e 
TABLE 2.2 (Eckart, et.al. 1987) 

NATURAL RADIONUCLIDES I N  SAND* 

0 
Concrete 226& 238u 23%1 40K 

Vendor pCi/q pCi/q pCi/q pCi/q 

Ems t 0.464 0.985 0.239 6.26 
Harrison 0.428 0.402 0.208 7.19 
Hilltop 0.367 0.753 0.217 6.28 

Plainvi  l le  0.437 1.910 0.211 7.12 
Roth 0.476 1.010 0.249 7.22 

I l i a m i  Valley 0.438 0.920 0.214 7.35 

0 

0 
*maximum reported concentrations 
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Table 2.3 consists of concentrations. of uranium isotopes in drinking 

water given in units of pCi per liter of water. Values are given for 

Cincinnati, specifically, and for the high and low cities in the United 

States. A U.S. average is also tabulated. It can be seen in this table that 

all isotopic concentrations given for Cincinnati are at or close to the lowest 

values found in the country. 

TABLE 2.3 

AVERAGE URANIUM CONCENTRATIONS IN DRINKING WATER (Cothern 1983) 
23413 23SU 238u 

City (pCi/L) (pCi/L) (Dci/L) 

Cincinnati 
HIGH: Las Vegas 
LQW: Portland 
AVERAGE: US. 

0.035 0 . 002 0 . 029 
3.150 0.111 2 . 080 
0.015 0.002 0 . 011 
0.364 0 . 018 0 . 277 

Table 2.4 consists of concentrations of the isotopes of Plutonium in 

drinking water given in units of pCi per liter of water. The data given is 

for the City of Columbus and again for high and low city values in the United 

States. The findings of this search showed no values for Cincinnati. The 

values for Columbus =re cited, since it is the closest city in which drinking 

water samples were analyzed. The Table 2.4 indicates that the concentrations 

found in Columbus are at or near the lowest found in the U.S. 

TABLE 2 .4  

AVERAGE P ~ J I L E I  CONCENIPATIONS IN DRINKING WATER(EPA 1985) 

Location 

OH: Columbus 0 . 005 
HIGH: SC: Jenkinsville 0.067 
mJ: .a: Port Gibson 0.003 
AVERAGE: U.S. 0.035 

239Pu 
(pCi/l) 

0.000 
0.053 
0 .ooo 
0.026 

Table 2.5 consists of concentrations for Ramn-222 in mnicipa, water 

The values are given in units of pCi per liter of water. supplies. Values 

32 *: 

0 

0 

0 

0 

0 

0 

0 
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w e r e  not found f o r  the State of chio, therefore  the state values found a& 

presented and an average is computed f o r  these states. 

TABLE 2.5 A 

MEAN RADON-222 C O N C ~ T I O N S  I N  MUNICIPAL WTER (Prichard 1983) .~ 

. 222m In 
Well Water 

STATE (pCi/L) 

Arkansas 
Indiana 
Iawa 
Louisiana 
Minnesota 
Nebraska 
New Mexico 
Oklahoma 

135.00 
151.00 
175.00 
151 .OO 
252.00 
262.00 
287.00 
117.00 

AVERAGE 191.25 

Radon values for Ohio ranged f r m  a few procuries per l i ter  to a high of 685 

picocuries per l i ter  i n  €Tuber Heights (EPA 85). / 

TABLE 2.5 B 

URANILM 238 CONENTRATION I N  DRINKING WATER (Cothem 19831 

CITY Concentration of Uranium 238 (pCi/L)  

Cincinnati  
Montgomery 
Berkeley 
L a  Angeles 
Denver 
M i d  
Chicago 
Las Vegas 
Knoxville 
Columbia 

OH 
ALl 
CA 
CA 
CO 
FL 
I L  
Nv 
TN 
sc 

0.028 ' 

0.014 
0.018 
1.400 
0.974 
0.083 
0.182 
2.080 
0.025 
0.009 

Table 2.6 presents concentration values f o r  Ra-226 i n  milk and matr 

given i n  u n i t s  of pCi per kg of m i l k  or meat. 

locat ions i n  the United S t a t e s  and are then averaged. 

The values are given f o r  

- 
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TABLE 2.6 

Radium226 CONCENTRATIONS I N  MILK AND !EAT 0 

S i t e  

Chicago 
New York State 
New York City 

San Francisco 

Tennessee 
W i  scons i n  

AVERAGE. 

- 

Table 2.7 

Milk Meat 
(pCi/kq 1 pCi/kq ) Reference 

0.23 
I 0.13 

0.25 
0.25 
0.09 
0.25 
0.27 
0.23 

0.55 Hallden 83 
0.00 Stroube 85 
0.02 Fisenne 70 
0.46 Hallden 83 
0.02 Fisenne 70 
0.46 Hallden 83 

Stroube 85 
Stroube 85 

0.21 0.25 

is a compilation of .data found for d i f f e r e n t  'radionuclides in  

0 

0 

foods. 

The m i n  types of food in  which values were sought f o r  e r e  milk, mat, 

potatoes, corn, wheat and soybeans, s ince  these are the major crops and foods 

ra i sed  in  the  Cincinnati  area. 

radionuclide, concentrations may be presented f o r  s m  foods and not others. 

Therefore not a l l  of the  radionuclides presented here were determined f o r  a l l  

of the  food types i n  which we are in te res ted .  

for general  food groups instead of the pa r t i cu la r  type of food. 

These concentration values are given i n  u n i t s  of pCi per kg of food. 0 
8 

Upon locat ing data f o r  a p a r t i c u l a r  0 

In som cases, data  w a s  found 

For example, 

0 

for Sr-90, Th-228, and uranium, values were found f o r  "dairy foods" i n  

general ,  but not f o r  "milk". Therefore we can assume the value of milk to be 

t ha t  found f o r  dairy foods. The values presented for Ra-226 are averaged over. 

data ' found for the  cities of New Yo&, San Francisco, and Chicago, and the 

values f o r  Sr-90 are averaged over da ta  found for New York and San 

Francisco . 

I . -  30 
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TABLE 2.7 ~ 

Dairy Foods 
M i l k  
Meat 
Cereals 
Wheat Flour 
Leafy Vegetables 
Root Vegetables 
Potatoes 
Dried Beans 

0 
Food 'Qp 

0 

Dairy Foods 
Milk 
Meat 
Cereals 
Wheat Flour 
Leafy Vegetables 
EEoot Vegetables 
Pot a t  oes 

, Dried Beans 0 

References Cited: 

a. Stroube 85 
b. Halladen 83 
c. Hardy 82 
d. Klement 64 
e. nmer 58 
f .  Tracyb 83 

0 g. bklford 67 

0 

4.624 
0.210 

1.097 0.250 2.400 
3.317 3.500 

2.733 
4.881 1.312 5.200 
5.000 2 417 2.100 
3.637 1.612 

4.200 

4.624 

1 . 097 
3.317 

4.881 
5.000 
3.637 

395 

0.210 
0.250 2.400 

3.500 
2.733 
1.312 5.200 
2.417 2.100 
1.612 
4.200 

0 
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- 3.0 PATHWAY MIDELS AND ANACYSIS FOR E€WIRO~NTAL TRANSPORT OF 

RADIONUCLIDES 

0 

3 . 1 Generalized Pathway Analysis 
Enviromntal transport pathways describe the roverrent of radionuclides - 0 

fran the source of emission through the biosphere to the human population. 

These pathways are considered to be of prime hprtance in evaluating the 

impact of radionuclides on human health and the environment. 

models were reviewed as part of this work. 

Various pathway 

Figures 3.1 and 3.2 illustrate 

typical pathway mdels. 

pathway sham in Figure 3.1 and the gaseous pathway shown in Figure 3.2. 

There are t m  major generalized pathways: the liquid 

The liquid pathway, sham in Figure 3.1, is usually called the aquatic 

pathway. 

ends up in surface water or ground water. 

this pathway as liquids or.& fallout or washout of airborne radionuclides. 

Radioactive material escapes or is released from scm source and 

Radionuclides usually originate in 

Each of the heavy lines sham in Figure 3.1 represent a means by which the 

radionuclide can be transported by surface or ground water from the source to 

human populations. 

In this figure, there are a large number of possible pathways. 

radiation, shown at the top of the diagram, would be the dose an individual 

would receive from swimming or boating in water (lake or stream) containing 

These radionuclide transport routes are called pathways. 

Direct 

above n o m 1  concentrations of radionuclides. The pathway at the lower end of 

the diagram labeled "ingestion" muld represent the dose an individual m l d  

receive from drinking water containing small quantities of radionuclides. An 

example of a rather lengthy pathway shmn on this figure would be the use of 

water containing radionuclides to irrigate crops. This contaminated 

0 

0 

0 

0 

0 

0 

0 

irrigation water introduces radionuclides into the soil. The radionuclides 
- .. -- 

' .38 
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3 76 
are absorbed'by the p lan ts  and are t ransported to the edib le  port ion of the 

plant .  Farm animals eat the plants ,  such as corn or grass  and a small . 

f r ac t ion  of the radionuclides from the p l a n t s  is transferred to the mat or 

milk.  When humans eat the mat or drink the mi lk ,  a small f r ac t ion  of the  

radionuclide content of the mat or milk is t ransfer red  to the individual.  

The individual receives a dose from ea t ing  or drinking t h i s  food. This would 

be ca l l ed  an ind i r ec t  pathway. 

The gaseous pathways s h m  i n  Figure 3.2 can  be explained i n  rmch the 

s a  fashion. 

the  atmosphere in  the  form of pa r t i cu la t e s ,  vapors or gases. The upper 

Radioactive material from a source is released or escapes i n t o  

pathway, labeled "d i rec t  radiat ion" would represent  the dose to an individual  

i f  the individual  were surrounded by air  containing small quan t i t i e s  of the 

radionuclides. For example, the person may be down wind. of a stack release i n  

t h e  form of a plume. 

whole body dme  from the  external rad ia t ion  emitted by the radionuclides i n  

The individual could receive a sk in  surface dose or 

t h e  plume. 

i n t e rna l  dose from inha la t icn  of radionuclides i n  t h i s  a i r .  This simple, but  

The individual might also inhale  som of this a i r  and receive an 

important pathway, is s h m  a t  the bottom of f igure  3.2  and is labeled, 

"inhalation".  A\mm complex gaseous pathway would be the deposit ion of t h e  

radionuclide from the air  to the soil. Here again, the roots of the plant  

uptake the radionuclide, then the farm animals eat the plant  and humans eat 

the  animals and drink the m i l k .  

described, f r ac t ions  of the o r ig ina l  quant i ty  of the radionuclide are 

t ransfer red  a t  each s t e p  i n  the pathway u n t i l  f i n a l l y  ingested by the  human 

As with the similar l iqu id  pathway previously 

0 

0 

p o p  la t  ion. 
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3 .2  Expos ure Scenarios 

0 

The actual pathway that leads to human exposure is determined by exposure 

scenarios. These are the patterns of human activity that can result i n  

radiation dose linked to the residual radioactivity i n  the soil. These 

exposure scenarios w i l l  also be site specific. Soil guidelines are based on 

the exposure to mmbers of an critical population group. This is the group 

0 

,. 
that would be expected to receive the highest effective dose equivalent. 

The Manual has def ined  the critical population group for a FUSRAP or SMP 

site as a family who takes up residence on the site after it has been released 
0 

for unrestricted use. 

scenarios. Since the Femald E?I€C site is over 1000 acresr the resident 

nqMsure scenarios for this group are called resident 

scenario has been sham to be the mst critical scenario for this analysis. 

In the standard residential scenario, the family is unaware that the soil 

contains above background levels of radioactivity. 

mve onto the site, build a horn and raise crops for family consumption. 

the FMPC, the large size of the si te leads to the conservative assumption that 

a l l  of the family's  food could be gram on the site. 

The family is assumed to 

A t  

It is further assumed 

that a l l  the mat and milk products consumed by the family are produced from 

onsite animals. 

these foods gram on the site (called ingestion). 

The members of the family would receive a dose fran eating 

The family mnbers muld 

also receive a radiation dose fran exposure of direct radiation from 

radionuclides i n  the soil and by inhalation of resuspended dust. For a large 

site, the Manual requires the conservative assumption that an on-site well 

supplies the family drinking water and crop irrigation water. 

0 

0 

0 

0 

0 

Other scenaria have been investigated as part of this project. Using 
I 

the data base collected and discussed i n  Section 2 of this report, offsite 0 
resident scenarios were considered around the FT.IFC site. The external 

0 36 
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375 
radiation dose from the soil was found to decrease rapidly with distance from 

the FMFC site due to the lower radionuclide concentrations at these 

distances. The dose to an offsite individual from the inhalation pathway also ' 

decreases for the s m  reason. 

decreasing concentration of radionuclides in the soil. 

The food ingestion pathway also decreases with 
. .  

The dose from the 

drinking water pathway to an offsite family cannot be easily dismissed as less 

than the dose to an onsite family. 

pathway will be largest for drinking water obtained from a well at the 

boundary of the contaminated region on the southeast.corner of the site that 

The contribution from the groundwater 

draws water f m  the unconfined aquifer. 

could be the same at the boundary for onsite and offsite zesidents, h t  will 

decrease for wells at greater distances fran the boundary. 

This contribution to individual dose 

The Manual requires that exposure scenarios used for establishing soil 

guidelines should be conservative and correspond to actions, events and 

processes that will result in the largest exposure to mmbers of the resident 

family. In discussions with members of the Westinghouse technical staff, it 

was pointed out that the silty clay soil at the site could contain enough 

water to support a shallcw family well for drinking water. 

scenario has been incorporated into the site-specific scenario for the 

resident family. 

0 

This conservative 

Table 3.1 summarizes that most significant site-specific 

exposure scenarios developed for the unrestricted release of the FMPC. 

e 
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TABLE 3.1 

SCEawRIO PARAME;TEIS FOR THE MAXIMALLY EXPOSED INDIVIWAL, 

Value - Parameter 

a 

riaximally exposed individual member of resident  family 

Act ivi ty  pa rameters 0 

Time spent indoors (50%) 
r e s t ing  
l i g h t  a c t i v i t y  

2500 h/yr. 
1800 h/yr . 

Time spent mtdoors  (50%) 
o n s i t e  (258) 
o f f s i t e  (25%) 

e 
2190 h/yr. 
2190 h/yr . 

Food consumption parameters 

Fraction of drinking water from 

Fraction of l ivestodc food grown o n s i t e  
Fraction of mat and n i l k  from 

Fract ion of f i s h  d i e t  from farm pond 

Fraction of p lan t  d i e t  gram ons i t e  1.0 

o n s i t e  well 1.0 

ons i t e  animals 1.0 

0.5 

0.3 

e 

0 

Housinq pa rameters 

IXlst quant i ty  i n  house to  outs ide a i r  
Shielding factor for ex terna l  gammas 

0.5 
0.7  e 

S i t e  qeneral  parameters 

Area of above background concentration 
of radionuclides 1050 acres 

I n i t i a l  thickness of pro tec t ive  soil cover 0 m e 
Erosion rate 
Depth of contamination 

6.65 nnn/yr 
1.0 m 

These parameters help to e s t ab l i sh  the annual exposure to rad ia t ion  and 

ingest ion of radionuclides to the  mximally exposed individuals  l i v ing  on the  

site. 

adopted d i r e c t l y  from the  Manual. 

w e r e  suggested values frun the  Planual for large sites. 

The a c t i v i t y  parameter values and the housing parameter values were 

?he food and water consumption parameters 

e 

- ... _. . 
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3.3  Pathway Analysis For DOE Facilities 375 
The derivation of radionuclide soil concentration guidelines is based on 

the concentration of the radionuclide in the soil at the site and the 

consequent radiation dose received by the mximally exposed individuals. 

site specific pathway analysis mst be conducted to determine and evaluate 

this dose. 

A 

Various pathway mdels have been proposed for residual radioactivity 

guidelines at formerly utilized DOE sites. 

the "Formery Utilized Sites *medial Action Program" or F U S W  and remote 

sites identified ky the "Surplus Facilities Managemnt Program" or SFMP. 

These programs are,-referred to as 

Gilbert has constructed a general pathway diagram (Gilbert 87) showing 

all the pathways that lead from E'USRAP waste to human exposure at the FUSW 

site. 

from the generic F U S W  site for the FMFC. 

point for pathway analysis for all possible FFipc exposure scenarios. 

The release mechanisms and pathways s h a m  in Figure 3.3 are adapted 

Figure 3.3 is simply a starting 

3 . 4  Important Pathways for the FMFC 

As discussed previously, after careful pathway and scenario analysis, ws 

have identified the maximally ,exposed individual as the wmber of a family who 

takes up residence at the site and essentially eats foods produced at the site 

and drinks water from wells at the site. 

pathways to the maximally exposed individual are listed in Table 3.2. 

these pathways were investigated as part of this study. 

calculations ere conducted for each pathway sham in Figure 3.3,  in order to 

Based on this scenario, the major 

All of 

Sensitivity 

identify the most important'or critical pathways for the FMRZ site. 

The inhalation of resuspended dust at the site resulted in a dose on the order 

of 2 mrem per year per picocurie of uranium per gram of soil. Using 

39 4 3  
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s e n s i t i v i t y  s tudies ,  such as t h i s ,  the mst important pathways were i den t i f i ed  

f o r  the FMFC site f o r  the resident  family scenario. 

TABLE 3.2 

MAJOR PATHWAS FOR THE FMPC SITE 

1.0 External rad ia t ion  

1.1 Ground 
v o l m  source 
surface source 

1.2 A i r  
resuspended dust  

2.0 In te rna l  Radiation 

2.1 Inhalation 
inhalat ion of resuspended dust  

p l an t  foods; vegetables, g ra ins  and f r u i t s  
meat 
milk 

2.2 Ingestion-Foods 

2.3 FBter Ingestion 
deep well-drinking water 

i r r i g a t i o n  water 

The externa l  rad ia t ion  dose from radon and the radon daughters and the 

0 

0 

resuspended dust  is mall and w a s  deleted f r m  the  f i n a l  pathway analysis .  

Only inhalat ion dose is included in  the  pathway analysis .  Calculations show 

the externa l  dose f r a n  radon and resuspended dust  is almost a fac tor  of 100 

less than the  inhalat ion dose from t h i s  dust .  

Because of the unusual soil and hydrogeologic cha rac t e r i s t i c s  of the FMFC 

site, the  pathway ana lys i s  has been fu r the r  divided i n t o  a near-term pathway 

ana lys i s  (0-100 years )  and a long-term pathway ana lys i s  (1000-10 I 000 years  1.  
6. - 

DOE requires  a planning horizon of 10,000 years. Figure 3.4 is a generalized 

0 

hydrogeologic cross secticn of the local area. This f igure  and other similar 

- '  45 
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0 

e 

0 

f igures  s h w  a bed of c l ay  or s i l t y  clay soil immediately under the MFC 

site. l3elcw t h i s ,  lies an unconfined sand and gravel aquifer .  I n i t i a l l y ,  it 

w a s  assumed tha t  this & l t y  clay could support a shallm family w e l l  that 

could be used f o r  drinking water, but not s u f f i c i e n t  water f o r  crop 

i r r iga t ion .  

resul ted i n  t h i s  assumption being challenged. 

Subsequent discussions with mmbers of the  GJMCO technical s t a f f ,  

The PMCXl s t a f f  did not believe 

that  the s i l t y  clay could support even a family w e l l .  

deleted f r an  the f i n a l  analysis.  

This pathway was 

C r c p  i r r i g a t i o n  would be f ran  the deep w e l l  

only. ?he deep well is assumed to draw water from the sand and gravel aquifer  

sham i n  Figure 3.4.  

For near tern, unres t r ic ted  release, the critical pathways are shown in  

Table 3.3 ,  and the long term critical pathways are l i s t e d  in  Table 3 . 4 .  These 

pathways e r e  determined by an analys is  (presented later) of the time required 

f o r  radionuclide migration through the soil. 

TABLE I 3.3 

NEAR-TEIW CRITICAL PATHWAYS (0-100 YEARS) 

1. External radiat ion f m  the ground 

1.1 Surface source 
1.2 V o l a  source 

2. In te rna l  radiat ion 

2.1 Inhalation 
inhalat ion of resuspended dust 

2 .2  Ingestion by foods 
. p lan t  foods 

meat 
mi lk  

43 



TABLE 3.4 

1.0 External 
volume 

2.0 Internal 

radiation fran the ground 
source 

radiation 

2 . 1 Inhalation 
inhalation of resuspended dust 

2.2 Ingestion by foods 
plant foods 
meat 
milk 

2 .3  Ingestion by water pathways 
drinking water frm deep well 
irrigation water frm deep well 

These pathways results are based on uranium contamination in the top 

layer (few mters) of soil upon release of the site for unrestricted use. 

Initially, the land may be used to support a family who takes up residence on 

the site. 

contaminate the deep well water. 

the non-water pathways: external surface and volwne radiation from the 

ground, inhalation of resuspended dust, and a variety of food chain pathways. 

In the mid-tern time interval, 100 to 1000 years, the radionuclides 

The uranium has not yet migrated dawnward into the aquifer to 

Thus, initially the critical pathways are 

migrate downward toward the aquifer. 

the radioactivity begins to enter the saturated zone of the aquifer and 

contaminates the well water. 

in the well water becomes the dominant transport pathway for radioactivity to 

humans: 

Eventually, after a few thousand years, 

During the long term interval, t k  radioactivity 

drinking water and crop irrigation water. Most of the uranium 

contamination in the long term the interval h a  migrated from the. top few 

meters of soil to the aquifer. Section 3.5 contains the analysis for the 

radionuclide migration. 

- -  
... I 
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3 7 s  
These tine intervals ,  0-100 years and 1000-10,000 years, define the t ime 

f r a m  f o r  the application of the critical ,pathways for the determinat im of 

the site specific soil guidel ines .  

pathways f o r  each of these tire in terva ls  w e r e  calculated to determine the 

mst r e s t r i c t i v e  guidelines. 

The soil guidelines f o r  the cr i t ical  

3 . 5  Transport of radionuclides from the surface soil to the aquifer  

Groundwater contamination from radionuclides released to the soil can 

a f f e c t  the long term soil guidelines s ign i f icant ly .  

groundwater pathway can be divided in to  several  time increments: 

The analysis  of the 

long, short ,  

and i n t e m d i a t e .  For t h i s  reason the groundwater path is important i n  t h a t  

the radioactive material can a f f e c t  people both in  the present and in  the 

future.  Radioactive material in  the  groundwater has the poten t ia l  f o r  mving  

0 

0 

0 I 

f a r  from the release point. This m v e m n t  can r e s u l t  i n  contamination of 

f a i r l y  large areas both near and f a r  from the o r ig ina l  source. This movement 

can be a slow process, taking sometims as many as me thousand years or mre 

to mve only a few meters, i n  unsaturated clay regions. 

hcwever, the transport  t h e  can be only a few years or m n t h s  f o r  mterial in  

saturated regions or in  surface waters. 

FWC site requires  only the consideration of groundwater i n  the saturated and 

the vadose zones, s ince there  are no s ign i f i can t  surface water sources on 

site. 

of sand and silt. The sand lens in  t h i s  region can permit radionuclides to 

migrate mch  f a s t e r  than i n  till or clay regions. -This e f f e c t  w i l l  be 

discussed mre fu l ly  in  sect ion 3.5.5.1 

In o ther  instances 

The s i tua t ion  to be d e l e d  at  the 

The bed of Paddy's Fbn Creek i s  c o m n l y  dry and is composed primarily 

45 
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3.5 .1  The Problem 

This d e 1  concentrates on the transport of radionuclides in two zones 

lying beneath the ground surface. These zones are commnly referred to as the 

vadose and the saturated regions. The vadose region usually contains mch 

less moisture or water than the saturated area and is sometimes referred to as 

the unsaturated zone. 
a 

‘the scenario considered here is depicted in figure 3.5 

which shaws a cross section of the aquifer and vadose regions in the Great 

Miami River Valley near the FMPC. 

the time of transport and concentration of radionuclides mvirig through these 

zones. ‘this calculation is based m the analytical solutions of the 

The objective of this d e l  is to calculate 
0 

generalized transport equation in one and t m  dimensions. 

and simplifications had to be made in order to hild and solve the d e l s  

Some assumptions 
e 

discussed here. :The details of these models including the physical data 

aquisition and geologic investigation conducted W i l l  follow in the next 

sections. 

3 .5 .1 .1 .  The ksessrnent Area 

0 

The area under primary consideration for this,rrPdel is the waste pits in 

the Northwest corner of the n1FC site. This area w a s  chosen as a 

representative portion of the RlPC site due to the large size’ of the area and 

the data available on the geology, as well as the radionuclide 
0 

contamination. Several geologic investigations were performed for the FMPC 

0 site by the U.S. Geological Service, GeoTrans Inc., and The International 

Technologies Corporation (IT). 

were prgsented in sections 2.1.5 and 2.1.6.  

?he site geological and hydrological features 

. 
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FIGURE 3 . 5  CONCEPTUAL MODEL FOR THE 
RADIONUCLIDE TRANSPORT ANALYSIS 
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0 
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3.5.2 Modeling the Problem 

3.5.2.1 The Generalized Transport Equation 

The task at hand is to devise an analytical methcd for determining the 

concentration as a function of time and position in the vadose and aquifer 

regions. 

an analytical solution and a accurate approximation to the problem. 

This d e l  must necessarily rely on basic assumptions to enable both 

The first 

step was to identify the regions in question and determine the physical 

situation as close as practical. 

physical situation. 

The next step was to approximate the 

This was accomplished as sham in figures 3.4 th.rough 

3.7. 

hydraulic gradient of 2 feet per mile. 

similar manner with the average depth of about 10 rneters. 

transport of contaminants in these regions a generalized transport equation 

was considered (Till 83). 

The depth of the aquifer was taken as an average 125 feet and an average 

The vadose zone was handled in a 

To assess the 

where: 

C = the concentration of dissolved constituent (5) 2 . C m  - 
D = the dispersion tensor (&I 

v = the fluid flux (2) 
A = Radiological decay constant (z) 1 

I 

\ 

This is the m t  general form of the mss transport equation cpverning 

mvement of contaminants in the saturated-unsaturated media when the water is 

in a single phase. If local equilibrium of mss transfer and first order 

chemical reactions are assumed, sorption can be represented as a linear 

0 

relationship and the retardation coefficient can then be represented as: 
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0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

P 
, L + - B  

Rd ne ne 'd 

where 

n =  

"e - 
p b =  
Kd = 

porosity 

effective porosity 

hlk density (9, 
Dhtr ibut ia r  coefficient 

cc 

g 

This form of the transport equation &es not lend i t se l f  to analytical 

solutions for tm reasons: 1) the equation is nonlinear in 8.8 and 2) the 

dispersicn tensor requires more data than is typically available to evaluate 

the nine terns. 

heterogeneity of the e n v i m m n t .  This o f  course requries detailed knowledge 

of the aquifer on a local scale. The nonlinearity precludes solutions by any 

means other than mrical methods. lxle to these constraints sane type of 

modification had to be made to the equation. 

in the next section. 

The dispersion tensor and the flux vector account for  the 

These d i f i ca t ions  are detailed 

3.5.2.2 'Ihe mdified Equation for the Vadose Zone 

In  order to solve equaticm 3.1 for  th i s  region several assumptions were 

made. These assmptions are: 1) the =dose -ion consists predominately o f  

clay and has an average depth of 10 mters belw the gram3 surface8 2) the 

volumetric water oontent8 88 is. considered b be averaged over time and is 

therefore only a function uf depth8 3)  the source is considered an inf in i te  

plane and is homogeneous w i t h  horizontal diffusicn being zero8 a d  4)  the 

c l a y s i l t  =dim is approximated as isotropic and horogeneous and therefore 
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tensor is assunred to be given by: 

+ (af9;c' 

Where: aL - 

vi,v = 

'i j 

j 
= 

"iVj/v 

longitudinal dispersivity 

transverse dispersivity 

magnitude of the flux 

components of &e flux 

kmnecker delta function 

The nodified vadose equation is ben given by: 

0 

e 

0 

0 
where: 

Dz = l-dimensional dispersion element 

The use of d e l s  based cn uniform and isotropic dim is quite 

prevelent in performing generalized assessments of contaminant transport. 

Several reasons for these assumptions are 1.) 

solved with analytical techniques, 2.)  the specific data required is 

significantly reduced and can often use average values, and 3. ) the the and 

cost of the merall analysis is reduced. The rationale presented here is 

typically not sufficient to justify the simplifying assumptions alone. 

0 

?he d e l s  can typically be 

The 

results of the analysis nust be reasonable and sufficiently accurate for 

0 

0 

e 
justification. -- The results can be campared to actual physical masuremnts 

e 52 



c 

taking into account long time in t enmls .  of the processes. 375 
The s impl i f ied  m d e l s  can, be evaluated a t  less cost and within short time 

periods i n  order to provide f l e x i b i l i t y  f o r  c a q a r i n g  with ac tua l  rneasurenrents 

as well as performing s e n s i t i v i t y  ana lys i s  f o r  obtaining best arrd worst cases. 

The assumption of an i n f i n i t e  p lanar  source allows f o r  the me 

d h n s i o n a l  treatment, This is j u s t i f i e d  in the se.hse that, as the 

contaminants migrate dcxJnward i n  t he  '2'  d i rec t ion ,  any d i f fus ion  i n  the ' X I  

or lye d i r e c t i o n  is balanced. This af course is not the case a t  the  
0 

boundaries, however they are assumed to be s u f f i c i e n t l y  f a r  renoved so as to 

not d e t r a c t  f m n  the s o l u t i m .  

The 'volqnetric water a m t e n t  was determined frcan cum f i t t i n g  data 

col lec ted  fmn the site and a r e l a t ionsh ip  far the infiltraticn f m n  r a i n  and 

runoff. The i n f i l t r a t i o n  E l a t i o n  was determined using information from the 

U.S. Department -a€ Energy Manual f o r  estimating Residual Radioactive Soil. 

Guidelines (U.S.DOE, '198%), .and a t e x t  OBI groundwater hydrology (Bcuwer, 

. 
a 

1978). The r e l a t i a n  f o r  8 is as follows: 

0 A4 = 0.024332 

A3 = -0.15863 

= 0.26760 

0 A1 = OoO94508 

A0 = 0.10012 

0 '  and the  i n f i l t r a t i o n  r e l a t i o n  is: 

- -  57 
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In, *= :, (Me) [(1Xr)Pr + I=] e '  
Ce = evapotranspiration 

C, = runoff coefficient 
m 
yr Pr = precipitation rate (-) 

I, = irrigation rate (E) 

3.5.2.3 The Modified Equatiar for the Aquifer 

The mthod used for the kpifer for reducing the generalized transport 

equation to a usable form is similar to that in the vadose zone. There 

are differences. The first and mst notable difference is the water 

content uf the saturated region. The water content in the vadose zone was 

fcund to vary ~harply w i t h  distance, *reas the water in the aquifer is 
uniform, has a prominent direction, and velocity component. 

one can assume Wletely saturated conditions exist. 

In this region 

This imxliately 

reduces the generalized equaticn to: 

13.71 

E'urthernrore it was f a d  that the fluid mvement is consistent in this 

aquifer and the velocity is assumed to be parallel to the 'x-axis' as 

illustrated in figure 3.7. If the aquifer is assumed to be isotropic and 

homgeneous, then the equatim further reduces to: 

CI CI 

One other significant difference between this d e l  and the d e l  for the 

vadose zone is the size of the source. Dcle to the type of source assumed in 
~~ 

-. - 
\ 5 8 . -  

- 

54 
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0 

0 

0 

0 

3 7s 
the vadose zone, the scurce for the aquifer was detedned &-be a plane with 

finite area and is apprcpriately considered to be an inst&'- release . 
This can be ass~med due to the significant variation k-travei t h - s  for the 

radionuclides in the tm regions. The migration t M - i n  'the vadase zone can 

be m the order ~f a thousand years to travel severdl meteis Whilg that in the 

- 

- -.- - -_  

0 

aquifer is on the order o f  a few years to travel this-&& distance. -Once the 

transported nreterial reaches the aquifer after having-aed-kciii the vadose 

zone, by comparison the contaminant is taken away almcst inStzhheoudy. 
_ -  - 

A l l  of the assumptions mde in this assessment'are sribshtiated by the 

site characteristics ar the physical relatianships ex&&-f&?'kh6 isotropic 

and hamgeneous approximations. 

and sand layers and the local anisotropic 'conditions- in--&- vadose CIT till 

Even w i t h  the existence &-stratified gravel 

regions, the hcazpgeneous assuption w&s satisfactorily when amsidering 

large planar sources. 0 The scale of the source areas are as follaws: 

Surface Source 600 m x 300 m 

0 
Aquifer Sosulce 200 m x 70 m 

These mdels and assumptions agree with various sources in industry 

practice. (Codell et al, 19831, (Dewiest, 1969). The next section sets forth 

the solutions for these two d e b .  
0 

3.5.3 Solutions of the Modified EQuations 

0 

0 

The solutions to the equations developed for both Egions -re obtained 

using the integral transform method and then substituting for the Error 

Function and it's campliment. Tables of the Error Functions are available for 

hand calculation, haever the use of a microcomputer and numerical integration 

of the Error Function provides for faster and mre efficient data 

aquisition. The solution to the vadose zone is given first follawed by the 
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0 
,. ., .# i :* * 

a~ i fer solution . 

3.5.3.1 The Vadose solution 

The function given below is the solution to the mdified second order 

partial differential equaticm governing the vadose zone in one spatial 

dimension and time. 

mdel are as follows: 

t=O, 2) the concentration for all time at z=O is a constant Co, 3) the 

concentraticn at an extrapolated bamdary (assumed to be infinite) is 0 for 

all the. This solution is in tenus of a normalized and continuous source 

The initial condition and boundary conditions for this 

1) the concentration for the entire region is 0 at time 

0 

0 

0 

0 

0 

0 

(eq.3.9) 

0 

0 
3.5.3.2 The Aquifer Solution 

The function arrived at for 

instantaneous 1 Curie release to 

the aquifer region is based on 

the aquifer of average depth. 

.is then the concentration as a function of time and two spatial 

_-- 
60 I 

an 

This solution 

directions 

0 

0 56 



0 

- 'x ' ,  and Iy' as given below. ~ 

0 

0 

0 

0 

where 

395 

13.101 
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3.5211 .WsUlts 

3.5.4.1 rZadionuclides in Vadose Zone 

Figures 3.-8 through 3.17 depict the mncentration of radionuclides in the 0 
vadase zom as a function o f  the and o f  the depth in the region. These 

figures illustrate the vertical dispersion and holdup of material mving 

through this zone. Each figure depicts the concentratim as a functicn of a 
t h e  for several positions within this region which are 1, 2.5? 5, 7.5? and 10 

meter depths. 

average depth of the =dose region at the FMPC site. 

3.10 are for uranin 238 utilizing different values of the distribution 

The break-@ point was taken as 10 meters which is I an 

Figures 3.8, 3.9, and 

coefficient (Kd) 

Since site-specific values of the distribution coefficient -re not 

available for all the radionuclide in this study, a range of values were 

utilized. The raost conservative (shortest migration times) results were used 
0 in the analysis of the soil guidelines. 

the effect the distrihtion aefficient has an the ancentration and transport 

t h  of uranium in the vadose zone. These figures illustrate that a factor of 

three increase in the distribution coefficient decreases the ancentration, at 

a ten meter depth after 10000 years, by a factor af fifteen. The transport 

time is similarily increased by a factor of three. 

tested was as law as 270 cc/g and as high as 1000 cc/g. The values for the 

distribution coefficient are for clay soil which is the predominant mterial 

Fig& 3.8 thraugh 3.10 illustrate 

0 

?he range of values 

within the vadose zone at the FMX site [Till 831 [Geotrans 851. These 
e 

figures illustrate the dependence of the transport time m this coefficient. 

Figure 3.11? 3.12, and 3.13 illustrate the effect of the dispersivities on the 

* transport time for uranium. The increase in the dispersivity of the dim 

has the opposite effect of the distribution coefficient on the concentration 
- ~- 
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and transport time. 

results in a factor 

3 75 
In this case a three fold increase in the dispersivity 

of fifteen increase in the concentration ratio at the 

saturated zone and similarily a factor of three decrease in the transport 

time. 

results. W e n  actual data for the various input parameters was not available 

values that yielded the most conservative results were .r- used. 

Values for these coefficients were selected to yield conservative 

- - - - _ _ _ _  
Figures 3.14 

through 3.17 depict the msults af the following isotopes thorium-232r radium- 

2268 stronti-90, and plutonium-239. 

transport time, for elemental therium to reach the saturated zoner was 

calculated and found to be longer than 10000 years. 

3.14 contains only these depths where masurable concentrations would 

appear. Tables 3.58 and 3.6 list the range of the input parameters used for 

Ih interesting result is that the 

For th i s  reasonr Figure 

the analysis of the identified radionuclides. 

d 

3.5.4.2 Model Development for Radionuclides in the Aquifer 

m e  radionuclide transport in the aquifer has been deled to include 

As a result of the horizontal and horizontal dispersion in the x-y plane. 

vertical dispersion significant dilution occurs when mterial enters the 

aquifer. The results of the transport of thorium in the aquifer are 

illustrated in two types of graphs. The first type shws the concentration as 

a function of tim for a particular ' X ' r  'y' coordinate and these are 

designated as figures 3.18 and 3.19. 

illustrates the sam information, however, instead of graphing the functionr 

values of the concentration are superimposed m a plan view of the assessment 

area for each 'x '  and 'y' coordinate pair at a particular time. In this way 

the Eader can became aquainted with the plume m v m n t  & seeing the 

concentratim of the dissolved constituent in the aquifer. 

The second style of data display 

e 
These figures 3.20 
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0 

0 Table 3.6 Radioisotope Dependent Data 

a 

0 

0 

Nuclide 

239 plutonium 

238 plutonium 

238 uranium 

235 uranium 

234 uranium 

232 thorium 

230 thorium 

228 thorium 

228 radium 

e 226 radium 

* 237 neptunium 
210 lead 

0 137 cesium 

* 106 ruthenium 

0 

e 

Half -Li f e 
(years) 

2 . 4E4 
87.7 

4 . 5E9 
7 . OE8 
2 . 4E5 
1.4E10 

7 . 7E4 
1.9 

5.75 

1600 

2.1E6 

22.3 

30.2 

1.0 

* 99 technetium 2 . 1E5 
90 strontium 29 

Distribution 
Aquifer 

100 - 200 
100 - 200 
10 - 100 
10 - 100 
10 - 100 
40 - 130 
40 - 130 
40 - 130 
7 - 50 
7 - 5 0  

20 - 170 
10 - 100 
10 - 100 

( d / g )  

30 

10 - 40 
1 - 43 

Coefficient (Kd) ** 
Vadose 
(ml/g) 

150 - 2000 
150 - 2000 
270 - 4400 
270 - 4400 
270 - 4400 
270 - 10000 
270 - 10000 
270 - 10000 
70 - 2400 
70 - 2400 
220 - 3400 
100 - 10000 
189 - 1053 
100 

120 

19 - 282 
* Values estimated based on oxidation states 

and ionization potentials 

Soil Guidelines (Gilbert, 1987) 
** - U.S. DOE Manual f o r  Implementing Residual Radioactive 

ml/g - milliliters per gram. 
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e 
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0 
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0 

e 

e 

e 

0 

thrcu& 3.25 show a stop time effect on the concentration for thorium. The 375 
next set of graphs, figures 3.26, 3.27 aml 3.28 depicts the transport of 

radium and uranium in the aquifer. 

and the uranium in the aquifer is the peak concentration far uranium is 

greater than that. for the thorium. This is due primarily to the 

ea& element. Tables 3.7 and 3.8 illustrate the remainder of the nuclides 

considered in. this study. These values were taken close to the release pint 

and at the plum centerline. The final results are then tabulated for the 

various time frames considered between 100 and 10,000 years. 

The obvious difference between the thorium 

values for 

3.5.5 Conclusions a d  Recomsndations 

This d e l  attempts to investigate the transport of radionuclides in the 

grcund (both the aquifer and the vadose regions). 

the d e l  the distehtion coefficients used were always near the lower limit 

To remain conservative in 

for the element and media resulting in faster transport times and higher 

concentrat ions . 
The recamendation that can be put forth as a result of this study is 

that additional situations involving the transport of radionuclides be 

investigated using this present d e l .  

boundaries at the saturated zone and other interfaces can be made. An example 

is the change to a time dependant source for the -dose zone, and possibly the 

additim of diffusion in the horizontal direction. The rodel performed as 

expected for a first approximation amsidering nearly ideal conditions. 

d e l  is considered an improvement on the typical ion-exchange d e l  due to 

the consideration of the dispersion term (molecular diffusion and nrechanical 

qifications to the d e l  for the 

This 

dispersion) and 

considering the 

the convecticn terms not normally considered. The result of 

dispersivity was to balance the effect frcm the distribution 
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0 Figure 3.20: Concentration in the Aquifer 
After 11 Years (pCi/m3) 
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0 Figure 3.21: Concentration in the Aquifer 
After 21 Years (pCi/m3) 
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Figure. 3.22: 
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Concentration in the Aquifer 
After 31 Years (pCi/m3) 
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i Figure 3.23: Concentration -in the -Aquifer 
After 41 Ye.ars (pCi/m3) 
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0 Figure 3.24: Concentration in the Aquifer 
After. 51 Years (pCi/m3) 
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0 Figure 3.25: Concentration - a  in the Aquifer 
After 61 Years - (pCi/m3) 

* Thorium 232 Transport i n  t h e  Aquifer 

t 

26.2 0 

12.0 0 
* 24.4 0 

19.2 0 

- r -  

I' 

FMPC 
L7l.O 0 819.0 0 1243 0 

418.0 0 
846.0 0 

, a . o  0 
72.0 0 

UAO 0 

a8 0 
20.0 0 

76.0 0 

Lf 0 

J 

1393 0 870.0 0 

lzaoO 2 2 r o o  

220 0 
2.8 0 

4.1  0 

0 

303.0 0- 

. .  

40.0 0 

0.13 0 

0 



L 
Q) + : 
U 
C 
3 
0 
L 
0 
C - 
S 
0 - + 

+ 
t 
Q) 
0 
C 

to 
N 
N 

E 
3 
U 
0 

OL 

a m  

Q) 

3 
0 
LL, 

I 

a- 

0 0 0  n 0 - 8  8 8 8 0 0 0 
JI 0 v- N r 3  * 1 0 a  
? I- v- r r 7 t- 7 

II II II 
x ' X  x 

II 
al X 

W 

II 
X 

II 
X 

It 
X 

I 

375 

co 

01 

0 
0 
0 
0 
N 

0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

N 0 a) (0 t N a 
85 c F 

CD * - .- c 

(U3UW 318n3 U3d S3lHl303ld) NOllWlN33N03 . 
81 



L 
Q) + : 
U 
C 
3 
0 

(2 
L 

h 

0 
I1 
). 

Q) 
0 
c 
0 
Q) 

U 

Y 

i5 

I 
0 0 
M 
U 
X 

X 

I 
0 0 
-t 
II 
X 

0 

I 
0 0 
In 
U 
X 

a 

I 
0 0 
[o 

II 
X 

a 

I 
0 0 
b 
II 
X 

+ 

I 
0 0 
a3 
II 
X 

0 

I 
0 
0. 
Q, 
II 
X 

I 

375 

0 
0 
0 
(D - 

0 
0 
0 e 
c 

0 0 
0 0 
0 0 cv 0 
c c 

0 0 0 0 0 
0 0 0 0 0 0 0 
a0 (0 e c v -  86 



L 
Q) + 
D 
U 
S 
3 -- - 

- - 
- 

0 

(2 
L 

C - 
S 
0 

0 
L + 
I= 
0) 
0 
C 

a + 

e '  0 
0 

E 
3 
S 
..r 

Q) 

3 
0 
L 

iz 

0 
II > 
v -  

0 0 0 0 0 0 0  0 0 0 0 0 0 0  
O -  c v r l * I n c r ,  
F r r F 

II II a II 
x x  x x  

t 0 I - 

375 

W 
04 ,- ' 

a. 2 , 

I- 

co 

( U 3 W  3lan3 83d S3INl303ld) NOllV8lN33N03 
83 
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TABLE 3.2 

FRAmION OF INITIAL CONCENTRATION CALCULATED AT '10 METERS DUE 
TO RADIONUCLIDE TRANSPORT IN THE VADOSE ZONE 

NUCLIDE 

Pu-239 

Pu-238. 

U-238 

u-235 

U-234 

Th-232 

Th-230 

Th-238** 

Ra-226 

Ra-228 

Np-237 

Pb-210 

cs-137 

Ru-106.. 

Tc-99 

Sr-90 

HALF-LIFE 
(YEARS) 

241 lo4 

8.n x 10' 

4.68 lo9 

7.04 x 108 

244 x 104 

1.4 x 10" 

7.7 x 104 

l.91 x loo 
1.60 x I d  

5.75 x loo 
214 x 106 

223 x 10' 

3.17 x 10' 

1.01 x loo 

213 x 16 

2 9  x 10' 

e. Pu-238 decays to U-234 
completely decays away 

371; 

. TIME (YEARS) 

100 

5.5 10-l~ 

1.1 d7 
0 

0 

0 

0 

0 

0 

2 1  x 

0 

0 

0 

0 

0 

9 3  x 1f.P 

4.4 

lo00 

' 7.6 x 1W5 

26 x 108 

1.4 

.1.4 

1.4 

0 

0 

0 

4.0 10-3 

0 

1.9 x lod 
3.6 x 

1.0 x lo-u 
0 

1.2 

5.4 x 10-12 

5000 

,5.a x io-* 

2.81 10-l~ 

1.5 x 1r2 

15 x 1v2 

13  

1.2 

15 x 1V2 

0 

23 x 

0 

28 x 

0 

0 

0 .. 
J.1 x 10' 

0 

10000 

2.0 x 10'' 

< lo-% 

8.1 x 

8.1 x 

7.9 x 

1.4 lo-' 
1 3  x 

0 

4.8 x 

0 

2.0 x 10'' 

0 

0' 

0 

27  x 10' ' 

0 

84 . 



FRACLlON OF INiTIAL SURFACE CONCENTRATION IN AQUIFER REGION 
(RATIO OF INlTIAL SURFACE CONCENTRATION TO CONCENTRATION 

PER LlTER IN THE AQUIFER) 

.. 

NUCLIDE 

Pu-239 

Pu-238. 

U-i38 

u-23s 

U-234 

Th-232 

Th-z)o 

Th-228 

Ra-228 

Ra-226 

Np237 

Pb-210 

cs-137 

' Ru-106 

Tc-99 

Sr-90 

HALF-LIFE 
( Y W )  

241 x 104 

8.n x 10' 

4.68 lo9 
7.04 x 108 

244 x l$ 

1.4 x 1o'O 

7.7 x 104 

1.91 x loo 
'5.75 x loo 
1.60 x ld 
14 x lo6 
223 x 10' 

3.17 x 10' 

1.01 x loo 

213 x 16 
29 x 10' 

0 

100 

1.4 x 

8.7 x lo-z 
2.8 x 1r2' 

28 x lo-'' 

2.8 x lo-'' 
0 

0 

0 

0 

1.0 x 

2.9 x 

9.0 x lo-'* 
63 x 

0 

3.2 1017 

4.4 x 

lo00 

9.7 x 10-l2 

21 x lo-" 
2 4  x 

24  x 

24  x 10"' 

0 

0 

0 

0 

1.9 

3.0 x 10'" 

0 

0 

0 

4.0 x lo8 
0 

Pu-238 will increase U-234 concentration by a factor of 2 

5000 

7.4 

224 x lo-= 
27 lo-' 
27  

26 x 10'" 

1.8 x 

1.8 x 

0 

0 

1.1 x lo4 
4.4 

0 

0 

0 

4.3 x lo4 
0 

10000 

1.8 x 1fl 
e lo-% 
1.4 x lo4 
1.4 x lo4 
13 x lo4 
20  x 10'" 

1.8 x 10'" 

0 

0 

2.2 

1.8 x lod 
0 

0 

0 

1.0 x 

0 

e 

a 

$9 * 

a 
85 
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0 

0 

coefficient and thus '&tab both realistic and oonservative results. 

3.5.5.1 The Limitations of the Model 

A f w  of the Limitations have been noted, such as taking the dim as 

hamgeneais and isotropic. This section will focus on the'basis of the &el 

and the range of applicability. 

The basis for this d e l  stem from a scenario in which EWC site has 

been returned to public use at scme t h e  in the future. The actual time 

figure for this situation can not be determined given present information. 

The assumption then was nrade that this  site would be reclaimed to sone degree 
I 

0 -and that the residual rddioactive mterial would contribute a derse of 100 mrem 

or less per year to an individual in the general public. The remedial action 

was thought to occur in a time frame that m l d  p e d t  any contamination in 

e the aquifer to be reduced to background levels. Additionally the residual 

radioactive material in the soil was limited to the first 15 an'to 1 mter of 

depth fran the surface. The migration mdel is then used to represent a-clean 

0 environment other that at the surface. 

The d e l  presented here applies to this scenario and is used to predict 

a break thmgh t h  and mcentratim far various radionuclides mving from 

the surface soil to the saturated mion. 

reaches the saturated region the d e l  is used to estimate the mvemnt and 

dilution within this region. 

contaminant per liter of water for use in the dose to source ratios. 

Q~ce the radioactive mterial 0 

?his estimate provides the concentration of 

This e 

analysis did not oonsider the region near paddy's runs c m e k  due to a 

groundwater divide predicted by GeoTrans 1985. 

aquifer in this region wuld be eqected to mve south tawards the Great Miami 

- 
Contaminants reaching the 

e 

River. TIE family farm was ass& to lie within the FMPC and to the east of 
I 

0 
86 
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\ ;  

paddy's near the waste site area or within the area m occupied ty the 

ProdUctiOn facilities. Additionally the transpork tines far contamiriants 

mving thrmgh sand and silt are typically orders of mgnitude shorter than 

for regions of clay. This wauld enable small  concentrations a€ contaminants 

to appear in the drinking water within the 0-100 year time frame. This time 

fram of 0-100 years is dominated by the inhalation and ingestion pathways and 

preliminary analysis indicated that the contribution frm the drinking water 

was negligable. After the initial 100 years *,near term inhalatim and 

ingestion ddnated paths are reduced by leaching and wthering processes. 

A t  this point the sand and silt regions wald have had all but background 

material leached aut and once again wuld not contribute to the water 

0 

0 

0 
pathway. The intermdiate & longterm analysis o f  the soil guidelines will 

consider the transport of the Contaminants through the vadose regions. 

e 
3.5.5.2 Comparison to The Manual 

0 

The Department of Eherqy's m u a l  for implementing residual radioactivity 

guidelines was in review draft when this contract began and naw the Manual is 

in final draft form. 

plaoe in the updated versions of the Manual. 

Significant changes in the water pathways have taken 

Due to data availability sorne of 

the praposed mdels are still not incorporated in the current version of the 0 
RESRAD code, particularily the diffusion-controlled leaching model. 

all cases and for sufficiently long transport times the dominant factor w i l l  

In almost 

be diffusion. [U.S. DOE, 851 In the 1985 version of the Manual three models 0 
were proposed to esthete the concentration of radionuclides in water that has 

percolated through the contaminated regions. These d e l s  were: 1) the 

solubility d e l ,  2) the ion-exchange d e l ,  and 3) the diffusion d e l .  

These three models were revised and are ncw considered as the 1) dissolution- 
-- 

* -  A 
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0 

0 

a 

0 

controlled, 2) desorption-mntrolled, and 3) diffusion-ntrolled leaching 

models. The xmdel developed for this study utilizes both the desorption and 

diffusion mechanism to estimate the. concentration as a function of the and 

distance. Tables 3.9 shows results of the breakthrough tine far uranium using 

the original ion-exchange d e l  (Gilbert 85). 

expected to over &timate the concentration of the radionuclides that will 

migrate through the unsaturated zone and transport times can differ 

significantly due to linear dependenoe on the distribution coefficient and 

The ion-exchange d e l  is 

hydraulic conductivity. The results shown here illustrate the over dependence 

an the hydraulic condueivities. 

The greater the hydraulic conductivity the shorter the transport time. 

This approach assums a uniform saturation across the medium. The Manudl does 

not incorporate the diffusion-controlled nodel into the RESRAD d e  due to 

difficulty in determining the diffusim coefficients for the medium and the 

radionuclides. 

dispersivities for material similiar to that at the FMPC. 

the mchanical dispersion and the mlecular diffusion can be 

approxhated.[Till, 831 

The d e l  used in this study utilizes the measured 

In this way both 

The error due to this approximation is on the order 

of that due to using measured values of distribution coefficients. from other 

sources. 

the mre rapid migration due to diffusion combine to give a better 

The increased transport time due to the ion-exchange coupled with 

approximation of the physical situation. .To ensuE that the actual situation 

is being represented one should measure site specific 'dispersivities as e l l  

as distributim coefficients for the vadose and saturated regions. 

88 



Table 3.9 Transport Time for Uranium 
on Ion Exchange Model 

Distribution 
Coefficient (ml/g) 

150 

270 

400 

800 

1000 

5000 . 

270 

270 

270 

Hydraulic 
Conductivity 

22 . 25 

22.25 

22.25 

22 . 25 

22 . 25 

22 . 25 

111.25 

1 9 1  . 45 

278.35 

Based 

Transport 
Time (yr) 

1210 

2185 

3237 

6473 

8090 

40500 

437 

254 

180 

1- .. q3 
89 
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4.1 Developcent of Analysis Methods 

The allawable levels of zesidual radioactivity in the ground are 

specified in term of single radionuclide soil concentration guidelines, 

called sinply, "soil guidelines". 'Lhese soil guidelines are developed for the 

principal radionuclides, which have a half life of one year or longer. 

The Departnrtnt of mrgy has several projects underway to develop 

analytical techniques and w t e r  progranrs to calculate residual 

radioactivity soil guidelines for formerly htilized sites such as =RAP and 
1 '  

SMFP sites. A manual was developed to assist h calculating soil 

guidelines. This manual is called "A Manual for Inplementhg midual 

Radioactivity Guidelines. It was distributed as a draft copy in 1985 (Gilbert 

' 85) and a revised draft copy was distributed h 1989. (Gilbert 87) A Final 

(Gilbert 88). In this project, 
I 

Draft capy was  released in J a n u q  of 1988. 

we are adapting the generic Manual analysis to a site-specific analysis for 
0 

the FMPC. W2 are essentially adapting a generic soil guidelines analysis 

0 methodolcgy developed for EVSRAP sites, to the FMPC plant. 

A camputer pmgram developed at Pacific Northwest Labora&ries (Napier 

84) was also obtained to help develop soil guidelines. This program, called 

0 . ONSITE/EIAXI was develaped by- the  to perfonn pathway analysis fur the 

onsite disposal of radioactive waste. CNSITE/EIuw: is another rnethod of 

calculating soil guidelines. The details of the analysis by ONSITE/MAXI are 

0 

0 

0 

given in Section 5.4 of this report. A new computer program, called RESRAD, 

is also being developed to ccpnpute soil guidelines. 

for use. 

It is not yet available 

A third method that was used to evaluate the effect of residual soil 

radioactivity on human populations was a computer program called AIRWG-EPA. 

This program is actually a package of computer program. One of the 12rogranr;, 

94 
90 
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called -AB, is a program for calculating healti effects due to ingestion CIL: 

inhalatica of radiation. Section 5.3 contains the details o f  the AIRDOG 
0 

analysis . 
This three-pmnged attack provides a wide variety of analytical mthods 

to calculate the soil guidelines. 

into the problem. Most importantly, having three independent mthods provides 

an excellent cross check for results. Hand calculations by traditional 

fomlas =re also used to check the oomputer results. 

Each method provides additional insight 0 

Each of the three methods utilize scm very %omrrm and very fundamental 

concepts related to hcw humans receive a dose fran residual radiation in the 

soil. TbiS section will present a very brief, but hopefully understandable, 

review of these comrr>n analytical rnthods. 

S i t e  specific soil guidelines are calculated by the formula: 

0 

0 

where: 

sG, i = single radionuclide soil guideline for 'radionuclide, i, gi/g 

(D/S)i = dose to source conversion factor for radionuclide, i, mrem/fr per 

Pci/g 

DL = annual ccannitted effective dose equivalent, mrem 

DL = 100 mrem/yr. per Us DOE standards 

The D/S ratio for each radionuclide m y  be given as the pathway sum: 

or 

I . .. __.-- 

, 9 5 _ ,  

0 

e 

0 

91 
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a 

m e  index, p, is a pathway index label. Thus, the total dose to an 

individual fraa residual radioactivity in the soil, would be tb sum o f  each 

dose received thrcugh all the pathways. The derivation of soil guidelines 

requires a detailed evaluation of site values for each of the D/S i rP 
I 

The D/S ratios axe factored into tsm mjor catpnents, a dose conversion 

factor, D/E and an enviromntal transport factor, ED. The D/S ratio -.be 
0 

calculated, frum these two factors: 

0 

where 

0 

a 

0 

0 

0 

(eq. 4.3) 

(D/E)~,~ = dose anversion factor for radionuclide i and 

pamw, PI -si 
( ~ f l ) ~ , ~  = environmentai transport factor for radionuclide' . 

i and pathway, PI g& or L/Y 

The next section will describe these two factors and discuss nethods of 

obtaining the D/E and E/S parameters. 

4.2 m e  Conversion Factors for Internal Radiation, D/E 

Internal radiation doses to organs and tissues of the body are estimated 

using factors representing the conanitted dose equivalent for a unit intake of 

a radionuclide via inhalation or ingestion. 

irradiation, the dose rate to the body and organs depends on the concentration 

. 
In the case of external 

of the rhdionuclide in the enviromnt. These relationships are referred -to 

as "dose conversion factors". ' - 9'6 
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Internal radiation dose to organs and tissues of the body is evaluated by 
I 

models and analysis methods developed by the International Comnissim on 

Radiological Protectim (ICRP) . 
the dose to humam frun ingestim or inhalation of radionuclides. 

These nethods are widely used in predicting 

0 

a 

Calculation of dose equivalents in organs or tissues o f  the body requires 

- 0  the use of these models to 

body (respiratory and gastrointestinal tract) and the deposition and 

subsequent retentim of the radionuclides in body organs (referred to as 

metabolic mdels), and 

(1) describe the entranoe of materials into the 

e (2) estinrate the energy deposition in tissues of the 

body. 

details of mdels for the lung and gastraintestiml tract is w i r e d  because 

these mdels define tbe interface between man and the environment. 

In apply- the results of these calculations, sorm3 insight into the 

Inhalation of radionuclides attached to airborne particles is a potential 

route for intake of radionuclides into the body. The ICRP model of the 

respiratory tract divides the tract into a nasqhaqngeal region, a 

tracheobronchial region, and a pulmnary region. These regions are 

interconnected with one another as well as with body fluids and the 

gastrointestinal tract. 

regions is a function of the size of the airborne particles. 

The fraction of inhaled activity deposited in these 

The activity 
I 
I median aerodynamic diameter (AMAD) is the measure naost widely used to 

characterize the aerosol. 

microns. 

,-- 

It is basically the “size” of the particle in 

~ 

The rate at which the deposited material is m v e d  from the above 

~ ’ described compartments considered to be independent of particle size. The 

removal rate is related to the chemical form of the particles. 

compounds are assigned to one of three classes to characterize their remval 

chemical 

rate from the lung. The lung classes are denoted as D, W, and Y - 
. .  ‘r! 

- &&onding to clearance or removal times fran the pulmonary region of the 
97- 

0 

0 

0 

e 

0 

0 
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lung on the order of days, weeks, or years, respectively. The specific 

classes assigned to uranium axqounds are listed in Table 4.1. 
0 .  TABLE 4.1 

SOWBILITY CIASSIFICATION OF SELECI'ED URANILM coEIwuNDs 

Class D -. Soluble (transported) cQTlpounds - solubility half-life ( t h  for 
half of the oatpound to be dissolved in lung fluids) of 1 to 10 days. : 0 

0 

Amonimdiuranate (AEU) 
Uranium hexafluoride 
uranium trioxide 
Uranyl acetate 
Uranyl chloride 
Uranyl fluoride 
Uranyl nitrate 
Uranyl sulfate 

. Class w - mderately soluble (slawly-transportable) canpcunds-estimated 
solubility half-life af 10 to 100 days inclusive. 0 
Uraniun dioxide 
uranium tetroxide 

. Class Y relatively insoluble (very slowly-transportable) coqounds estimated a solubility half-life of greater than 100 days. 

0 

Uranium alminide 
Uranium carbide 
Uranium dioxide (high-fired) 
Uranium Oxide 
Uranium tetrafluoride 
Uranium-zirconium allay 

0 A partia! of tb material initially deposited in the lung enters the 

gastrointestinal (GI) tract. Ingested radionuclides can also enter the GI 

tract directly. The IC€@ mdel of the GI tract divides the tract into four. 

e conpartnaents: startlach, small intestine, upper large intestine, and h e r  

large intestine. This &el is also described in more detail in the 

Appendix'. In the GI tract, absorption of materials into body fluids is 

0 , generally considered to occur within the small intestine. The fractim of the 

ingested mterial absorbed into blood from the tract is denoted as fl. 

numerical value of fl is dependent on the chemical form of the ingest-& 

The 

-98 
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0 

Radionuclides that'enter body fluids either f m n  the lung or through the 
0 GI: tract may be deposited within the various o q m  of the body. MetaboEic 

processes and radioactive decay reduce the radioactivity in the body. 

mval processes are modeled in a rather simple manner in which the organs 

are represented t y  a number o f  mthematical cwnpartments from which the 

These 

0 

repnoVal rate is directly proportional to the amunt of radionuclide present. 

This approach leads to functions involving a sum of exponentials to describe 

the rate o f  change o f  radioactivity with the in the body tissues and 
0 

, The respiratory tract mdel and the GI tract &el are used to calculate 

the d t t e d  dose equivalent to humans that inhale or ingest radiation. 

Since the internal dose is always directly prcportional to the quantity of 

radioacti\le material inhaled or ingested, the calculations are performed for a 

unit intake of the radionuclide. 

one picocurie (si) o f  uraniun 238 in the chemical form uranyl chloride 

(U02C12), the dose to the various body organs and tissues can be calculated. 

Since the results for ingesticn o f  1 pCi of U02C12 are always the same, they 

can be easily tahlated for future use. If a person ingests 10 pCi of the 

same -d, the dose to each organ is exactly ten times the dose due to 

%en one drinks a liter of water oontaining 

ingestion of 1 si. 
3 containing 10 pCi/m 

this worker would be 

The sam is true for inhalation, if a worker breathes air 

of uranin hexafluoride, UF, the dose to the lungs of 

exactly ten times the w e  from 1 sib3. 

0 

0 

0 

0 

0 
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4.3 t k e  Factors for Inhalation and Inqe stion 379 
Factors zepresenting the effective d t t e d  dose equivalent per unit 

0 
intake far selected radionuclides via inhalation and ingestion cge given -in 

Table 4.2. These values ere  taken directly frm the &mal. In narry 

'instances, several chemical form have been considered: that is, mre than 0 
one clearance class (inhalation) or fl (ingestion) value is given for the 

radionuclide. If the user of the Manual has information indicating the 

chemical fornrs expected in the particular envirmnt being donsidered then 

the appropriate valm should be selected after consulting ICRP Publication 30 
0 

(ICRP 1979). If no information CCI the relevant Meal form is available, 

then the mst conservative value (i.e., the highest estimate of aaSe) should 

be used. Table 4.1 listed this clearance class for uranium aaqounds. Based 
0 

an these ICRP mohels, dose conversion factors for selected radionuclides of 

0 interest to the FMPC soil guidelines study are listed in Table 4.2. 

0 

0 

100 e 
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TABLE 4.2 

- -- D/E F A O R  FOR INERNAL RADIATION FOR SELECIED RADIONUCLIDES (Gilbert 87) 
_. 

Principal lung 
-Radionuclide class __-.- 

. -  

Tc99 
Tc99 

- -  Ra 226+D 
Ra 228- 
Th 230 
Th 230 
Th 232 
Th 232 
U 235+D 
U 2394) 
U 235+D 
U 238+D 
U 238+0 
U 238+D 
Fu 238 
Pu 238 
Fu 239 
Pu 239 
Fu 240 
Pu 240 

D 
W 
W 
W 
W 
Y 
W 
Y 
D 
W 
Y 
D 
W 
Y 
W 
Y 
W 
Y 
w 
Y 

0 

0 

a 

0 

Dose conversion factors identified with "+D" in Table 4.2 a= the sum of 

0 dose conversion factors for a principal radionuclide (a radionuclide w i t h  a 

half-life greater than 1 year) and its associated decay chain (all short-lived 

decay products of a principal radionuclide dcxJn to, txlt not including, the 

next principal radionuclide or the final nonradioacitve nuclide in the 0 
chain). 

inhalation of the principal radionuclide together with its associated decay 

These aggregated dose conversion factors correspond to ingestion or 

product radionuclides, which are assumed to be in secular equilibrium at the 0 
tine of intake. 
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4.4 m e  Conversion Factors for External Radiation (D/E) 3 79 
In addition to inhalation or ingestion of a radionuclide, a person muld 

receiwe a radiation dose directly froan radionuclides on the surface of the 

soil or frm radionuclides within the soil. The body tissue and organs can be 

irradiated fran this externdl source if the radionuclides are g m  

emitters. This photon radiation can be e x t m l y  penetrating; it Will 

irradiate the entire body, including the body organs. 

afforded the body organs by the body tissue itself. If the tissue ar rmscle 

dose is 1.0 mrem, the dose to s ~ n e  organs (lungs, liver, etc.) raay be as lcw 

as 0.6 naem due to this shielding. 

Them is SOBI~B shielding 

The effective do~e equivalent concept includes a weighting factor wtt for 
each body organ. T h i s  wighting factor is designed to make the health risk 

due to irradiation of an individual body q a n  statistically equivalent to 

irradiation of the entire body. For example, the weightirq factor for the 

thyroid is Wt = 0.03. A dose of 100 mrem to the thyroid w u l d  be equivalent 

0 

0 

0 

0 

to a risk of fatal cancer incidenoe fran a dose to the whole body of 3 mrem as 

sham below. 

= WtD thyroid ’= .03 (thyroid) wt 

= .03 (100) = 3 mrem 

Kocher (Kocher 1983) prepared extensive tables of dose rate factors for 

Kocher later derived radionuclides in air, water and on the ground surface. 

dose rate factors for radionuclides uniformly distrihted in the soil 

volume. nese are essentially the D/E values used in the ~anudl and computer 

Programs. 

Dose conversion factors for external radiation from airborne 

radionuclides have not been included because the dose fran this source is 

0 
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small axpared with the dose f m  inhalation of airborne radionuclides. 

converSion factors for water inmrsim have I& been included because this 

Dose 

contribution will also be negligible axpared with other pathways due to the 

1- concentratim uf radionuclides in surface water (cornpared with the 

concentration in the 

fracticn of tins that an individual wuuld be exposed to external radiation 

froa surface water. 

and in drinking water f k  a well) and the m a l l  

The dose oonversion factors for grcund contamination are for exposure at 

a point 1 meter above ground. The surface contaminaticn is assumed to be a 

uniform layer of infinitesimal thickness and infinite lateral extent; the 

w l u m  contamination is assumed to be uniformly distributed to infinite depth 

and infinite lateral extent. Contributions from all associated radionuclides, 

which are assumed to be in secular equilibrium with the parent principal 

radionuclide, are inc1uded.h the dose conversion factors for principal 

radionuclides. 
b 

These dose conversion factors assume a field of infinite extent. 

Corrections rmst be made in the analysis for small  contaminated areas or "hot 

spots". ?he Manual describes these corrections. 

Dose conversion factors for radionuclides distributed in the ground 

volume will depend OBI the h l k  density of the soil (q,) Factors 
3 2 

for pb= 1.0 g/m" and pb= 1.8 g/cm" are listed in Table 4.3. Values for 

other soil densities m y  be obtained by interpolation. Linear interpolation 

of Dfi  can be used, although linear interpolation of ln(D/E) gives slightly 

mre accurate results. 

Table 4.3 lists sc~[13 D/E factors for external radiation from contaminated 

0 

0 

e 

0 

0 

0 

0 

0 

0 

0 ground; surface soil or v o l e  sources. 
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. TABLE 4.3 ( G i l b e r t  87) 

P r inc ipa l  
Radionuclide 

0 

0 

Tc 99 
Ra 226M 
Ra 228M 
Ih 230 
Th 232 
U223S+D . 

U238M 
Fu 238 
Pu 239 
Fu 240 

! 

6. 33X10T7 

37s; . .  . 

0 
4.5 EnvironmentalTranspo rt Factor, E/S 

The environmental transport f a c t o r s  describe the  means by which the 

0 radionuclides are transported fran the source tern in the soil to exposure, 

inha la t ion  or ingestion by humans. One example of an environmental transport 

f a c t o r  would be the simple act of drinking water fran a contaminated w e l l  on 

0 the  site. %e environmental transport f a c t o r  w x l d  be expressed as: 

0 

0 

0 

0 

(E/SIi = environmental transport f a c t o r  f o r  radionuclide,  i, pci d 

(w/s)i = concent ra t im of radionuclide,  i, in  the  

dr inking water, g i / L  

If the  b e l l  water contains  10 g i / L  and a person drinks 500 d / d ,  then 

the e n v i r o m n t a l  transport f a c t o r  is 

E/S = .500 L/d x 10 g i / L  = 5 g i / d  

100 
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radionuclide is transported frun the s o u ~ c e  to the point at whicfi it 

represents an exposure to humans or is ingested by people in food or water. 0 

Environmentdl transport factors can beC0;re very complex, especially for 

the aquatic paths and the food chain paths. Fortunately, these envirokntal 

w r t  factors have also been evaluated for a large number o f  radioisotopes 

and a selected nutnber of important food chain pathways (see Tables 4.4-4.6) . 
Only a brief description w i l l  be given for environmental transport factors in 

0 

0 
this section. For additional information, consult the Manual, or the 

documents entitled, "Models and Parameters far Envirmntal Radiological 

Assessments" (Miller 84) and "Radiological Assessnent" (Till 83). 

Ea& environmental transport, factor is expressed as a product of pathway 

factors that include intake factors for the quantities of radionuclides 

inhaled or ingested, occupancy factors for the tine spent in contaminated 

areas, transfer factors for the concentration ratios for the radicmuclide 

concentrations in different media along a pathway, su& as plant uptake 

factors and water to soil concentration ratios, and source factors for the 

area and depth of contamination and rate of release into the environment. The 

basic equations for selected environmental transport factors are sumnarized 

below. Details can be found in the Manual. 

0 

0 

0 

Transpo rt Factor for External Vblume Scurce (no units) 

0 

I i , i e %  : 0 
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0 
where: 

3 79 

0 
E/S = environmentdl transport factor for external volume source 

= occupancy factor, related to tim spent an site ' .. _ .  

FA -a factor, related to size of contaminated area L 

FD = depth factor, related to depth of antanhated area 

Trarlspo rt Factor for lhst Inhalation (g/yr) 

0 

0 

0 

e 

. . . . - . 

where: 
E - = environmntal transport factor for dust inhalation, g/yr S 
E 3 - =  annual air  intake, m / y r .  A 
A - = mass loading of airborne dust, 9/m3. of air  S 

0 

P 

Transpo rt Factor for Water and Foods, g m  

The environmental transport factor for plant foods is the sum of each of 

the three transport processes listed below: mot uptake, foliar deposition 

and irrigation water. F'or root'uptake, the transport factors are: 

0 

0 

where: 
E 
S 
- =  environmental transport factor for 

(eq. 4.7) 

root 
E 

= m a l  intake of food, Kg/yr. 
C - = radionuclide transfer factor, soil to plants S 

W Y  
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2 * - ( -  The &viromntal transport factor for radionuclides &posited frm the dust 

in the air to the plant foliage is: 

C 

9 = mass loading uf airborne dust, 9/h3 S 

where: = radionuclide transfer factor from foliar deposition 

The third oontribution to the transport factor for food and water is a result 

. of irrigatiq the fimn crops grown on site w i t h  contaminated water frun a -11 

on site OT nearby pond. This factor can be calculated f m :  

(eq. 4.9)  

C L where: y = radionuclide transfer factor f m  water to food, - g 
W g = water to soil concentration ratio, g/L 

Table 4.6 shows the value of the environmental transport factors'for 

selected radionuclides. 

TABLE 4.6 

Principal Plant 
Foods - Radionuclide 

3 Tc 99 1.1 x lo2 
7.7 x lo2 
7.7 x lo2 

7 235, 238 7.7 x lo2 

Ra 226, 228 
Th 230, 232 

€3.1 238, 239, 7.7 x 10 
240 

Meat - 
2.4 x lo1 1 
1.6 x lo1 

7.8 x lo1 
7.8 x 10 

7.9 x lo1 

Milk - 
3 

1 
1.1 x lo1 

2.0 x lo1 
1.6 x 10 

4.8 x 10 
2.0 10-3 

c 

0. 



0 

0 

0 

e 

0 

0 

0 

0 

0 

0 

These env i romnta l  transport factors are for a full diet of foods whi .* 
are g r w n  entirely an a, formerly ut i l ized site. 

i n  the analysis to account for the fraction of the foods grawn On the family's 

farm and the fracticn of the foods grcrwn on the family farm that are gram i n  

f o m r l y  contaminated areas. (area factor) For large contaminated areas, 

t w  hectares or nrore, these factors becanre 1.0. 

The factors must be modified 

The mvironmntal transport factor for mat and milk is also the sum of 

three cornportent parts related to the meat or m i l k  animals eating feed or 

fodder that has picked up sane o f  the radionuclides from the soil by root 

uptake, foliar depasition or i r r igat icn water. 

deposit ion : 

For mot uptake and f o l i a r  

(eq. 4.10) 

while for  fodder irrigation and livestock water, 

(eq. 4.11') 

where: - -  - radionuclide transfer factor f m  forage, fodder, or 0 

0 - =  annual livestodc feed intake, Kg/yr. F 
Q = annual livestock yater intake, ~ y r .  w 

water to neat ur milk as appropriate. 

E 
Typical values of the environmental transport factor, s , for the previously 

described processes m 

4.4 - 4.7 list values 

given i n  the 

for selected 

Manual for standard scenarios. Tables 

radionuclides. 
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As these tables for environmental transport factors show, the food 

related transport factors are dependent on the elemenkal form of the 

radioisotope. 

uraniun 235 OT uraniun 238. 

Uranium behaves the indentical way in plants regardless if its 

Principal 
Radionuclide 

Tc 99 
Ra 226, 228 
Ih 230, 232 
U 235, 238 
I% 238, 239, 240 

Plant 
Foods - Meat 

7 
Milk - 

4 1.1 x loo 3 1.5 x loo 4 

7.4 x lo* 9.0 x lo1 5.4 x 1002 

4.4 x lo2 

4.4 x lo1 5.4 x loo 7.7 x 10 
4.1 x 10 5.4 x 10 3.2 10-5 

2.4 x lo2 6.0 x lo1 1.4 x 10 

TABLE 4.5 

Principal Plant 
Radionuclide - Foods 

Tc 99 1.8 x loo 0 3.3 x 101; 1.7 x 10' 
Ra 226, 228 1.2 x loo 2.0 x 2.3 x 

U 234, 238 1.2 x loo 9.8 x 6.9 x 
RJ 238, 239, 240 1.2 x 10 9.8 x 10 2.9 x lod 
zh 230, 232 1.2 x loo 9.8 x lo,* 2.9 loo4 
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- __--_ 5.1 Sources Identified at the FMPC Site 

0 The Westinghouse Materials Canpany of Chi0 was responsible for collecting 

saurce data. The basic savce data provided for this study consisted of the 

annual "Envimmntal &ports" 6WCO 87) and the Weston study. (WESrTxJ 87) 

a 
5.2 Derivatim of D/S R a t h  for Uranium 238 as a Principal Radimuclide 

Usinq the Manual Analysis for Near Tenn Pathways. 
0 &I example of the nrethod used to calculate soil guidelines w i l l  be 

presented in this section using uranium 238 as the example radionuclide. 

Fs shm previarsly in sectim 4.0, site specific soil guidelines (SG,i) 

are calculated by the fornula e 

\here (D/s)~ is the calculated value of the dose to source conversion factor 

for radionuclide, i. 

equivalent limit established by the CCE at 100 mrem/yr. 

The %term is the annual committed effective dose 
e 

This section w i l l  derive the D/S ratio for uranium 238 for the near-term, 

non-aquatic pathways identified as critical to the unrestricted release of the 

R E  site. A detailed analysis w i l l  be perfomd in this section. 
ab 

A similar 

analysis w a s  performed for each radionuclide identified. in above background 

concentrations at the FMPC site. These am single radionuclide soil 

guidelines. 
0 

The mixture sum formula mst be used if a number of radionuclide 

are present in above background concentrations. 

110 
c 
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5.2.1 External radiation pathway, p=l _- 

The D/S ratio for the external radiation pathway is: 
0 

where: 
D -  ($1 - 

= 
pb 

m =  
FA = 

F D =  

dose canversion factor for external radiation from contaminated 

ground, mrem/yr per $i/cm3. 

soil density, g/m3 

occupancy factor, no units 

area factor, no units 

contaminated soil depth factor, no units 

The D/E factor was discussed in sectim 4. Table 4.3 listed 0 D/E factors 

for elected prinicpal radionuclides. 

of silty clay; 

For uranium 238 in a soil volume source 
1 

0 

0 

a 

0 

The soil density of the FMPC site was obtained from information supplied 

by the ki?4a) technical staff and a soil analysis performed by a contractor (IT 4B 
85). Based on these data, the density for a silty clay till was selected for 

this study. 

The occupancy factor, EO, was calculated using the assumptions 

recommended in the Flanual. The occupancy factor is a unitless factor that 

0 



0 

0 

0 

0 

375 
gives the average fraction of time that  an individual is expsed to the source 

of radiation. 

3 and for =lues listed in Table 3.1. 

It is determined by the exposun? scenario described in Section 

Rcm =le 3.1 the scenario is defined 

by the follawirq time allocation: 

time spent a t d o o r s  = 25% 

t in re  spent indoors = 50% 

tim spent offsite = 25% 

Based on this scenario and assuming the W reduces the radiation by 30% 

(Manual assumption), the occupancy factor is falnd to be: 

m1 = 0.25 + .SO (1.0 - 0.3) + 2 5  (0)  = 0.6 

The area factor, FA, is tabulated in t b  Manual (pages 4-7) aa a function 

of the s ize  of the amtamhated area. 

contaminated ground area larger than 1200 m , FA = 1.0. 

is 4.25 x 10 m and there is above background concentrations of uranium 238 

over much o f  the site, 

For external radiation fram a 
2 

a 
Sin- the FMK: site 

6 2  

0 -  

0 

It should be noted that even the waste p i t  areas are larger than 1200M2, 

except for p i t  number 60 

The depth factor, FD, is the ratio of the external exposure for a 

contaminated layer of thickness, T, and cover depth, Cd, to the expo- for a 

contaminated layer of inf ini te  thickness and no cover. 

calculate FD are: 

8 

me equations Uses to  

112 
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I 

q = exp (-k p C 1' [1 - exp kpbTl 
b d  

In this equation, k is an empirical constant defined by: 

0 k = -In - FD (1.0, %)]/lo0 pb (eq. 5.3) 

e 

The mirical Fameter ED (1.0 pb) is tabulated in the Manual, Table 4.2 

( p e s  4-10). 

throughout this study), the depth factor is: 

For pb= 1.82 and a mntaminated depth of 1 mter (US& 

FD (1.0, 1.8) = 8.8 x 10'1 

Substituting this value into eq. 5.3, 

k =e- In (1 

k = 7.85 

Using this value of k in eq. 5.2, and with Cd = 0; (This assms the 

contaminated zone is fran the surface of the soil to a depth of one meter.) 

m1 = exp (0) 

9 = 0.88 

Substituting these 

obtained . 

[1 - exp (-7.85) (1.8) (i.o)] 

values for the parameters in eq 5.1, the D/S value is 

lo'* (1 .8)  (0.6) (1.0) (0.88) 

D mrem -----!-I = 0.06624 - s 1  Yr per gr I 

@ I 3  

0 

e 

0 

e 

0 

0 

I 
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e 

e 

0 

0 

0 

I 

For the external radiation pathway, (D/S) = 0.0662 

375 

5.2.2 Ixlst inhalation pathway, p=2 . . _. . . 

The D/S ratio for  the dust inhalation pathway is calculated from the 

equatica below, whem a l l  term nm relate to dust inhalation pathway 

parameters. (p = 2) 

(eq. 5.4) 

where: 
D m m  ( ~ 1 ~  = dose conversion factor for &st inhalation: - 

3 E 
= anrr~dl air intake, rn /yr. (2 2 

Fo2 = occupancy factor, m units 

FS2 = sour= factor, no units 

, ($2 A = quantity of &st i n  the air, -3 

As discussed i n  the rrrethodology section, the D/E factor for Qlst 

Pci 

0 
inhalatim depends on the chemical form of the uranium canpound. If this 

information is not available, the rnost conservative value for D/E mst be 

used. Fran Table 4.2, for uraniun 238, class y, 

-1 mem - 
Pci (:I2 = 1.18 x 10 

a 
The annual a i r  intake is based on the ICRP data for standard mn (ICRP 1977) , 
which defines the daily air intake as 23 m /d. The value for E/A is: 3 '  

0 
3 d = 23 !L x 365 - = 8395 

3 E 
(2 2 d Yr yr 

, 110 
... . -114 



a 
6. r4 
A >  5 .  

The occupancy factor for path 2 is calculated based on the assumption that 50% 

of the resident's the is spent indoors, where the dust level is 40% o f  the 

outdoor level (Manual assuqt ion) ,  25% of the msident t h e  is spent atdoors 

a t  the site and 25% of the time is spent away fran the site. 

0 

me s2 is a source factor related'to the location of the contaminated 
9 

soil and whether it would be available for re-suspension in  the air to be 

inhaled. 

i n  the air. 

of soil directly bel- the surface, the mnual r e w n d s  ES=l.O. 

This essentially alluws for a dilution o f  the radionuclide a n t e n t  

If the surface of the soil is contaminated as well as the volume 
0 

Fs2 = .1.0 
0 

The final term i n  this equation relates to the dust loading in the air. 
3 

0 The Manual reconmends using a conservative value of 200 ug/m unless data are 

available to provide a better estimate. 

the dilution of this value frun offs i te  dust. 

site, no credit was taken for dilution. 

Equations are also available to allow 

Due to the size of the FMPC 

0 

Substituting a l l  the values obtained, the (D/SI2 value can be calculated 

(i)2 = (1.18 x 10-')(8395)(0.45)(1.0)(2.0 x 
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m r e m p c i  
Yr Per 9 

(f)2 = 0.0892 

e 

e 

0 

0 

For the external dust inhalation pathway, (i)2 = .0892 

5.2.3 Drinking water pathway (near term) p=3 

The m i t e  well used by the Esident  family is assumed to be i n  the 

aquifer belaw the FMPC. The aquifer does not contain any above background 

concentration o f  radionuclides &ring the near term release of the FM#: site 

for unrestricted use. This pathway does not enter  i n t o  the calculaticn o f  the 

near term soil guidelines. 

5.2.4 Food pathways, plants (p=4), Illeat (p=S) and milk (p=6). 

?he food pathways are each analyzed for  root uptake ( ~ 1 ) ~  fo l ia r  

depositim ( ~ 2 )  and irr igation and livestock water ( ~ 3 ) .  Consistent w i t h  

the discussion in  Section 5.2.3, the q=3 path W i l l  not be a factor in the near 

term soil guidelines. 

The D/S ratio for'the food paths is given by the general expression: 

(eq. 5.5) 

0 

0 

In evaluating these D/S ratios, the above notation wuld be interpreted 

as: (typical examples) 

1 D ( s )~  = D/S ratio f m  ingestion uf 

-orbed by the plants f-mm 

plant foods amtaining radioactivity 

the roots in  the oontaminated soil. 

0 ' - -  

2 
D (sl6 = D/S ratio fran drinking milk containing radioactivity due to cows 
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....J 3 %  _.  eating feed which has absorbed radioactivity through the foliage. The 

radioactivity is deposited on the foliage fran dust containing 

resuspended radioactivity. 

The (D/E) values are cbtained for the ingestion path frm Table 4.2. 

uraniun 238, the lrrost conservae values of D/E for ingesticll are the mst 

For 

m e  enviromntal transport factors, 

Values for these in detail in Secticn 4. 

L 

E = 4.4 x 102 (SI4 

2 
E = 1.2 x loo (s)4 

' E  1 'SI = 5.4 x 10 
5 

2 
= 9.8 x loo2 

0 1 
E = 7.7 x 10 (SI6 

E 2  (z) = 6.9 x 
6 

5and6 

e 

E/S, for these paths were discussed 

transport factors for uranium are 

0 

0 

0 

e 

0 

The area factor, FA, for these paths is related to the size of the site. 

an area greater than 2 hectares, the Manual requires FA = 1.0 

For 

the area factor 
0 

is: 
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a 

0 

e 

0 

0 

0 

0 

0 

3 73 FA = 1.0 

me mth factor ,  ED, is related io the root uptake f r a c t i o n  in the p l a n t  

foods and animal feed. 

-0.92T m = l - e  (eq.. 5.6) 

where: 

T I contamhated depth, m 

Since contaminated depths are present ly  unknmm, the value of FD w i l l  be 

set a t  1.0, consistent w i t h  the recamsndation in t b  Manual. 

1 
(SI4 = (2.55 x 10°4)(4.4 x 102) (1 ) (1 )  = 0.1122 

The p l an t  foods, f o l i a r  deposit ion oePrponent: 
2 

= (2.55 x 10°4)(l.2 x 1 0 ° ) ( l ) ( l )  = 0.003 (TI4 

For mat foods, mot uptake by feed, fodder: . 
1 

= (2.55 x 10°4)(S.4 x 101)(1)(1) = 0.0138 

For mat foods, f o l i a r  deposit ion cn feed, fodder: 
2 

= (2.55 x 10-4)(9.8 x 1 0 ° 2 ) ( l ) ( l )  = 0.0000 - 

For milk products, root uptake to feed, fodder: 
1 I 

W 6  = (2.55 x 1C1-~)(7.7 x 10°)(l)(l) = 0.0020 

1 
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---,!:'For dlk products, foliar deposition on feed, fodder: 
0 

TABLE 5.1 

,pathway_ . 

external radiation 
dust inhalation 
plant foods-root uptake 
plant foods-foliar deposition 
meat products - foliar &position 
meat products - foliar deposition 
milk products - root uptake 
milk products - foliar deposition 

0.0662 . .  

0 . 0892 
0 . 1122 
0.0003 
0.0138 
0 . 0000 
0.0020 
0 . 0000 

e 

a 

This value is in reasonable agreement with the calculated values in the 
0 Manual and Wldon Springs reports. 

equilibrium with the uraniun 238, The Manual includes these radionuclides 

together in an analysis. 

uranium 234 along with uranium 238. 

Since uranium 234 is in secular 

Table 5.2 shows the results of the D/S analysis of 
0 

TABLE 5.2 

D/S RATIO6 MIR URANIW 238 AND URANIUM 234 IN SECULAR 
L. EQUILIBRIW FOR NEAR-'YZRH NON AQUATIC PATHS. 

D 
S - (mrem/w. )/(Pci/g) 

m t  Food External 
Radionuclide Radiation Inhalation 
U238 + D 0 . 0662 
U234 

Plant Meat Milk . T o t a l  
0.0892 . 071125 O m 8  O m 0  O m  

0 . 0006 0 . 0901 0.1167 0.0145 0.0025 0.2244 

T o t a l  0.5083 ' 

The single radionuclide soil guidelines are calculated by dividing the 

annual dose limit of 100 mem/year by the D/S value. 

For uranium 238 in secular equilibrium with uraniun 234, 
_ _ _  - 

11.9 
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0 

0 

0 

0 I 

0 

The uranium 238 resulg'are consistent With Weldon Springs mlts. 

the sam pathways, Weldon-SpringS shows a D/S total of 0.37, which leads 

single radionuclide, water independent near term pathway soil guideline of 300 

For 

a 

@/go The FMK: soil guidelines m lumr because the site is IUU& larger and 

the food pathway D/S values are oorrespondingly larger. 

contaminated areas at the Weldon Springs vicinity properties were small local 

hot spots with an area less than 1000 m . 
Most uf the 

2 

a 
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' .Si3 ERIWMCeJ OF D/S RATIOS BIN3 'ME MANuAt 

ANAtYSIS, FOR ION+- EMIMCE 

The long-terra soil guidelines are established by the aquatic paths, the 

drinking water pathway and the irrigation water pathway. 

that are in the contaminated zone (top mter of soil) at the initial release 

of the site, migrate dawnward towards the aquifer. 

the dose to the naximally e-ed individual fran the mn-aquatic paths begins 

The radionuclides 

As this  migratim occurs, 

to decrease. The individual's dose actually decreases until t b  radionuclides 

begin to enter the aquifer system. This analysis is described in detail in 

secticn 3.5. The analysis- indicated that the dose to the maxinklly exposed 

individual -Id reach a peak at the end of the planning horizon, 10,000 

years. At this time, the concentraticn of the radionuclides has been greatly 

reduced. m e  dose to the individual is less than the dose &e to the mn- 

0 

0 

0 

a 

aquatic pathways at the initial release of the site. The aquatic pathways 
0 calculations for the D/S ratios are presented in this section. 

The initial aquatic pathways are the drinking water path and the 

irrigation water path. All the pathways Shawn in Figure 3.3 were reviewed. 

The only significant pathways were the drinking water a d  the plant foods - 
irrigation water pathway ( ~ 3 ) .  

at 10,000 years. 

The mat and milk pathway was not significant 

The external radiation pathway, p=l was insignificant compared to the 

water pathways because the radionuclides have migrated downward fran the 

original contaminated hyer of soil. The dust inhalation pathway also proved 

to be very small compared to the aquatic paths. 

The soil guidelines e r e  calculated using equation 4.1, narnely 

L D 
- 

'G,i (D/SIi  --- --- - -- . 

'1.2 1 

0 

0 

0 
(eq. 4.1) 

0 
- -  
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a 

0 

The area factor, FA, and the occupancy factor, FO remain unchanged. 375 
The drinking water pathway, p'3, is an important pathway for the long 

tern guidelines. ate D/S B l u e  for  radionuclider i, in drinking water is 

given by the equation: 

where: 

(eq. 5.7) 

\ 

D 
(g) = dose to source ratio for radionuclide, i, in units af 

i 

0 

0 

a 

0 

D (E) = dose rate conversion factor,r mrem/pci 

E '  (i) = annual a m u q t i o n  o f  drinking water, L/y 

= 410 I& per the "Manual" 

W (3) = ratio of the amcentration o f  the radionuclide in the water 

to that in the contaminated zone. 

For the long-term analysis, 

W 

i i 
W 0 = x DF 

0 Where: . 

= concentration of the radionuclide i n  the water of the oontaminated WO 

0 122 
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S = initial concentration of the radionuclide in the soil, S i / g  0 

DF = dilution factor calculated by the migration nodel (section 3.5). 

The mtd SU~PS- that the WJS) term can be estimated by using the 

d i s t r i h t i o n  ax f f i c i en t ,  Kd; 

9,- 1000 
Kd S 

The D/S ratios for the long term 

using the abovle equations. A typical 

t = l O , O O O  years is sham below. 

D D E 1000 
s=Exwx-T 

= 2.55 l ~ - ~ ~ ~ / p c i  E 

- -  E - 410 L W 

DF = 8.1 x (maximum value) 

- (eq. 5.9) 

drinking water pathway can be calculated 

example calculation for  u r a n i n  238 a t  

a 

0 

0 

0 

0 

0 

- D = 2.55 x I O - ~ ( ~ ~ O ) ( T )  1000 8.1 x S .017 

0 
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0 

0 

0 

0 ,  

0 

0 

0 

0 

0 

D m r e m p c i  -. 335 
Per g - =  0.017 - 

S Y, 

For the food pathways, using the a m t a m h a t e d  i r r i g a t i o n  water, the - 

(%)i ratio for uranim 238 can be ca lcu la ted  by the sam metho& used f o r  

t h e  mn-aquatic food pathways With the (E/S)i  values  rml t ip l i ed  by the (W/S)i 

ratio ca lcu la ted  f r a n  the long tern d i f f u s i o n - i g r a t i c l l  d e l .  

where: 

environmental transport factor 

irrigation mterr s/t 

d i l u t i o n  factor in the aqui fer  

(eq. 5.10) 

f o r  food grown using contaminated 

region f o r  radionuclide,  i 

The o the r  symbols have been previously defined. The uranium 238 

ca lcu la t ion  is shown befw. 

t h e  Hanual f o r  the radionuclide of i n t e re s t .  

The e n v i r o m n t a l  transport f a c t o r  is found i n  

For uranium 238, With W = 8.1 x 

10-3 
, 

E 2 - = 7.7 x 10 (plant S 

E 1 - = 7.8 x 10 (meatr S 
I 

E .  1 
S 

S 

- = 4.8 x . 1 0 .  (milk, 

= 2.55 (7.7 

foods; p = 3) 

p = 4)  
/ 

.. . 
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0 

(milk)  D mfem - = 0.0020 - S yr Per 9 
These D/S ratios for the aquatic pathways are mch lower than the 

corresponding D/S ratios for the non-aquatic pathways. I 

The total D/S ratio for uranium 238 for the aquatic long term pathway is 

0 

0 

0 

on this basis, the soil guideline for uranium 238 wuld be: 

0 

with uranium 234 in secular equilibrium the value of beams 0 

0 
When the long term soil guidelines for uranium are compared with the 

short tern soil guidelines, the short tern soil guidelines establish the FMPC 

site soil guidelines. ?he short term guidelines were 194 pCi/g cxqsred to 

the above result of 1325 pCi/g. Calculations for the other radionuclides 

yield similar results. 

0 

0 
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3 79 5.4 ANALYSIS ZISING 'ME AIREC+EPA o=MpU"ER PROGRAM PACXAGE 

5.4.1 AIRDOS-EPA W e  Packaqes 

The AMuxls m u t e r  package actually oonsists af three codes. These 

codes 

and to detedne the associated risks &e to the =lease of radioactive 

together to assess the dose to either an individual or a population 

contaminants to the environment. ake three codes in AIRDOG are: 1) PREpAR, 

which is a preprooessor type ppogram; 2) AI=, which estimates the radiation 

dose caused by the radionuclides =leased: and 3) IXKCAB, which d i n e s  

exposure data w i t h  dosimetric and health effects. ?he PREeAR pdogram is 

designed to &law for easy ciata input to the AIRDOG code. TMS c ~ d e  ais0 

provides default values for a l l  Mlrialales, so the user needs mly to enter 

data for tb variables that need to be changed. PREPAR is used b input data 

to, read files for, and write files concerning the AIRDOS program. 

AIRDOG c ~ d e  uses meteoro~ogica~, and agricUlt- data to estimate 

both the transport and ooncentrations of radionuclides in the environment. 

Both point sources and uniform area sou~ces of atmospheric releases of 

radionuclides can be evaluated by AIRDOS. AIRDOG estimates: 1) 

concentrations ob radionuclides in air, 2) rates of depositicn QI gramd 

surfaces, 3) ground surface concentrations, 4)  intake rates by W via food 

ingestion and air inhalation, and 5) radiation doses received by man. The. 

radiation doses fx humans are estimated for total body, red m a r r ~ w ,  lungs, 

endosteal cells, stma& wall, lower laqe intestine wall, thyroid, liver, 

kidneys, testes, and ovaries. These doses are calculated for each of five 

separate exposure d e s  or pathways. 

The IYWIYB code is designed to oombine radionuclide environmental 

exposure data with dosimetric and health effects data to generate tabulations .. 

0 

of the predicted impact of radioactive airborne effluents. D4RTAB is 

... . 
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iridekndent of the envirmntal transport code used to generate the 

environmental exposure data and the codes used to produce the dosimetric and 

health effects data. The IXFUXB code allcws the user to select specific 
- 

0 
tabulations such as cancer site, or exposum pathww to facilitate the 

characterization of the humn health impacts. 

0 

T b  AIRDOG package p e d t s  the user flexibility in using these codes. 

0 .The AIRDOS code was ariginally developed to be used w i t h  an cperating facility 

and a continuow or puff release fran a stack to the envirornent. This study 

utilizes a direct input cqtian, that allaws for the determination of dose frcan 

a uniform distributed source. 
0 

The assessment area was segregated into sectors and a uniform ground 

depositim rate, air concentration, and surface concentratiar of radionuclides 

was input to AI-. This allaws for the exact quantity of radionuclides in 
0 

the soil to be knm. The unit quantity of 1 picocurie per gram of soil was 

used for each of the radionuclides ansidered-for the study. The AI- d e  

,requires the input to be in the form of picocuries per square centimeter on 

the Surface, and in picocuries per cubic centhter in the air. Using soil 

density values for the Fernald area arrd typical values for the dust loading 

factors, determination of air concentration and surface concentrations e r e  

made. 

w a s  calculated. 

Once the air concentration w a s  determined the ground deposition rate 

The pathway analysis used in AIRDOG conforms very closely to the 

Manual. Same mdification to the calculations in AIR036 were required to 

0 

0 

0 

determine the dose due to the surface exposure and ingestion terms. The 0 
pathways considered were: 1) submrsion or imrsion in air (dose frcm an 

123 
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37% 
infinite cloud), 2) surface expcmre f m  contaminated soil, 3) inhalation 

radionuclides suspended- in air, ahd 4) the ingestion of contaminated food 

(vegetation, nilk, and beef). This section briefly describes the-equations - 

that were utilized in the code and the mdificatians made to these 

equations. 

the AIECS-EPA manual (bfooz 1977) . 

- 

For additional details and informtion, the d e r  is referred to - 

0 

0 
Air inmrsion dose pathwa~ 

The air inmrsim dose is calculated by equation 5.7 shown below. ?he 

symbols correspod to the symbols used in the AIR#s manual. 

0 

0 

0 

0 

0 

where: 

dh = dose 

x = ground 

Ch = dose 

8.760 x loo3 Eimn (eq., 5.7) 

, 

in rem/year 

level ancentration of the radionuclide in air, Si/cm 3 

rem & conversion factor for immersion, per 
an 

Surface exposum dose pathway 

Ihe dose to an individual f m n  radionuclides on the surface of the soil 

is ccanputed by equation 5.8. 

1 cm,+ stye l-e 86400) 
'CT = 8.760 x [Rt' Dsurf = 8.760 x [Rt' l-e 1 cm,+ stye 'CT Dsurf 

where: 

Rt = grwnd deposition rate 

= surfaoe concentration 

e 124 
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I b ’-* y . 
xT= %I+ h 
t = time for radionuclide Wildup in plants and on ground 

Csurf = dose canve&ian factor for surface contamination 

Inhalatim dose pathway * 

The dose due to inhalation of radionuclides in the air is calculated by 

the equations shown belaw. 

Dinh = 8.760 x x BrCih 

where: 

x = concentration of the radionuclide in air, Si/cm3 

% = breathing rate, m3/hr 

Cinh = dose conversion facta ( d p c i )  

Inqesticm dose 

(eq. 5.9) 

The ingestion dose is obtained by a series of equations related to the 

quantity of radionuclides ingested in vegetables, milk a d  mat. The ICRP GI 

tract d e l  is used to calculate the dose to specific organs. 

dose equations, which are quite lengthy, will not be listed in this report. 

The ingestion. 
I 

The reader is referred to the AI= m u a l  for these equations (Wre 1977). 

The above equations an? used in the AI= code to calculate the dose to 

a person from a specific pathway. Equation 5.7 is the dose due to inmrsion 

in an infinite cloud with a certain concentration of radionuclides. In this 

analysis the air concentration was input directly and was due entirely to 

resuspension of contaminated soil. Equation 5.8 is used to calculate the 

0 

0 

0 

0 

0 

0 

0 

0 
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379 
external dose &e to contaminated soil. 

for soil that was previously contaminated. Originally the AIRDOG code 

contained only two direct input arrays. These were for air concentration 

?his equation was mdified to account 
:. 

, a 

e 

0 

e 

0 

a 

0 

(ACCN), and grourd w i t h  rate (GCON). A third array was added (-1 

Surface mcentration. W i t h  this addition a surface exposure dose ' can be 
* 

calculated without havirq radionuclides deposited fran the air. Equatim 5.9 

calculates the dose due to the inhalation of air containhg radionuclides. 

Again, the amcentratim o f  radionuclides in the air was  dssumed to be caused 

by the resuspension of the soil. The ingestion equations utilized by The 

AfRDoG package are used to calculate the dose fran ingesting contaminated 

food. Ihe equations have five parts w i t h  each part accounting for a specific 

facet of the ingestion pathway. The erq?osure due to the suhersicn in'water 

was not amsidered in this study. 'lh2 AXREUS calculations follaw closely 

those utilized in the Manual. 

The assessment area used in this study was a circular area w i t h  a radius 

of approximately seven miles fran the F?K: plant. This'.area has a uniform 

concentration on the surface and in the air. Using'this area and the quantity 

ofeone picocurie per gram of soil, t h  dose in ran per year to a maximally 

exposed individual is determined by the d e .  

Non-radiological in'put data used in AIRDOG were consistent with values 

fcund in the planual and the Wsldon Springs soil guidelines study (Gilbert, 

1986). Quantities of radionuclides in foods take into consideration the 

concentration factors for uptake of beef, milk, and vegetation (crops and 

pasture grasses): fractim of nuclide ingested by animals to that appearing 

milk and mat; and =rims agricultural quantities such as hrrw mch feed 

cattle eat and the a m m t  of time per year the animals graze. 

values are listed in Appendix A with additional AIRDOS input and output 

A l l  of the 

in 
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d u e s .  

comparison w i t h  previous studies. The fracticn of food CoIISumed that is grown 

onsite in  contaminated soil is 0.5 whi& is the value suggested in  the Manual 

for a credible scenario. Typical values for  the quantitiy of radionuclides 

remaining an vegetables after washing were used. 

s ~ m e  values +used in a e  axie are user defined and were determined 

Radiologicdl data dose factors used in  the code were obtained fm a 

data base incorporated in  the AIRDOG code. This data base was ccanpiled from 

work do= by the U.S.NIzc and based on ICKP guides (Dunning, 1981) . The data 

base contains &e amwrsion factors for  eleven target organs. me b e  

conversioa factors are dependent an solubi l i ty  class and particle size. In  

this study the particle size used was 1.0 AMAD and generally the solubi l i ty  

class used was years (Y). The data base also contains ths radiological decay 

a 

e 

0 

a 

constants for the isotope considered. This data is also contained in Appendix 

D for the nuclides considered. 

5.4.3 Analytical d e l  used 

The d e l  used in  this study was artl ined i n  Section 5.3.2. ?his section 

contains explanation of the calculational methods used for  the resuspension 

parameters, the surface contaminations and deposition rate. 

Surface concentration was determined by using the soil density and an 

average depth factor. 

factor which was then input i n to  the array for surface concentatim of pic0 

curies per square centimeter. The soil density used as 1.8 g/cm3 and the. 

The volume source was converted to a real density 
0 

depth factor w a s  15 cm. ( T i l l  & Meyer 1985). The dust loading factor used i n  

t h i s  study was based on typical values presented in the Manual which was 2 x 
3 

0 gram of dust per an of air .  This leads to a resuspension value that  is 

the same order of mgnitude as experimental values listed in Table 5.3.1 ( T i l l  

t Meyer 1981). The deposition rates for each nuclide were obtained from 
I I - - -  :--1 
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values presented in the Ehnual for each nuclide. . 335 
The values used in ..the data arrays are listed h.Appendix A. 

5.4.4 esults 

The AIRDOS 
e 

0 

- -  - 

a d e  was used to evaluate the dose in millimn per year as a 

result of uniform grourrd contamination, at 1 pCi/gram of soil, fran selected 

radionuclides. These radionuclides =re: uranium 238, uranium 

234, plutoniun 239, boriun 232, radiua 226, technitiun 99, and potassium 

40. =le 5.3 shcms the dose to source ratios (D/S) in millirem per year for 

each picocurie per gram a€ soil <mndyr)/CpCi/g)e Ihe corresponding near 

term (0-100 year) water independent soil guideline values for these- ruclides 

are given in Table 5.4. The values resulting frrm the AIRIXSE analysis will 

be cmpared w i t h  the soil guidelines developed by the Manual in Section 6. 

Som important factors to note in the analysis using the AIRDOS-EPA code 

are: (1) ?he soil guidelines =re based on unit quantities of the 

e 
, 

0 

0 

0 

radionuclides presented; and (2) 'Ihe dose conversion factom developed for 

these radionuclides are based only cn the radionuclide in question and rot &I 

the entim decay chain. 

232 is only slightly hilgher than for uranium 238. %en the entire decay 

chain of the respective isotapes is considered and secular equilibrium is 

assumed the dose fran thorium is a factor of 10 high than uranium. Additional 

It is for these reasom that the dose fran thorium 

. dose informaticn corresponding to various organs and pathways is listed in, 
' 

Appendix D. The results f m  the risk assessment from the unit quantities of 

nuclides is given in Section 7. 
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pathway * 
Ingestion 
Meat M i l k  - - Radionuclide(**) Externdl Inhalation Plant 

U-238 

Pu-239 

'Th 232 

K 40 

U-234 

Ra 226 

Tc 99 

0.029 0.277 

0.023 0.610 

0.051 0 . 423 
3.822. -0 

0.041 0.313 

0 . 230 0.321 
\ 

0 0 002 
0.004 
0.008 
0.016 
0.050 
0.100 
0 . 170 
0 340 
0 0002 
0.004 
0.100 
0 0 200 
0 . os0 
0.980 

0.001 
0 . 001 
-0 
0 . 007 
0 . 003 
0 . 005 
0 0020 
0 . 020 
0.001 
0.001 
0.001. 
0.001 
0 .ooo 
0 . 000 

0,0002 
0 . 0002 

-0 
-0 
-0 
- 0 .  

0.0113 
0.0102 
0 . 0001 
0 . 0001 
0 . 0002 
0 . 0002 
0.0051 
0 . 0062 

*sb daughter radionuclides 
* Wo calculations made: (1) 50% of food gram in contaminated zone (2) 100% 

gram in contaminated soil 

TABLE 5.4 

SOIL GUIDELINES BASED CN AI--EPA RESULTS (near term) 

Radionuclide Near Term Soil aideline 
pci/g 

U-238 
U-234 
Pu-239 
31-232 
Ra-226 
Tc-99 

3 24 
279 
159 
198 
153 
1930 

0 

e 

* 

e 

e 

,o 

0 

0 

0 
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0 

5.5 Analysis usinq the -ITE/hAXI txmpu ter proqram 

Backgrcmd Information 

3?5 

There m a number of e projects in progress at the DOE National , 
. .  

Iaboratories (Argonne, Pacific Northwest and Oak Ridge) related to the onsite 

disposal of lm level radioactive w&te and residual radioactivity in the soil 

at formerly utilized nuclear sites. 

The initial draft of the P.hnual, dated September 30, 1985, made reference 

to a amputer program called u O N S I " E ~ l A  (Napier 1984); The Manual 

reference states, "Calculation af the pathway factors is the oentraf and 

critical. part af the derivatim af site-specific sbil guidelines. The e e l s  

used for these calculations are adaptations of mdels used in the oMsITE/hiW 

code developed for an intruder dose pathway analysis for onsite disposal of 

radioactive wasteow ?he CMITE/?4AXI computer program kas obtained along with 

tm volums of documentation. 

' The oNSITE/MAXI program has subsequently been revised twice by Bruce 

Napier and Becky Feloquin (both fran PNL). These 

based on suggestions and observations made by the 

The original versions of the program could not be 

analytical calculations. oNSITE/MAXI is a useful 

analysis and develq soil guidelines. 

revisions have been largely 

University of Cincinnati. 

verified by simple 

program to perform pathway . 

The second draft of the Manual, (Gilbert 87), dated August 1987, 

contained m referen- to the ONSITE/hlW program. A new computer program, 

RE-, was introduced in the second draft version of the mnual. It is 

0 

apparent that RESRAD is intended to be the computer program that one would use 

to calculate the residual radioactivity soil guidelines. 
0. 

13 0 
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n e ’ h m m  uter Pmqr am 

The CtSITE/?QUI amputer.program was developed by for the U.S. 

Nuclear Regulatory ccmnissim (NFC). The current policy of the Nw: is to-- 0 
review all requests for proposed onsite burial of radioactive wastes QI a case 

by case basis. Ihe intent is to minimize the health risk to human 

populations. The technical assessment of prqcsed m i t e  waste disposal 

requires &ling of the potential pathways to humans and projecting the 

magnitude of potential radiation &se ccarmitmnts. Specific human-intrusion 

scenarios were developed for various potential ahinations o f  direct exposure 

to penetrating radiationr inhalation.of airborne radionuclides, ingestion of 

agricultural products raised in contaminated soil and ingestim of 

radionuclides in drinking water. 

The CtSITE/hAXI software package allows for five hrrman exposure 

scenarios. 

1. External e m u r e  scenario 

An individual is’assumed to mrk in an area where the soil contains 

residual radioactivle material. Only external exposue to radiation is 

evaluated. 

2. External exposure plus inhalation scenario 

An individual is ass- to mrk in an area where the soil contains 

residual radioactivity. External radiation e m u r e  is again calculated and a 

second elqMsure t e r m 8  inhalation af resuspended radionuclides from surface 

soil also considered. 

3. pqr icultural scenario 

External exposurer inhalation of resuspended radionuclides from surface 

soil and food g r m  in contaminated soil are evaluated for the dose to the 

0 

0 

0 

0 

0 

0 

0 
maximally exposed individual 
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4. Irriqation and drinkinq water scenario - 379 
The r&ucimally exposed individual is assumed to irrigate the food amps 

and/or drink water fran a supply contaminated by radionuclides f m  an onsite 

well. ?hissCenario also evaluates external exposure and inhalation &se f r a n  

soil surfaces Contaminated with this radioactive irrigation water. 

5. User-defined scenario 

0 

0 
-_ _-I 

This cption gives the user the ability to cpnstruct a scenario by 

selecting e- pathways. 

- _. . _ _ _  - .ll_l__ - I 

Mathematical W e l s  used in a+lSITE/hAXI 

The general qression Shawn in Eq. 5.10 is used to calculate radiation 0 
dose to the maximally e- individual: (notation here is the notation from 

ONSTIE/MAXI ) 

= C. U D. Ripr ip p ipr (eq. 5.10) 

0 where: 

= the radiation dose equivalent ar d t t e d  radiation,& equivalent Ripr fran radionuclide i via exposure pathway p to organ r (rem) 

Cip = concentration u f  radionuclide i in the nredia u f  exqosure pathway p; 
0 for calculations inklving airborne radionuclides, Ci is replaced 

with the term XI! which 
of radionuclide 1 (pCi/tn? pCi/L, or pCi/kg) 

presents the average airborRe ancentration 

= usage parameter (exposure rate or intake rate) associated with 

0 
Dipr = radiatim dose equivalent factor or the committed dose equivalent 

factor for radionuclide i exposure pathway p and organ r to -vert 
the concentratim.and usage parameters to the ?3diatim dose equivalent 
or to the ccsTanitted radiation dose equivalent (mredpci) 

0 This equation, 5.10, compares very favorably with the Manual analysis 

equations. Camparison with the Manual will show that: 

13 2 
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0 
C !='*& jconcentration o f  radionuclide in soil or water) 

U = E/S env i romnta l  transport factor 

D = D/E dose conversion factor 

An analysis ,of radiation doses from separate expsure pathways requires a 
-. determination of the radionuclide concentrations and exposure rate or intake 

'rate associated with each -re pathway. 

m c e n t r a t i c n  of radionuclides and the duratim of exposure must be 

quantified. 

radionuclide concentraticn in separate food products nust be d e t e s n e d  by 

accounting for  mot transfer froan soil, dry deposition from air m leaves, or 

animal COnsLaptim o f  contaminated forage or feed. 

maximally exposed individual, and the holdup t b  between hamest and 

consuqtim nust also be determined. 

For ingestion o f  farm products gram m a contaminated site, the 

The annual diet for the 

For inhalation, the airborne concentration of resuspended radionuclides 

can be determined directly fran the ground concentratim us- a mass-loading 

factor, resuspension factor, or resuspension rate analysis (Anspaugh 1975). 

Site-specific parameters can be used to determine the expSure pathways and 

the radionuclide mixture, pathway concentrations, and exposure or intake 

rates. 

The annual dose to any organ is conputed i n  MAXI by calculating the dose 

to that organ for the current year and adding the dose to that organ f m  

radionuclides aepoSited in  the body during previous years. 

these doses to the whole body or any organ of interest over 50 years 

represents the cclmnitted dose equivalent. 

The sumnation of 

The annual dcrse to the organ of reference is calculated for each year, 

w i t h  the year parameter t, varying from year 1 to year 50. 

dose in any year during this interval is determined by the program. 

The m a x i m  annual 

0 

0 

' 0  

0 

0 

0 

0 

a 

. 
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Experience w i t h  this ne& to date indicates 50 years to be a suitable3?5 

maximum value of t; hwever, higher naaxinum values are not precluded. 

radiation dose equivalent term are determined using existing radiation dose 

ccscrputer programs for pertinent radiation*- pathways. 

the methods of calculating the radionuclide ancentrations in Mzrious redia, 

'ip frun equatim 5.10 can be found in the program donrmentatian (Napier 

86). m e  =themtical mdels used to calculate the dose are basically the 

The 
0 

Details about 

0 

as used in the Manual, but cast into different fonn for use in the e 
conputer. There are a number of predetermined default values in the program. 

For analysis of dust inhalation to evaluate the dose frau resuspended 

soil, the dust particle size is taken as 1 PMAD. This is consistent w i t h  the 0 
ManualandAIRwGa 

For direct deposition from the air, EQmtion ,5,11 is used to describe the 

0 deposition of airborne particulate radionuclides directly onto food products 

and onto h e  ground. 

0 di= 86,400 xlvdi 

where: 

di = deposition rate or flux of radionuclide i, pCi/(m24ay) 0 

(eq. 5.11) 

= average air concentration of radionuclide i is eqtimated using 'either 
the mass-loading or resuspension factor as pCi/m X1 

vdi = deposition velocity of radionuclide i, m/second, is assumed in NAXI 0 
to be 1 x m/sec for all particles 

0 

?he MAXI computer program pen i t s  selectim of tun methods for 

calculating the average air concentration. 

resuspension analysis. The mass-loading method uses the product of the 

surface soil radionuclide concentration and the average mss-loading of dust 

These nethods are mss-loading and 

a 138 
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0 
or &iculate mterial in the atmsphere. 

particular site, a value o f  UO'* g/h3 has been suggested for  predictive 

In  the absence o f  data for a 

purposes (EPA 1977; Anspaugh 1975). 0 
For suspension, the average airborne concentration is the product of a 

resuspensicn factor and the surface contaminatim level as sham in Equation 

5.12. 0 

(eq. 5.12) 

where: 

Sf '= resuspension factor, mol 

rne MAXI1 ognputer program permits the use of a time-dependent I?esuspension 

factor (Sf) as given by Anspaugh et,al. (1975). 

A -  - surfam radioactivity, pCi/m2 

. 
0 

sf= lxlo -4 e - A f t +  mo-9 

where: 

loo4 
A 

= resuspension factor a t  time t = 0, mol 

= effective decay constant controlling the avai labi l i ty  of 
-1/2 mterial for resuspension, 0.15 day 

t = t h e  a f t e r  depositim (days) 

lx10°9 = resuspension factor after 17 years, m"l 

The concentration of radioactivity i n  food (vegetables, mi lk  and mat) is 

calculated by a -lex set of equations that require mny empirical 

parameters. The methods are well developed, but lengthy, For detai ls ,  the 
I 

0 

0 

0 
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e 

e 

reader is referred to the'references listed: Napier 86, T i l l  83 ar Miller 84. 

The dah libraries for the OIUSITE/hAXIl computer program are based m a e 
mininnrm site area of 1 ha. Tb account for  the limited exposure potential from 

smaller d i e  amas, site correction factors are required. For 

exirmple, the amxmt of agricultural products raised on a site depends upon the 

i n e n s i t y  of the farming and the types of craps raised. A small site may 

prod~ce a Grge fraction of the seasonal f r u i t  and -etable diet with 

intensive farming, kt be unable to provid? enOugh forage ard grain to support 

0 

e 

0 

0 

0 

0 

a milk  OCNS or other animals. Thus, while a large fraction o f  the seasonal 

f r u i t  ard vegetable diet be raised QI a small site, the total quantity 
I 

raised m y  d y  equal a mall fraction o f  the total annual diet. 

For the ingestiar and inhalation pathway, the correctim factors are i n  

the form of a step function. This function assumes five steps of potential 

exposure versus site area, ranging fran small to large sites. The steps of 

t o t a l  e m r e  are: ( 2 )  25% 

for sites w i t h  areas between 50 and 200 m , 
between 200 and 1,000 m2 

~O, 'OOO m2 ax i  

(1) 10% for sites with areas less than SO m2, 
2 (3)  50% for sites w i t h  areas 

( 4 )  75% for sites with areas between 1,000 and 

( 5 )  100% for sites larger than ~ O , O O O  m2 (ar 1 ha). 

A step function is used rather than a continuaus cum because of the 

inherent uncertainty in  predicting the future actions of individuals. The 

step function,allaws oonsideration of mall areas without forcing extreme 

conservatism m larger areas. That is, it implies that the small areas rnay be 

intensely fanued for vqetables, whereas the larger areas m y  be less 

efficiently used (i*e., i n  raising cattle). 

A standard ingestion mdel analysis is used to calculate the dose to the 

individual frcm drinking w a t e r  (IC€@ 1978a). 

ingestion of drinking water used in'MAXI1 are calculated using the MAXI3 

Dose conversion factors for  

e 
. 136 140 
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computer program. 

radionuclides, is calculated frrm Equatim 5.14. 

dose, b, in mrem, froan ingestion of water containing 

i=n 

where: 
- 

%r . -  

uw - 
ci* = 

th = 

Dir - 

- 

- Xi - 

- 

dose innaem 

5.14) 

annual -tion of amtaminated drinking water, L 

the concentraticn of radionuclide i in the drinking water, pCi/L 

radiological &cay oonstant for radionuclide i, days” 

transit time required for radionuclide, &ys 

radiaticn dose equivalent factor for ingestion, mredpCi 

0 

0 

. .  

0 

0 

0 

The inhalation,dose is calculated based on the volume of air the 

individual breathes (ICRP 1977), the radionuclide content of the air and the 0 
previously described dose mnversion factor. The equation is: i 

(eq. 5.15) 

where:. 

V 

T = duratim of exposure, s 

= breathing rate of exposed individual, m3/s 

= nodification factor applied to T to adjust time if exposure or 
breathing rate. differs fran 230 cc/sec (ICRP 1975) 

0 

0 
= radiation dcse equivalent factor for .inhalation, mm/pCi Dir 

I 
Ac = the area correction factor (Fig. 5.4) 

Dose from external radiation due to a surface source or volume source of 

radionuclide is calculated by the computer program in the same manner as the 

137 
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Manual technique described in 'section 5.2. 

0 i=n E 
D A D  

. Rer= U P i=l 1 i r c  i p  

378 

(9. 5.16) 

0 

0 where: 

= dose f m  external exposurer m m  Rer 

A: 
= the area correcticn factor for  e x t e d  exposure, and where u , 

are for external exposure and have been previouslp and C kid i P  

Corrections are made in the program for site sizer  i.e. sites greater 

than 2 ha, A: = 1.0. corrections are also made for the various types of 

radiation and particle energy of different nuclides. 

considerable at tenuat im of beta particles and las energy ganaMse 

0 There W i l l  be 

Y 0 

0 

0 

0 
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6.0th &IL' GUIDELINES J3R 2HE FMPC - 
Background Informat ion 

This report amtains single radionuclide soil guidelines for all the 

radionuclides identified as present on the FMK: site. 

calculated for the near-tem non-aquatic pathways and for the long term 

Soil guidelines were 

-aquatic pathways. A mixture sun formula was developed that could be used to 

determine the residual radioactivity guidelines for areas *ere a rprmber of 

0 

0 

0 radionuclides are present in above background concentrations. 

The kesults of the analysis shcrw that the soil guidelines are established 

by tb near-term non-aquatic pathways. 

0 
6.1 Single Radionuclide Soil midelines for the EMFC &n-qUatic Pat iways 

me harrogenerxls single radionuclide soil concentration guidelines for the 
FNR site are shown in Figure 6.1 and Table 6.1. These guidelines are based 

on a dose to the maximally expcsed individual of 100 mmn annual effective 

dose equivalent and on the near-term, non-aquatic pathways (0 to 100 years 

after unrestricted release of the site). The long-term aquatic pathways tiere 

.shown in Section 5 to result in soil guidelines that were a factor of 10 

higher than the mar term guide lines. Soil guidelines were calculated for 

ea& radionuclide known to be present in above background levels at the 

.E'MPC. The radionuclides listed in Figure 6.1 and Table 6.1 were identified by 

the Ray F. W s t m  Company as present in the w a s t e  storam pit area (Weston 

87). 

0 

e 

0 

0 

The soil guidelines were calculated for two anditions identified as 

1 hit ing : 

(1) 
0 

the mar-term release of the Fplpc site for unrestricted use by the 

general public (generally 0-100 years after site release) 

P- -: 
/143 -- . - -  : '  
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3 ?? 
(2) the long-term release of the site, based on a 10,000 year planning 

horizm 

TABLE 6.1 
-.s1NGIE RADIrnCLIDE SOIL 
OONCENIPUlTION GUIDELINES m THE FMPC 

Radioisotope 

strontiun 90 
technetium 99 
rutheniun 106 
cesium 137 
lead 210 
neptunium 237 
radiun 226 
radium 228 
thoriun 228 

- thorium 230 
ehoriun 232 
uranium 234 
uranium 235 
uranium 238 
plutoniun 238 
plutonium 239 

20 
1560 . 
75 
33 
4 
12 
5* 
5* 

5* 
5* 

12 

204 
132 
196 
270 . 
241 

*generic guidelines developed try the DOE 0 

The analysis nethodology used in determining the soil guidelines for the 

0 FMK: was presented in detail in Sectiar 5 of this report. Sample calculations 

were made for uranium 238 and uranium 234. ?his same methodology was also 

used to calculate the near-term and long-term soil guidelines for each 

0 radionuclide listed in Table 6.1. 

work, ME compared lthe uranin 238 and uranium 234 guidelines with the Weldon- 
In order to evaluate the accuracy of our 

1 

Springs results reported by Gilbert (Gilbert 85b) for uranium 238 and uranium 

0 234. These were the only soil guidelines available for Weldon-Springs). The 

soil guidelines for the other radionuclides were compared w i t h  the soil 

guidelines developed by EGG for the Idaho National Engineering Laboratory 

0 . 145 
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(INEL): -80th of these oamparisons will be presented and discussed in this 

section. These capirisom gave us a great deal of confidenoe in the soil 

guidelines develOpea for the EWC. 0 

The two limiting amditiclns selected for the soil guidelines calculations 

were the -tern release (0-100 years) and the long-term release (1000- 

10,000 years). The =-term release is selected because the radionuclides 0 

are concentrat& in the upper 15 centimeters of soil depth. The concentration 

of radioactivity in the surface layer of soil results h a number of 

significant exposure pathways: 

suspended dust, direct radiation from the soil, a nuxnbet of food chain 

pathways and possibly a drinking water and irrigatim water pathway. The near 

term release soil guidelines are always calculated in a soil guidelines 

study. (Gilbert 85, 87). 

inhalatim of airborne radionuclides in re- 

A number of years after the initial release of the site for mstricted 

use, the radionuclides begin to migrate downward through the unsaturated layer 

of soil (vadose) to the saturated layer, the aquifer. , The effect of this 

migraticn is to reduce the dose to the maximally exposed individual from such 

pathways as the inhalation of re-suspended dust, direct xadiation f m  the 

soil and the food chain pathways. 

saturated region and begin to increase the dose due to radionuclides in deep 

well water and irrigation water. This phenonaenon reaches a maximum during the 

time period of 1,000 to 10,000 years. Thus, the second set of detailed 

The radionuclides eventually enter the 

calculations was made at the end of the 10,000 year tinre interval. As a 

precaution, scm soil guideline calculations were made at 1000 years after 

release of the site. In t h i s  tinre period, most of the radionuclides had 

0 

0 

0 

0 

0 

0 

either decayed or migrated duwnward from the upper 15 centimeters of soil, h t  

had not yet reached the aquifer. The results confirmed our assumption that 

142 
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either the hitial release time (t = 0) or the end of the planning horizon 37T t 
= 10,000 years) wculd establish the soil guidelines for the E'MFC. 0 

The results of the radionuclide migration analysis show clearly that the 

nrost restrictive soil guidelines for the FMPC a m  for the near-tern release of 

the site. ?fie critical pathways a& the direct radiation fran the soil, the 

inhalatim of resuspended dust and ingestion of food products (fruits and 
0 

vegetables) grown in contaminated soil. 

radionuclides migrate throu@ the unsaturated zore to the saturated region, 

(aquifer) a significant, orders of mgnitude 'reduction in the concentration o f  

(r&t uptake). BY the time w 

0 

the radionuclides has occurred. The concentraticn of the radionarlides in the 

aquifer water is very dilute. =le 6.2 shows the relative concentration of 

the radionuclides in & aquifer region ccsnpared to the initial surface 

concentration. 

0 

0 

0 

i 

0 
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: 4 f u  TABU 6.2 

NucLIm 

239 PU 

238 Pu 

238 U 

235 U 

234 U 

232 Th 

230 lh 

228 Th 

228 Ra 

226 Ra 

237 @Q 

210 Pi? 

137 CS 

106 Eiu 

99 Tc 

90 Sr 

FRACTION OF INITIAL SURFACE CONCENTFMCICN IN AQUIFEX REGION 
(REGION OF INITIAL SURFACE 03TCENTRATIbN "0 

-ON PER LITER IN THE AQUIFER REGION) 
TIME ( Y R )  

T1/2 

2 . 411X104Y 
87.74Y 

4. 468X1O9Y 

.7.04x108Y 

2.44x105Y 

io 4 x 1 0 ~ ~ ~  

7 . 7 x 1 0 ~ ~  
1 . 913Y 
5.75Y 

1600Y 

2. 14X106Y 

22 . 3Y 
30.1N 

368d 

2.13X105Y 

29Y 

100 

1. 4x10'23 

8.7~lO-~~ 

2.8~lO-~~ 

2.8x10-21 

- 

2.81dO'~~ 

0 

0 
0 

0 

1xlo-20 

9x10'18 

2. 

6 . 3x10e21 
0 

3. XIO'~~ 

4 .4fio-12 

*Pu238 will increase U234 cone. x 2 

1000 

9.7~lO-~~ 

- 

2 . 1~lo-l~ 
2.4x1012 

2. 4fiO-12 

2.4~lO-l~ 

0 

0 
0 

0 

1.9xN7 

3xlox-ll 

0 

0 

0 

4 ~ l O - ~  

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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3% 
As sharm in Section 5 of. this mport, the soil guidelines for t = 10,000 years 

using the d&a of Table 6.2 would be considerably higher than the most 

restrictive case at t = 0. 

Thus, the soil guidelines for the EWC are established by the initial 

concentration of radionuclides present in the soil when the site is released 

for general use. 

In mder verify the analysis ~ t h o d s  used in developing the FMPC 

guidelines, k~ ampared our results with the only available data published in 

the q r i  literature. ,?his was a soil guidelines study perfond by Gilbert 

for Weld-Spring vicinity properties (Gilbert 8Sb) am5 t b  soil guidelinks 

study prfonned & for INEL. (EZG 87). 

Gilbert perfomed the Weldon-Springs study to provide an example af the 

use of the "ManualR. Gilbert calculated soil guidelines for the mar-term and 

long-term release cases. The generic soil guidelines are developed for a 

miel site described in the Manual. The nodel site is basically a NSRAP site 

that contains a-large contaminated arear honogeneous distrihticm of the 

radionuclide in the,upper 15 centimeters uf soil. A fraction of the intruder 

residenae family's 'food is grawn onsite. The Weldon-Sprinp study provides a 

model which allows an order of magnitude check on sitespecific results. The 
0 

Weldon-Springs results are canpar& with the FMPC results in Table 6.3. 

e 

0 

0 
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Table 6.3 indicates that the nrethodology used ta &velap the FMPC soil 

guidelines is-consistent with the Manual specifications. The lower guideline 

calculated for the FPlPC is &e to the a s h  larger area of contamination at 

the site. The area is 1- encugh to justify the the conservative 

0 

0 

ass.qtions that the entire diet of the nraxinally exposed individual cdn be 

produced at the former site. The increase in yranium intake through food - 0  
ingestion is the primary reason for the Jwer soil guidelines for the near- 

tenn, non-aquatic pathway. Table 6.3 shows the detailed dose to scurce, D/S, 

values for the food pathways. (A higher D/S value mans a lower soil 0 
guideline since for single soil guideline, S = lOO/(D/S). 

TABLE 6.3* 

DOSE D/S PATEWAY*coMpARIs(3N FclR ?HE FMPC 
AND WELDON-SPRINQS FOR URANIUl 238 AND URANIW 234 

0 

Radionuclide 

Uranium 238 

FMPC 
Weldon Spring 

Uranium 234 

FMPC 
Weldon Spring 

external dust food 
radiation inhalation plant meat milk 

0 . 0662 
0.0800 

0.0006 
0 . 0008 

0.0892 0.1125 0.0138 0.0020 
0.1000 0.0340 0.0040 0.0006 

0.0901 0.1167 0.0145 0.0025 
0.1100 . 0.0380 0.0050 0.0007 

*units for D/S are mem/y per gi/g 

The difference in external radiation and dust inhalation is due to the 

depth factor, FD, used in the analysis. The FM#: analysis assumed a uniform 

contaminated soil depth of 15 centimeters. The Wldon-Springs analysis used 1 

meter or greater for the contaminated depth. 

contaminated soil available for resuspension and hence a greater dose due to 

This results in mre 
-7 

0 

0 

0 

0 
inhalation of this contaminated soil. This additional dose is reflected by a 
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higher D/S value for b t  inhalation for the Weldon-Springs pathway. Also, 

the greater depth of contaminated soil also means a higher dose fran external 

radiation to scnreone -ding or living on the site. Thus, the D/S value for 

external radiaton path is higher for Weldon-Springs than the FMPC. 

future t b ,  results of a radiological survey at the Fplpc indicate a greater 

depth of contamination than 15 centimeters, the results can be re-evaluated. 

The D/S values for these two pathways, dust inhalation and external radiation 

e 

If at som 

e 

0 w u l d  then appruad the Weldon-Springs values. This is not a significant 

change. 

The m d t s  sham in "able 6.3 clearly show the importance of the food 

chain pathways fur 1- contaminated areas. The big differen- between the 

results af the Wldon-Springs k r k  and the FMPC analysis can be attributed to 

the total diet fur the resident family at FMK: being produced onsite. 

0 The EG&G perfoxxed a study dLmxst identical to this antract to develop a 

set of soil guidelines for the decomnissioning and decontaminaticn of the 

Idaho National mineering Iaboratory (INEL) site. Many of the radionuclides 

considered in the INEL study were different than those considered for the FEPC 

study. Hawever, there -re eight radionuclides OamDn to each study. As in 

the E'MEC case, the near-term, nowaquatic pathways established the soil 

guidelines for INEL. 
0 

. The INEL soil guidelines are sham in Table 6.3 along with the FMPC soil 

guidelines. The comparison provides good agreement between the t u n  studies. 
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TABLE 6.4 

"MaIWll" 
Analysis 2uRIxE INEL** 

Radioisotope (Soil Guidelines 1 Analysis D&D 

strontium 90 20 50 

cesium 137 33 10 
lead 210 4 4 
neptunium 237 12 21 

technetium 99 1560 1930 
ruthenium 106 75 60 

radium 226 5* 153 
radium 228 5* 118 
thorium 228 12 156 
thorium 230 5* 41 
thorium 232 5* 198 
uranium 234 204 279 400 
uranium 235 132 60 

324 200 
150 300 

uranium 238 196 
plutonium 238 270 
plutonium 239 241 159 300 

* generic guidelines, required by DOE; which include an aquatic pathway. 
** =&G, "Criteria for mlease of Idaho National Engineering Lab Following 

Decontamination and Decomu 'ssioning", Aug. 86 

6.2 Soil quidelines when mixtures of radionuclides are present 

If several radionuclides are present in the contaminated area, the soil 

e 

a 

e 

m 

guidelines criteria may be defined by an inequality: 

< 1.0 I - -  si 
i SG 

t i  

where: 

= above background ancentration of radioisotope, i, in the soil, 'i 
Pci/g 

= single radionuclide soil guideline for radioisotope, i, gi/g 
' G I  i 

8 
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0 

0 -  

0 

0 

0 

0 

0 

0 

0 

I 

0 

395 
Using Table 6.1 data, if there -re four radioisotopes present in the soil, 

uraniun 238, uraniun 234, strontium 90 and cesiun 137 this would mean that the 

residual amcentration o f  these radionuclides in the soil karuld have to 

satisfy the inequality: 

C(U238) + C(U234L + C(SrS0L + c(cs137), < 
20 33 196 204 

where: 

C(U238) = ant. o f  uranium 238 in soil, gi/g 

C(,U234) = ant. of uranim 234, in soil, pCi/g 

C(sr9O)  = ant. of strcpltium 90 in soil, gi/g 

C(Cs137) = ant. o f  cesiun 137 in soil, pCi/g 

MIXTURE SUM FORMULA FOR FMPC 

Table 6,l oontains single radionuclide soil guidelines for all the 

radionuclides identified at the FMK site. 

generic guidelines for thorium and radium sham in Table 6.1 are =placed w i t h  

the site specific derived values of the soil guidelines. 

For the mixture sum formula, the 

The derived site 

specific homgeneous single radionuclide soil guidelines for these 

radionuclides are given in Table 6.5 

TABLE 6.5 

DERIvEJ3 SOIL GUIDELINES FOR 
THORIUM AND RADIUM 

Site-Specif ic 
Soil Guideline 

Radioisotope P W q  

radium 226 ' 9  
radim 228 17 
thorium 230 142 
thorium 232 28 

149 
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' 

hcmgeneous single radionuclide soil guideline values fran Table 6.1 the 

Using these values fm =le 6.5 above and the remainder af the 

mixture sum formla is, defined by the inequality: 

, 
C(Sr90) + C(Tc99) + C(Rul06)+ C(Cs137)+ C(m237L + C(Ra226) + C(Pb210) . -  

20 1560 75 33 12 9 4 

C(Ra228) + C(Th228) + C(Th230) + C('Ih232) + C(U234) + C(U235) +-C(U238) 
17 12 142 9 204 132 196 + 

C(Pu238) + C(Pu239) ' l.o 
270 241 + 

In each case, the C in the numerator wuld represent the residual 

concentration of that specific radionuclide in the soil (pCi/g). The 

dencdnator is the single radionuclide soil guideline for that specific 

radionuclide, (pCi/g) . 
This inequality allows for a good deal of flexability in the cleanup 

prior to release of the site. 

the 1- values for soil guidelines, such as lead, radium and thorium W i l l  need 

to be decontaminated to a level of about 1 or 2 picocuries above background. 

It is also obvious that the radionuclides w i t h  

3 ,  
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"he inhalation and external exposure dose pathways in AI- catpare met 

favorably with the single soil guidelines developed f q  m 8  fran the Manual, 

and the Weldon-Springs analysis (Gilbert 1986). A significant difference is 

in the ingestion pathmy. 

used within the AI= mde which are based only on the radionuclide being 

This is due to different dce conversim factors 0 

considered and not on the daughter radionuclides. Far example AI- 

L considers only uranium 238.decay. "he Manual considers uranium 238 and t w o  o f  0 
its short half life daughters8 thoriun 234 and pmtactiniun 2348 a reasonable , 

calculation since these daughters are in secular equilibrium with the uranium 

in a matter of days. AIRDOG was very useful to canpare results for any , 

radionuclide with the "ManuaP". 

0 

0 

0 

0 

l 

0 
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5j7:o - HEALTH EFFm BASED CN SOIL aJIDELnw3 

7.1 Backqround Information on Hea l th  Effects of Ionizincr Radiation 

All human activities involve some degree of risk. In this section, sone 

brief background information will be presented on the risk associated with 

radiation expcsure. 

available data in the cmputer program DAlUAB. 

conputer package 1 . 

?his risk will then be quantified using the best 

(Part  of the AXRE6 - EPA 

As a result of expc6ure to radiation, energy m y  be deposited in the 

human body: biological tissue, organs, bone, etc. Many scientists, but not 

all, believe that even small m n t s  of radiation exposure produce eane degree 

of risk to the health of exposed individuals. The regulatory guides are based 

on a linear, no threshold assumption of risk for any exposwe to ionizing 

radiation. The DAKllAB analysis is based on these risk estimates. 

Health effects which shw up in the exposed individual are called 

samatic. Health effects which may affect future generations are called 

genetic effects. The principal somatic effect of long-term, low-level 

exposure to radiatim is the induction of cancer in various organs or 

tissues. Other samatic effects are mifest at high levels of radiation. For 

th i s  study, only the 1- level effect of cancer incidence need be considered. 

Genetic effects involve chronrosornal alterations in the exposed 

individuals, resulting in possible disorders manifested in descendent 

generations. Genetic effects have been observed in laboratory tests cn 

insects and animals. 

250 r em.  Genetic effects have not been observed in humans and are not 

These effects o c m  at higher dose levels, usually 200- 

considered in the assignment of health risk, especially at 1& dose levels. 

0 

0 

0 

e 

* 

e 

0 

0 

The somatic effects of radiation are also classified as stochastic or 0 
non-stochastic (ICRP 77). For stochastic effects, the probability of 
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occurrence of the effect, rather than the severity, is a function of the 

'dose. Cancer induction is considered a stochastic effect. Non-stochastic 

effects are those health effects for which the severity of the effect is 
a 

' 

directly proportional to the dose or at least a function of the absorbed 

dose. 

a n  ex;nples of non-stochastic, somatic effects. 

Cell death, blood cell changes, cataracts and nonqnaligriant skin damage a 

At law levels of radiation exposure, such as m l d  be encountered With 

residual radioactivity in the soil, the principal health detriment is the a 
induction of stochastic effects, especially caner, such as solid tumrs or 

I 

leukemia. Three major groplps of scientisb have studied the stochastic 

0 effects of ioaizing radiation: 1) International Carmission m Radiological 

Protectim (ICRP), 2) National Acadeqr of Sciences (NAS 1980) and 3) United 

Nations Scientific Cornnittee an the Effects of AtcSnic Radiation. Although the 

data and results differ slightly, all three major group establish the risk of 4 

cancer incidence by a 1inear;no-threshold-extrapolation of the data from high 

dose to zem effect. Table 7.1 shows the risk estimtes cited &.these 

0 
TABLE 7.1 

SrOcHASTIC EFE'ECIS OF RADIATION RISK PER l o6  PESCWREM 

0 
Leukemia 
Lung 
Breast (female) 
Bone 
G I  tract 
Thyroid 
Other 

a 

9 

BEIR 

25. 
39 
90 
6 
30 

30 

- 

- 
- 
180 

BEIR (male) = 90x10-~/- 

BEIR (female) = 18O~lO-~rem 

ICRP - 
20 
20 
25 

5 

5 
50 

- 
- 
100 

15-25 
25-50 
60 

2-5 
25 

5-15 
25 - 

120 

15 7 
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".'Using data such as this, with the linear, nrthreshold hypothesis, it is 

always possible to estimate health effects even fran the most minute levels of 

exposure. Most sc ient is ts  believe that these nodeb greatly ayerpredict the 

health effects  of radiatim a t  low dose levels, such as encountered in this 

study. Fhcwever, this study w i l l  use these d e b  to make the predictions. 

Using the BEIR data fran Table 7.1, the absolute risk o f  cancer induction 

is 180 cases per million person rem for m n  and 90 incidences per million 

person rem for men., If for example, 10,000 womn were e m  to 1 ran each, 

the e&ure wuld  be 10,000 persun-rem (pr). 

6 cancers 
Pr  

extra cancers = 10,000 pr x 180 x 10' 

= 1.8 extra cancer incidences 

In the sane group of people, abaut 20% wxld be expected to develop 

cancer fran "normal" causes. 

rem w l d '  be 

Thus, in this group, the increased risk fran 1 

0 

0 

a 

0 

oi 

e 
increased r i s k  = (*O0O 2000 + (100) = 0.09% 

0 7 .2  Health Effects Based on DOE Soil Guidelines 

The individual r i s k  of a person developing cancer i n  this country today 

is between .17 and .20, s i n e  mxst health estimates shw that about 17% to 20% 

of the papulation are at r i s k  from cancer during the lifetime. 0 
Assm the maximally exposed individual received the annual c d t t e d  

dose equivalent of 100 mrem for 50 years while residing on the former FMPC 

site. The increased risk estimate is: 0 

. - -  
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0 

a 

e 

e 

0 

a 

0 

0 

e 

a 

T 

increased risk = 

increased risk = 

percent increase 

. .  .0009 incidences of cancer . .  

017 + e0009 017 in risk = .17 * (100) = 0.53% 

3% 

-- 7.3 Cancer Risk Estimated By the AI=-EPA Ccrmp uter Code Package 

The AIFtDC6-EPA package was zeviewed in Section 5.3. The DUCCAE a& 

* 

described previously, estimates the risk that a fatal cancer incidenoe w i l l  

develop as a result of radiation exposure. 

.fran the uniform mcentraticn of one picocurie 05 a specific radionuclide i n  

the soil  was the basis for btenalning the cancer risk occurring in an exposed 

individuals lifetime. Table 7.2 sham the results of the DWTAEl code 

calculations. This data indicates the relationship between the low Qse 

equivalent received and the resultant risk of cancer. 

238, the dose equivalent to the exposed individual is 0.288 mrem per year and 

the associated l i fet im a c e r  risk is 2.27~lO-~. 'Uraniuu 234 w i t h  a dose 

equivalent of 0.325 mem per 

2.56~lO-~. 

values correspond closely to a risk factor near ISOX~O-~ risk per m n  as in 

the BEIR case for wanen. The values used in DARTAB depend not only cn gender 

but also the nuclide to separate the high and l o w  linear energy transfer 

factor (LET) associated w i t h  the specific decay. This also enables the code 

to consider the higher probability of sane nuclides to affect specific 

organs. The values listed i n  Table 7.2 are the ceighted totals based on 

In this study the dose resulting 

For the case of uranium 

results in a lifetime cancer risk of 

T b  lifetime basis used in the DAl?!AB code is 50 years. mese 

eleven target organs associated w i t h  the radiation b e  

can readily see the lifetime risk due to the p i a  curie 

radionuclides i n  the soil are on the order of 1.3x10-'% 

that nomlly  expected in nature. 

equivalent. As me 

quantitites of 

increased risk over 
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Appendix A - AIRDOS Data and Input Values 
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Input Deck 
(AIRPOP-DAT) 

Wind Frequency Data 
(STARA-DAT) 

Agricultural Data 
(FARMA. DAT) 

Population Data 

Radionuclide Independent 
Data 

Dose Conversion Factors 
(ALLRAD.DAT) 

I 
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a 

e 

0 

a 

e 

e 

0 

0 

AXRDOS Input Fiie used in the FMPC! Soil Guidelines Study 

OPTION 
! COPTI OPTION=2,1,,2,,,,,,L~l,NS~2,NTTS31,0.0, 

GSFA-0.S &END 
GRID 
&GRID NOL=l,NOU=16,NRIil,NRU=4,IDIST=72SO,14S00,21750, 

29000 &END 
PLUKE RISE 

MfiEOROLUGICAL DATA 

PHYSICAL STACK DATA 
1 

WIND FREQUENCY DATA 
STAR 
DEFAULT 
RADIONUCLIDE DATA 
1 

MODIFICATIONS OF NUCLIDE DATA 
2 

&PLUM PR=l*lO. &END 

&METE LID=lO.O,RR=O.O,TA=21.13 &END 

CPHYS pHo1S.2,DIAe.1S,VEZiO &END 

&RAD1 NUc3'U-238',vCPl.O,S@.2 &END 

&MODI L A M S ~ = S 0 4 8 E - 5 , S C = 1 E - 5 , V ~ O  &END 
&MODI ESOW'*',LAMSUR=4.S3E-2,SC=O &END 

&AGDT FV=7.6,0,92.4,F~O.8,0,99.2,~=0,0,100 &END 
AG DATA 

AG ARRAYS 
FILE 23 
SKIP s 
USER 
(16x5) 
(8F10 . 0) 
POPULATION ARRAY 
FILE 24 
FREE 
CONCENTRATION 
FILE 35 
SKIP 1 
FREE 

i 

COMMENTS 
****** THIS IS A TEST RUN WITH FMPC SITE SPECXFIC DATA *****+ 
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Table A.1 

i 

- _ -  Wind Frequency Data for use in AIRDOS 
- -  _ - _  

stability Class 
A B C D E F 

N A 0.000160.000270.000000.000000.000000.00000 
h A 0.000000 . 000070.000000. 000000 . 000000.00000 
W - A  0.000020.000340.000000.000000.000000.00000 
ENE A 0.000010.000270.000000.000000.000000.00000 

- E-A 0.000010.000270.000000.000000.000000000000 
ESE- A 0.000000.000070.000000 . 000000 . 000000.00000 

SE A 0.000020.000410.000000.000000.000000.00000 
SSE-A 0.000080.000140.000000.000000.000000.00000 
S A 0.000160.000210.000000.000000.000000.00000 

SSW A 0.000170.000410.000000.000000.000000.00000 
SW A 0.000090.000410.000000.000000.000000.00000 

WSW A 0.000150.000070.000000.000000.000000.00000 
W A 0.000250.000550.000000.000000.000000.00000 

WNW A 0.000080.000210.000000.000000.000000.00000 
NW A 0.000150.000140.000000.000000.000000.00000 

NNW A 0.000010.000270.000000.000000.000000.00000 
N B 0.000450.001510.000820.000000.000000.00000 

NE B 0.000660.001510.000620.000000.000000.00000 
ENE B 0.000380.001230.001100.000000.000000.00000 
E B 0.000750.002260.000820.000000.000000.00000 

ESE B 0.000580.001100.000750.0000000000000.00000 
SE B 0.000820.002260.000620.000000.000000.00000 

SSE B 0.000730.001300.000550.000000.000000.00000 
S B 0.000770.003220.002260.000000.000000.00000 

SSW B 0.000940.001510.001580.000000.000000.00000 
SW B 0.000670.001850;002190.000000.000000.00000 

WSW B 0.001020.001920.001990.000000.000000.00000 
W B 0.001240.002260.001780.000000.000000.00000 

WNW B 0.000460.001640.000620.000000.000000.00000 
NW B 0.000520.001300.000820.000000.000000.00000 

NNW B 0.000510.000890.000750.000000.000000.00000 
N C 0.000530.002050.002600.000480.000000.00000 

NNE C 0.000200.001100.002190.000410.000000.00000 
NE C 0.000390.002050.002050.000000.000000.00000 

ENE C 0.000440.001640.002600.000410.000000.00000 
E C 0.000450.001920.003770.000210.000000.00000 

ESE C 0.000200.001230.002330.000070.000000.00000 
SE C 0.000310.001920.002670.000140.000000.00000 

SSE C 0.000380.001920.001510.000000.000000.00000 
S C 0.001070.002880.005750.000480.000000.00000 

SSW C 0.001090.003360.005620.000960.000140.00000 
SW C 0.001100.003420.006030.000680.000070.00007 

WSW C 0.000280.001440.005550.001160.000140.00000 
W C 0.000500.002880.003900.001160.000140.00000 

WNW C 0.000270.001100.002670.000270.000000.00000 
NW C 0.000110.000820.002740.000210.000070.00000 

NNW C 0.000090.000340.001440.000210.000000.00000 

NNE B~0.000660~001370.00O62O~OOOOOO~OOQOOO~OOOOO 

A2 

0 

0 

e 

0 

0 

0 

0 

0 



e 

0 

e 

0 

e 

0 

0 

0 
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Table A.1' (cont.) 

stability Class 
A B C D E F 

N D 0.000020.002670.006640.003420.000340.00000 
NNE D 0.000150.001990.003770,002530.000210.00000 
NE D 0.000150.002600.004180.001780.0210.0.00000 

ENE D 0.000360.002530.004110.002l.20.000000.00000 
E D 0.008230.003420.006510.002050.0000.00.00000 

ESE D 0.0002900002f20.003970.001440.000070.00000 
SE D 0.000300.003420.805140~0018500000070e00000 

SSE D 0.000230.003970.003970.002470.0000.00.00000 
S D 0.000810.008420.010140.009180.0.001230.00014 

SSW D 0.000090.003790.009930.014930.002740.00041 
SW D 0.000310.004860.010680.013360~002600000034 

W S W  D 0.000290.002670.008970.0l.0480.002120.00021 
W D 0.000510.005000.010480.014450.003770.00062 

WNW D 0.000290.002260.006780.008560.001990.00027 
NW D 0.000080.001780.004860.04860.0.000550.00014 

NNW D 0.000080.001160.003900.003150.0004~0.00000 
N E 0.000490.002330.008770.0052f0.000270.00005 

NME E 0.000410.001780.005340.002400.00210.0.00000 
NE E 0.000290.002740.006710.0.002330.000340.00Q07 
ENE E 0.000500.002530.005410.002600.000070.00000 

E E 0.000740.003630.010410.002740.000210.00000 
ESE E 0.000630.002Q50.005210.001160.000070.00000 
SE E 0.000290.00%6700006920~002530.000070.00000 

SSE E 0.000240.003220.006580.001S80.000070.00000 
S E 0.001290.005340.016100.007120.000820.000l,4 

SSW E 0.001190.004320.012530.008900.001230.00007 
SW E 0.001280.002740.008560.008360.00890.0.00048 

WSW E 0.000720.002740.006580.005750.0960.0.00007 
W E 0.001270.004590.009730.010070.002530.00041 

WNW E 0.000560.002260.007050.007950.001300.00007 
NW E 0.000070.002190.006850.005340.000680.00007 

NNW E 0.000120.001510.003220.003290.000270.00000 
N F 0.001960.008770.004860.000000.0000.00.00000 

NNZ F 0.003330.007470.002330.000000.000000.00000 
NE F 0.002900.008420.002330.000000.000000.00000 
ENE F 0.003190.008970.003560.000000.000000.00000 

E F 0.005610.013420.003770.000000.000000.00000 
ESE F 0.004160.009590.001030.000000.000000.00000 
SE F 0.003440.008490.001440.000000.000000.00000 
SSE F 0.003890.008420.001030.000000.000000.00000 , 

S F 0.012660.024730.005890.000000.000000.000@0 
SSW F 0.013560.025410.006850.000000.000000.00000 
SW F 0.009200.014590.004040.000000.000000.00000 

WSW F 0.004410.008420.003220.000000.000000.00000 
W F 0.002670.006920.004040.000000.000000.00000 

WNW F 0.001060.005140.003490.000000.00000.0.00000 
NW F 0.001030.004860.003220.000000.000000.00000 

NNW F 0.000560.002530.001710.000000.000000.00000 

. .  
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Table ,A.2 (Cont.) 

0 

Part 111 Vegetable Crops in Ramilton and Butler Counties 

S. 000E+06 
0.0 

, 0.0. 
0.0; 
0 . 0  
5 . 000E+06 
0.0 
0.0 
0.0 
'0.0 
8.5303+06 
0.0 
0.0 
0.0 
0.0 
8.5303+06 
0.0 
0.0 
0.0 
0.0 
8.5303+06 
0.0 
0.0 
0.0 
0.0 
8.530E+06 
0.0 
0.0 
0.0 
0.0 
8.530E+06 
0.0 
0.0 
0.0 
0.0 
5.000E+06 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
3 . 0  
0.0 
0.0 
0.0 

1. SOOE+07 2 . SOOE+07 3 . 500E+07 
0 . 0  0.0 0.0 - . 

0.0 - -  0 . 0  0.0 . 
0 .0  0.0 0.0 
0.0 0.0 0.0 
l.l3OE+07 0.0 0.0 
0 . 0  0.0 0.0 
0 . 0  0 .0  0.0 
0.0  0.0 0.0 
0.0 0.0 0.0 
i.280~+07 0.0 0.0 
0.0 0.0 0 . 0  
0.0 0.0 0.0 
0.0 0 .0  0.0 
0.0 0.0 0.0 
2.560E+07 2.1303+07 0.0 
0.0 0.0 0 . 0  
0 . 0  0 . 0  0.0 
0 . 0  0.0 0.0 
0.0 0.0  0.0 
2.560E+07 1.830E+07 l.SOOE+07 

0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0 . 0  
0 . 0  0.0 0 . 0  
0.0 0.0 0.0 
0.0 0.0 0.0 
2.0303+07 2.5003+07 8.740E+06 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 , 0.0 
4.9503+06 4.050E+06 3.500E+07 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0 . 0  
0.0 0.0 0.0 
0.0 0 . 0  0.0 
0.0 0.0 0.0 
0 ; o  0.0 0.0 

. _  

0 . 0  0.0 0 .,o 

0.0 
0.0 
5.000E+06 
0.0 
0.0 
0.0 
0.0 
8.53 OE+O 6 
0. 0 
0.0 
0.0 
0.0 
8 .S30E+06 
0.0 
0.0 
0.0 
0.0 
8.5303+06 
0.0 
0.0 
0.0 
0.0 
8.530E+06 
0.0 
0.0 
0.0 
0.0 
8.530E+06 
0.0 
0.0 
0.0 
0.0 
S.O00E+06 
0.0 
0.0 
0.0 
0.0 
5.000E+06 
0.0 
0.0 
0.0 
0.0 
.o . 0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
1.500E+07 
0.0 
0.0  
0. 0 
0.0 
I. oioe+07 
0.0 . 

0.0 
0.0 
0.0 
1.92OE+07 
0.0 
0.0 
0.0 
0.0 
2.560E+07 
0.0 
0.0 
0.0 
0.0 
1.920E+07 
0.0 
0.0 
0.0 
0.0 
6.390E+06 
0.0 
0.0 
0.0 
0.0 
7.500E+06 
0.0 
0.0 
0.0 
0.0 
1.500E+O7 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0.0 

0.0- 

FROM.EPA 520/7-79-006. 
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0.0 
0.0 
1.'25OE+07 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0  
0 .  0 
0.0 
0. 0 
000  
0.0 
0.0 
0.0 
0.0 
1.700E+07 
0.0- 
0.0 
0.0 ' . 
0 . 0  
0 . 0  
0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
2.500E+07 
0.0 
0.0 
0.0 
0.0 
2.500E+07 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0 . 0  
0.0 
0.0 
0.0 
0 . 0  

0.0 
0.0 . 

8.740E+06 
0.. 0 
0.0 
0 . 0  0 
0.0 
0.0 
0 . 0  
0.0 
0.0 

0.0 
0.0 
0.0 
0 . 0  
0.0. 

0.0 0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
1.500E+07 
0.0 
0.0 

0.0 
3.500E+07 
0.0 
0.0 
0.0 

0.0 '0 

0.0 0 

0 0.0 
3.500Et07 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0 

0 

A6 0 
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TABLE A.3 P6mfLATfON DATA USED IN THE AIRDOS PROGRAM 

-0 . -  
Population Distribution 

a 

0 

0 

0 

0 

o - ~ I U I I  a - u h  1 6 - 3 2 l a p  total 

4 4 s  339s 6743 10583 N 
NNE 221 18959 12805 31985 
NE 489 32001 36705 69195 I 

ENE 
E 
ESE 
SE 
SSE 
S 
sm 
sw 
W S W  
W 
wm 

NNW 

total 

* N w  

, N  
NNE 
NE 

E 
ESE 
SE 
SSE 
S 
ssw 
sw 
wsw 
W 
WNW 
Nw 
NNW 

ENE 

2489 
5 1 2  

, 7 1 3  
1606 

985 
669 
330 
1 8 5  
440 
5 1 9  
157 
51'1 ' 

5 1 9  

10850 

0 - 8 l c m  

4.20 
0.69 
0.70 
4.29 
0.45 
0.34 
0.57 
0 . 4 2  
0 . 9 1  
2 . 5 6  
1 . 1 5  
4 . 7 1  
9 , 3 1  
2.33 

1 3  . 65 
2 . 2 8  

25760 
40770 
54533 
36467 
28913 
1 9 2 1 4  

4 2 1 7  
2957 
4961 
1 7 6 5  
1 3 6 1  
1433 
1 1 3 4  

277859 

Percentage 

8 - 1 6 h  

32-08 
59 . 27 
46.25 
44.35 
36.39 
26.49 
12 . 7 5  

I 12.20 
2 6 . 1 2  
2 7 . 7 1  

' 18.24 
53 . 17 
3 1 . 6 5  
20.23 
38.25 

5 .00  

29830 

247846 

70762 
150630 

207202 
53673 
1 0 6 1 4  

- 13066 
3930 
3292 
5211 

21042 
1802 

8 7 5 1 5 3  

1 6  - 32 h 

6 3 . 7 2  
40.04 
53 e 05 
5 1 . 3 6  
6 3 . 1 6  

86.68 

7 2 . 9 7  
6 9 . 7 3  
8 0 . 6 1  
42 . 12 
5 9  . 04 
77 . 44 

9 2 . 7 2  

7 3  0 17. 

87 . 38 

48 . i o  

5a079 

285919 

112044 
205876 

2 3 7 1 1 9  
73556 
1 5 2 2 1  
16208 

9333 
5 5 7 6  
6729 
3746 

22695 

total ' 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

0.93 23.87 7 5 . 2 0  100 

* Based on "Report of Findings, Population Studies for DOE 
Feed Materials Production Center, Near Fernald, Ohio, 
for NLO, Inc.", May 18, 1 9 8 1 .  
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N 
NNE 
NE 
ENE 
E 
ESE 
SE 
SSE 
S 
ssw 
sw 
WSW 
W 
WNW 
Nw 
N N W  

total 

TABLE A. 3 (cont. ) 
>i! 7 ,  

POPULATION DATA USED IN THE AIRDOS PROGRAM 

Population Distribution (modified for AIRDOS model) 

0 - 7.25 Icm 7.25 - 14.5 Icm 14.5 - 21.75 Ian 21.75 - 32 
403 . 3 

’. 200.3 
443.2 

;2255 7 
464.0 
646 . 2 
1455 . 4 
892 . 7 
606.3 
353.4 
167 . 7 
398.8 
470.3 
142 . 3 
470.3 
463 1 

2800 . 2 
15424 . 9 
26046.7 
21163 . 3 
33173. 6 
44374 . 9 
29780 . 0 
23599 . 6 
15674 1 
3462.9 . 
2419 . 9 
4072.1 
1482 . 7 
1120.5 
1212 . 2 
970.0 

3059 . 8 
8156 . 6 
19191.0 
15550 . 2 
33074 5 
64357 . 6 
95907 . 2 
79888 . 0 
22891.4 
4605 . 1 
5250 . 0 
2342.5 
1514 0 
2127 . 9 
7774 . 6 916.3 

4319.7 , 

8203 . 2 
23514. 1 

45331.9 
96.497 . 3 
158776.3 
132738 . 8 
34384.3 
6799 . 6 
8370 . 4 
2517.7 
2108 . 9 
3338 . 3 
1154 . 4 
13480.0 

19109 8 

9832 . 8 - 226777.6 366606.7 560644 . 9 
. .. 

0 

total 
0 

10583 
31985 
69195 
58079 
112044 
205876 0 
285919 
237119 
73556 
15221 
16208 
9331 0 
5576 
6729 
3746 
22695 

1163862 

a 

0 

0 

0 

A8 
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0 

0 

0 

0 

0 

a 

0 

0 

0 

0 

1 3 7.6 TABLE A . 4  LIST OF.. INPUT VALUES FOR RADIONUCLIDE-INDEPENDENT 
VARIABLES USED IN AIRDOS 

TIME DELAY--INGESTION OF PASTURE GRASS BY ANfMALs (HR) - - .000E+O * 
TIME DELAY--INGESTION OF LEAFY VEGETABLES BY-MAN (BR) - - 1 - - .  *336E+3, 
TIME DELAY--INGESTION OF STORED FEED BY ANIMALS (HR) - 1 :I':- .2163+4 - 

TIME DELAY--INGESTION OF PRODUCE BY MAN (HR) 
REMOVAL RATE CONSTANT FOR PHYSICAL LOSS 

PERIOD OF EXPOSURE DURING GROWING SEASON--PASTURE GRASS (HR)' 
PERIOD OF EXPOSURE DURING GROWING SEASON--CROPS 
OR LEAFY VEGETABLES (ER) 

AGRICULTURAL PRODUCTIVITY BY UNIT AREA 
(GRASS-COW-l4ILK-MAN PATHWAY (KG/SQ. METER) ) 

AGRICULTURAL PROMJCTIVITY BY UNIT AREA 
(PRODUCE OR LEAFY VEG INGESTED BY MAN (KG/SQ. METER) ) 

FRACTION OF YEAR ANIMlbts GRAZE ON PAS= 
FRACTION OF DAILY FEED ThAT IS PASTURE GRASS WHEN ANIMAL 

CONSUMPTION RATE OF CONTAMINATED FEED OR FORAGE BY AN 

TRANSPORT TIME FROM ANIMAL FEED-MEIS-MAN (DAY) 
RATE OF INGESTION OF PRODUCE BY MAN (KG/YR) 
RATE OF INGESTION OF MILK BY MAN (LITERS/YR) 
RATE OF INGESTION OF MEAT BY MAN (KG/YR) 
RATE OF INGESTION OF LEAFY VEGETABLES BY MAN (KG/YR) 
AVERAGE TIME FROM SLAUGHTER OF MEAT ANIMAL 

FRACTION OF PRODUCE INGESTED GROWN IN GARDEN OF INTEREST 
FRACTION OF LEAFY VEGETABLES GROWN IN GARBEN OF INTEREST 
PERIOD OF LONG-TERM BUILDUP FOR ACTIVITY IN SOIL (YEARS) 
EFFECTIVE SURFACE DENSITY OF SOIL (KG/SQ. M, DRY WEIGHT) 

VEGETABLE INGESTION RATIO-IMMEDIATE SURROUNDING 

MEAT INGESTION 'RATIO-IMMEDIATE SURROUNDING 

MILK INGESTION RATIO-INMEDIATE SURROUNDING 

BY WEATBERING (PER HOUR) 

~- 

GRAZES ON PASTURE 

ANIMAL IN KG/DAY (DRY WEIGHT) 

TO CONSUMPTION (DAY) 

(ASSUMES 15 CM PLOW LAYER) 

AREA/TOTAL WITHIN AREA 

AREA/TOTAL WITHIN AREA 

AREA/TOTAL WITHIN AREA 

INHALATION RATE OF MAN (CUBIC CENTIMETERS/HR) 
BUILDUP TIME FOR RADIONUCLIDES DEPOSITED 

DILUTION FACTOR FOR WATER FOR SWIMMING (CM) 
FRACTION OF TIME SPEiJT SWIMMING 
MUSC- MASS OF ANIMAL AT SLAUGHTER (KG) 
FRACTIOBT OF ANIMAL HERD SLAUGHTERED PER DAY 
MILK PRODUCTIOX OF COW (==/DAY) 
FALLOUT INTERCEPTION FRACTION-VEGETABLES 
FALLOUT INTERCEPTION FRACTION-PASTURE 
FRACTION OF RADIOACTMTY RETAINED ON LEAFY VEGETABLES 

ON GROUND AND WATER (DAYS) 

AND PRODUCE AFTER WASHING 

* E with + or - indicates 10 to the power delineated 

.336E+3-. .: 

.2903-2 

.720E+3 : 
. .  

. .144E+4 

2803+8 

716E+O 

.430E+O 
. .- 

.156E+2 

.200E+1 

.176E+3 . 112E+3 . 850E+2 . 180E+2 

.100E+2 . fOOE+l 

.100E+1 . 100E93 

. 215E+3 

. 100E+1 

100E+1 

. 100E+1 

.916E+6 

.365E+5 

. 1 0 0 E + 1  

.000E+O 

.200E+3 

.380E-2 . llOE+2 

.200E+O 

.570E+O 

.500E+O 

17.5 
a A9 



Table A.6 Dose Conversion Factors Used i n  AIRDOS 

I 

SR-90 

This data was taken from the data f i l e  lAURAD.DAT1 
The f i l e  is set up such t h a t  the dose conversion factors  0 can be obtained f o r  each isotope a s  well a s  f o r  $he:-- 
manner i n  which the radionuclides are taken & t o r t h e  body. 

the correction factors  f o r  immersion in a i r  and water a s  
well a s  surface exposure, and the decay constant. 

The data preceeded by either a I D 1 ,  IW1, o r  a 'Y! are the 
corresponding inhalation dose conversion f a c t o r s  associated 
w i t h  t h a t  lung c l a s s  and the s p e c i f i c  p a r t i c l e  size. 
A l l  the factors  are in Rems per mkro-Curie. 

The first set o f  numbers in s c i e n t i f i c  notation indicates  

These are followed by the 11 organs dose conversion factors.  0 

0 
66 1 1 O.OOOE+OO 0.0003+00 0.006E+00 6.6353-05.6.6353-05 

0 . 000E+00 
O.OOOE+OO 

2 '  
1.0003-02 
9 . 6533-04 
3 . 000E-01 
3 . 5553003 

2 
D 

Y 
9.4333-03 

9 . 8093-04 

TC-99 68 
5.0893-01 
4 . 2143-01 

8.0003-01 
1.2553-02 

1 

2 
D 

1.7553-04 
W 
1 . 5483-04 

TC-99M 68 
5 . 3263-01 
4 . 5723-01 

8 . 0003-01 
2 . 6373-04 

1 

2 
D 

W 
9.1613-06 

8.0323-06 

I---- 

:I76 

0.0003+00 
0 . 0003+00 

5 . 6213-03 
4 . 7933-02 

3 . 6723-02 
1. i i 8 ~ - o i  

1.0003+00 
1.4973-02 
l .OODE+OO 
7 . 922E+00 

O.OOOE+OO O.OOOE+OO 0.0003+00 
O.OOOE+OO 0.000E+00 

2.1703-02 4.9253-02 1.7763-04 
1.9043-04 1.7763-04 1.7763-04 
6.51lE-01 1.4783+00 5.3293-03 
5.7103-03 5.3293-03. 5.3293-03 

3.000E-01 1.9583-03 1.1463+00 
4.8843003 1.0203-02 1.07l.E-02 
1.0003-02 1.6853+00 1.1123-01 
3.0023-02 5.298E-01 1,8393-03 

1 2 4 . 7693-04 1.1103-06 1.1273-07 
3.6623-01 8.7213-01 7.3323-01 8.6593-01 
4.5113-01 3.3433-01 4.6173-01 

1.9163-03 2.3123-04 2.3123-04 5.9763-03 
2.2033-03 3.0353-04 2.3123-04 2.3123-04 

1.0003+00 8.0003-01 1.7223-03 1.7553-04 
1.8053-03 9.2663-03 4.1983-04 2.3043-04 
1.0003+00 8.000E-01 2.1813-02 1.5483-04 
9.9203-02 8.3333-03 1.1603-03 2.0323-04 

1 2 1.1903+02 2.6843-01 2.7603-02 
4.7143-01 8.0823-01 7.0893-01 8.0823-01 
4.6793-01 3.8643-01 4.7503-01 

7.457E-05 2.3283-05 9.4363-06 3.1833-04 
1.0563-04 1.6873-05 3.8903-05 1.9653-05 

1.0003+00 8.0003-01 6.4083-05 1.2833-05 
1.3223-04 1.0963-04 1.997E-05 1.1863-05 
1.0003+00 8.0003-01 5.7293-05 1.1793-05 
1.7573-04 5.9683-05 1.6363-05 1.2813005 

1.7763-04 1.7763-04 

5.3293-03 5.3293-03 
0 

2.6003+00 9.4333-03 
9.4333-03 9.4333-03 

9.8083-04 9,8083-04 
2.5103-01 9.8083-04 0 

8.9143-09 8.9143-69 
4.9973-01 4.352E-01 

2 . 3123-04 2.3123-04 

1.7553-04 4.5363-03 
1.7553-04 1.755E-04 
3.5483-04 4.0003-03 
1.5483-04 1.5483-04 
2.7633+00 2.7633+00 
5.1403-01 4.6433-01 

1.4823-05 1.2933-05 

6.6673-06 1.9233-04 . 
1.8713-05 9.5823-06 
7.5293-06 8.159E-05 
1.7243-05 7.1693-06 

0 

0 

0 

0 

- 
0 

A10 



0 
Table A. 6 (cont. ) 375 

0 RU-106 59 
0 . OOOE+OO 
0 . 0003+00 
5 . 0003-02 
9. f09E-03 

1 

0 3 
D 

W 

Y 

- 
5 . 3723-02 
1 . 5833-02 
6.8733-03 

1 3 
0 . 0003+00 
0.0003+00 

1.1233-02 
1 . 4 3 lE-0 1 

1.0003+00 
7 . 6233-02 
1.0003+00 
lO252E+00 
1 . OOOE+OO 
5.8893+00 

0 . 0003+00 
0 . 000Ei-00 
0.0003+00 

5 . 6353-03 
5. W3E-03 

5 . 000E-02 
2 . 93lE-02 
5 000E-02 
1.193E-02 
S . 0003-02 
9.06U-03 

0 . 0003+00 
0 . 0003+00 
0 -  0003900 

5 4073-03 
5 5483-03 

5 . 6093-02 
4 . 9'59E-02 
2 . 7453-01 
f . 2 3 U + O O  
7 6653-02 

7 . 8823-02 

O.OOOE+OO 1.8a3~003 i.883~-03 
0.0003+00 0.0003+00 0.0003+00 

5.5303-03 5.5973-03 5.4683-03 
5 . 6543-03 
5.3483-02 5.2252-02 5.3943-02 
5.3723-02 5.3243-02 5.420E-02 
1.5773-02 3.5273-02 1.582E-02 
1.623.E-02 1.6193-02 1.5863-02 
6.7343-03 6.0973-03 6.6533-03 
8.7743-03 9.2853-03 6.3573-03 

CS-137 19 1 1 0.0003+00 0.0003+00 0.0003+00 6.2883-05 6.2883-05 
0.000E900 0.0003+00 0.000E+00 0.0003+00 0.0003+00 0.0003+00 O.OOOE+OO 
O.OOOE+OO O.OOOE+OO 0.0003+00 O.OOOE+OO 

9 . 5003-01 4 . 4463-02 4 . 3653-02 3 . 0523-02 5.0803-02 4.7993-02 4.4383-02 
1 

3.56a~-02 2.9283-02 4.7863-02 4.440~-02 S.OSSE-O~ 
1 

D 1.0003+00 9.5003-01 3.0393-02 2.9012-02 2.0293-02 3.3783702 
3.1903-02 3.3943-02 2.31lE-02 1.87l.E-02 3.1843002 2.9523-02 3.3593-02 

e 
PB-210 48 1 2 3.9043+00 9.8753-03 6.5413-03 8.5263-05 8.5263-05 
1.3863-01 5.6183-02 2.2803-01 2.1283-01 3.6093-01 1.232E-01 9.7673-02 
9.0023-02 1.1023-01 6.3103-02 1.4693-01 

2.000E-01 3.83SE+OO 5.953E+OO 8.3753+01 4.9733-01 4.974E-01 4.9743-01 
4.94I.E-01 5.0283-01 2.3313+01 4.9743-01 1.08I.E+01 

1 

9 '  
D 3.000E-01 2.0003-01 1.078E+01 1.673E+01 2.3533+02 1.3983+00 
1.3983+00 1.401E+00 1.388E+00 1.3893+00 6.5528+01 1.3983+00 3.0403+01 

D f.OOOE+OO 2.0003-01 9.8173+00 1.524E+Of 2.1443+02 1.2733+00 
0 1.273E+00 1.2753+00 1.2653+00 1.2663+00 5.9683+01 1.2743+00 2.7693+01 

D ,  3.0003+00 2.0003-01 1.0983+01 1.7053+01 2.3993+02 1.4243+00 
1.425E+00 1.4263+00 1.4153+00 1.4183+00 6,676E+Ol 1.425E+00 3.098E+01 

W 3.0003-01 2.0003-01 1.367E+01 6.8373+00 9.6063+01 5.890E-01 
5.8903-01 4.4843+01 5.8563-01 5.9813-01 2.7553+01 5,8903-01 1.278E+01 

W 1.0003+00 2.0003-01 9.6603+00 6.707E+OO 9.428E+01 5.7063-01 
5.7073-01 2.6063+01 5.6713-01 5.7703-01 2.671E+01 5.7073-01 1.2393+01 

W 3.000E+00 2.000E-01 7.84lE+OO 7.9263+00 le115E+02 6.676E-01 
6.676E-01 1.3723+01 6.6333-01 6.7293-01 3.1273+01 6.6763-01 1.451E+01 

.Y 3.0003-01 2.0003-01 2.802E+02 5,2613+00 7.371E+01 4.8443-01 
4.848E-01 1.333E+03 4.824E-01 5.020E-Of 2.2563+01 4.8473-01 1.047E+01 

Y 1.000E+00 2.000E-01 1.6263+02 4.8473+00 6.802E+01 4.309E-01 
4.311E-01 7.6833+02 4.2883-01 4.4313-01 2.011E+01 4.31I.E-01 9.3323+00 

Y 3.000E+00 2.000E-01 8.5233+01 5.543E+00 7.7893+01 4.7653-01 
4.7663-01 3.9373+02 4.7383001 4.8633-01 2.2293+01 4.7663-01 1.0343+01 
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Table A.6 (cont.) 

4.$3'8' 
-1237 44 1 1 2.9673+01 7.1323-02 2.3383-02 8.8723-10 8.8723-10 

3.5353-01 2.5733-01 5.7583-01 4.9623-01 6.3833-01 3.3833-01 2.9433-01 
2.8633-01 3.0423-01 2.30333-01 3.2133-01 

1.0003-03 3.1463+00 7.5103+00 9.2783+01 1.1583-01 1.1603-01 1.1623-01 
1.196E-01 2.2163-01 1.8363+01 1.1643-01 1.1633-01 

1 

2 
W l .OOOE+OO 1.0003-03 4.0073+02 9.1023+02 1.1253+04 1.4043+01 

1.406E+01 1.0943+02 1.3963+01 1.4023+01 2.2273+03 1.4103+01 1.4093+01 
Y 1.0003+00 1.0003-03 3.4753+02 3.6063+02 4.4543+03 5.5693+00 

5.5823+00 9.4753+02 5.5493+00 5.6173+00 8.9623+02 5.6103+00 5.5923+00 

0 

RA-228 54 1 2 3.5493-06 8.9043-09 7.3853-09 3.3013-04 3.3013-04 
~ . ~ o o E - o ~  1.9133-04 9.4843-04 3.6963-04 5.788~-02 5.8473-04 L ~ O ~ E - O ~  

2 . 0 0 0 ~ - 0 i  4 .714~-01  9.7843-01 9.611~+00 3.3193-01 3.3263-01 3.3203-01 

1.2223-04 7.1903-06 4.3143-04 8.8663-07 
1 

3.2943-01 3.6933-01 3.9463-01 3.3233-01 3.3793-01 
6 

W 3.0003-01 2.0003-01 6.66l.E+00 1.520E+00 1.510E+01 5.1003-01 
5.1123-01 2.8883+01 5.1563-01 5.6243-01 1.146E+00 5.1453-01 5.2573-03 

W l.OOOE+OO 2.0003-01 4.0583+00 1.3323+00 10319E+01 4.4873-01 
4.4963-01 1.6793+01 4.5093-01 4.885EL01 8.5873-01 4.5143-01 4.6043-01 

W 3.0003+00 2.0003-01 2.4373+00 1.4233+00 1.4043+01 4.811E-01 
4.8203-01 8.8513+00 4.8063-01 5.1823-01 7.6253-01 4.8283-01 4.9153-01 

Y 3.0003-01 2.0003-01 3.0543+02 3.8503+00 3.7693+01 1.3993+00 
1.4093+00 1.4623+03 1.5463+00 2..4483+00 5.5183+00 1.4633+00 1.8233+00 

Y 1.0003+00 2.0003-01 1.7613+02 2.5173+00 2.4653+01 9.071E-01 
9.1353-03 8.4243+02 9.9173-01 1.5243+00 3.301E+00 9.4433-01 1.1533+00 

Y 3.0003+00 2.0003-01 9.04lE+01 1.7923+00 1.7573+01 6.3533-01 
6.3893-01 4.3163+02 6.7803-01 9.7143-01 1.896E+00 6.5463-01 7.6443-01 

RA-226 54 1 2 6.4143+00 1.4312-02 1.6123-03 1.1873-06 1.1873-06 
5.1833-01 4.8203-01 7.3653-01 6.7083-01 7.5633-01 5.0053-01 4.5183-03 
4.4693-01 4.5843-01 3.8603-01 4.7093-01 

2.0003-01 7.3913-01 2.3113+00 2.7233+01 3.3253-01 3.3333-01 3.3293-01 
3.3483-01 4.9733-01 3.2373-01 3.33lE-01 3.3273-01 

1 

6 
W 3.0003-01 2.0003-01 3.5533+01 2.9123+00 3.11lE+01 7.8373-01 

7.8443-01 1.6623+02 7.8173-01 8.6243-01 4,7963-01 7.8433-01 1.1013+00 
W l.OOOE+OO 2.0003-01 2.0813+01 2.7543+00 3.0583+01 6.0883-01 

6.0963-01 9.5933+01 6.0783-01 6.95lE-01 4.275E-01 6.0953-01 7.9363-01 
W 3.0003+00 2.000E-01 1.1223+01 3.1573+00 3.6203+01 5.6743-01 

5.6833-01 4.9393+01 5.6723-01 6.8183-01 4.6443001 5.6823-01 6.659E-01 
Y 3.0003-01 2.0003-01 3.4723+02 7.8593+00 2.5863+01 5.7243+00 

8.7223+00 3.6433+03 8.6753+00 8.7593+00 2.5913+00 8.7233+00 1.5323+01 
Y 1.0003+00 2.0003-01 2.0033+02 5.2353+00 2.3233+01 5.1303+00 
5.1303+00 9.4643+02 S.1033+00 5.1983+00 1.5923+00 5.1303+00 8.9333+00 

Y 3.0003+00 2.0003-01 1.0303+02 3.8723+00 2.5883+01 2.8043+00 
2.804E+00 4.8483+02 2.7913+00 2.9193+00 9.8343-01 2.8043+00 4.7553+00 

--- \ ,- 
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Table A.6 (COnt.) 
375 

TR-228 70 :JF 5 2.7773+00 6.6253-03 3.0553-03 9.9193-04 9.9193-04 
3.3373-01 2.67-33-01 5.1793-01 4.5263-01 5.6353-01 3.2053-01 2.8253-01 
2.7553-01 2.9163-01 2.2783-01 2.9923-01 

2 . 0003-04 7 . 716E-02 2.9703-01 3.6353+00 7 7883-03- 7 . 8733-03- 'I 80U-03 . 
1.2653-02 2.4233-01 3.4293-02 7.8413-03 9.5473-03 

1 

6 
W 3 . 0om-01 2 . OOOE-O~ i.8503+02 i.7603+02 2 . 1733+03 2 . 4i2~900 
2.416E+OO 7.9933+02 2.4413+00 3.0073+00 1.897E+01 2.420E+00 2.577E+00 

W 1.0803+00 2.0003-04 1.1933+02 1.6003+02 1.9763+03 2.1453+00 
2.1483+00 4.0943+82 2.1583+00 2.550E980 1.7193+01 2.1503+00 2.2353+00 

W 3.0003+00 2.0003-04 8.0393+01 1.7093+02 2.11lE+03 2.244E900 
2.2473+00 2.1083+02 2.2473+00 2.5603+00 1.8303+01 2.2483+00 2.2843+00 

Y 3.000E-01 2,0003-04 9.5473+02 4.3043901 5-253IWO2 1.31lE+OO 
1.32lE+OO 4.5543+03 1.560E+00 4.2953+00 5.6103900 P0386E+Q0 2.2963+00 

8.1783-01 2.6243+03 9.5723-01 2.609E+OO 3.6783+00 8.3193-01 1.38l.E+00 
Y 3 . 000E+00 2 . 0003-04 2 e 836E+02 2 . 172E+01 2.6643+02 S . 1153-01 
5.1463-01 1.3443+03 5.886E-01 1.564E+OO 2.6283+00 5-218E-01 8.066E-01 

TH-230 70 1- 5 1.2243+00 3.0643-03 2.4383-03 2.464E-08 2.4643-08 
1.4443-01 9.47-73-02 2.2433-01 1.9303-01 3.1133-01 1.3163-01 1.1273-01 
1.0773-01 1.182E-81 8.6503-02 1,2373-01 

2.0003-04 2.3623-01 l.lSOE+OQ 1.,4333901 2.5813-03 2.5813-03 2.5813-03 
6.6143-03 9.9943-02 2.1833-02 3.5813-03 2.58lE-03 

Y 1aOOOE+OO 2.0803-04 S.S09E+02 2.8903+01 3.5333+02 8.122E-Of 

1 

6 
W 3.000E-81 2.000E-04 1.9853+02 7.7803+02 9.6903+03 1.747E+OO 
1.7473+00 1.635E982 1.73'9E900 1.7833900 1.4773901 1.7473+00 1.7473+00 

W l.OOOE+=OO 2,0003-04 1.5963+02 6.952E902 8.6593+83 1.561E+00 
1.5613+00 9.4743+01 1.5543+00 1.6033+00 1.3203+01 1.56lE+OO 1.5613+00 

W 3.0003+00 2.000E-04 1.5733+02 7.3063+02 9.1003+03 1.6403+00 
1.6403+00 4.9363+01 1.6343+00 1.6993+00 1.3873+01 1.6403+00 1.6403900 

Y 3.0003-Of 2.000E-04 4.2453+02 4.6033+02 5.7333+83 1.055E+OQ 
1.0563+00 1.5993+03 1.0523+00 lelOOE+OO 8.9253+00 1.0563+00 1.055E+08 

Y 1.0003+00 2.0003-04 2.480B+02 2.8243+02 3.5173+03 6.4663-01 
6.4683-01 9.2143+02 6.4573-01 7.0033-01 5.4683+00 6.4673-01 6.4663-01 

Y 3.0003+00 2.0003-04 1.3293+02 1.7363+02 2.1623+03 3.9623-01 
3.9633-01 4.7193+02 3.9733-01 4.7103-01 3.3503+00 3.9623-01 3.9623-01 

TH-232 70 1 5 1.0343+00 2.6123-03 2.3633-03 3.3503-13 1.3503-13 
7.9333-02 4.3243-02 1.1503-01 9.8313-02 2.2073-01 6.5683-02 5.507E-02 
5.1973-02 5.7933-02 4.1203-02 6.2013-02 

2.0003-04 2.1523-01 1.0493+00 1.3103+01 2.2883-03 2.291E-03 2.2903-03 
5.7263-03 8.5333-02 1.9003-02 2.2903-03 2.2623-03 

0 1 

6 
W 3.0003-01 2.0003-04 1.7193+02 7.0923+02 8.8573+03 1.540E+00 
1.5423+00 1.4053+02 1.5343+00 1.5733+00 1.2863+01 1.5423+00 1.522E+00 

0 W 1.0003+00 2.0003-04 1.4453+02 6.3373+02 7.9143+03 1.374E+00 
1.3763+00 8.1453+01 1.3693+00 1.4123+00 1.1483+01 1.3753+00 1.3583+00 

W 3.0003+00 2.0003-04 1.4283+02 6.6583+02 8.3153+03 1.4413+00 
1.4433+00 4.2453+01 1.4363+00 1.4933+00 1.2063+01 1.4433+06-1.4243+00 
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Table A.6 (cont.) * . .  t.3 ’\ f .  

(thorium-232 cont . ) 
Y 3.0003-01 2.0003-04 4.2443+02 4.7423+02 5.9093+03 2.1793+00 
2.1873+00 1.5803+03 2.2123+00 2.3353+00 1.3493+01 2.2233+00 2.2223+00 

Y 1.0003+00 2.0003-04 2.4763+02 2.8893+02 3.6003+03 1.2893+00 
1.2943+00 9.1053+02 1.309E+00 1.4033+00 8.0533+00 1.3153+00 1.3143+00 

Y 3.0003+00 2.000E-04 1.3223+02 1.7443+02 2.1743+03-7.1733-01 
7.1993-01 4.6643+02 7.2893-03 8.1603-01 4.6033+00 7.3063-01 7.2923-01 

U-234 72 1 14 1.2703+00 3.2333-03 3.0093-03 7.7633-09 7.7633-09 
5.2173-02 2.4783-02 6.3773-02 5.4473-02 1.8373-01 3.6873-02 3.0263-02 
2.86I.E-02 3.1023-02 2.3753-02 3.3543-02 

2.0003-03 8.4363-03 1.0843-02 1.712E-01 3.8513-04 3.8543-04 3.8513-04 
4.5013-03 9.9163-02 3.851E-04 3.8523-04 6.6193-02 
5.0003-02 1.0983-01 2.7093-01 4.2793+00 9.6263-03 9.6273-03 9.6273-03 
1.3693-02 1.0363-01 9.6263-03 9.6273-03 1.6553+00 
2.0003-01 4.2673-01 1.0843+00 1.7123+01 3.8513-02 3.8513-02 3.8513-02 
4.2423-02 1.175E-01 3.85I.E-02 3.85I.E-02 6.6193+00 

3 

15 0 

D 3.0003-01 5.0003-02 1.7373+00 3.0063+00 4.7473+01 1.0683-01 
1.0683-01 2.8173+00 1.0643-01 1.107E-01 1.0683-01 1.0683-01 1.8363+01 

D 3.000E-01 2.0003-01 1.7523+00 3.0453+00 4.8093+01 1.0823-01 
1.0823-01 2.8193+00 1.0783-01 1.1143-01 1.0823-01 1.0823-01 1.8603+01 

9.3983-02 1.6563+00 9.4133-02 1.0843-01 9.3973-02 9.3973-02 1.6153+01 
D 1.0003+00 2.0003-01 1.4083+00 2.7743+00 4.3813+01 9.8563-02 
9.8573-02 1.6603+00 9.8703-02 1,1063-01 9.8563-02 9.8573-02 1.6943+01 

D 3.0003+00 5,0003-02 1.28lE+OO 2.8513+00 4.5033+01 1.0133-01 
1.0133-01 9.0103-01 1.0203-01 1.3003-01 1.0133-01 1.0133-01 1.741E+01 

D 3.0003+00 2.0003-01 1.3793+00 3.1043+00 4.9023+01 1.1033-01 
1.1033-01 9.1003-01 1.1103-01 1.3433-01 1.1033-01 1.1033-01 1.8963+01 

W 3,0003-01 5.0003-02 3.4533+01 8.5883-01 X.3563+01 3.0523-02 
3.0533-02 1.6483+02 3.2283-02 7.4073-02 3.0523-02 3.0523-02 5.2463+00 

W 3.0003-01 2.0003-01 3.4683+01 1.2373+00 1.9533+01 4.3943-02 
4.3963-02 1.6483+02 4.5633-02 8.053E-02 4.3953-02 4.3953-02 7-5543+00 

W 1.0003+00 5.0003-02 2.0013+01 7.9513-01 1.2563+01 2-8253-02 
2.8263-02 9.4973+01 3.0243-02 7.6843-02 2.8263-02 2.8253-02 4.857E+00 

W 1.0003+00 2.0003-01 2.0173+01 1.2163+00 1.921E+01 4.3223-02 
4.3233-02 9.4993+01 4.5133-02 8.4033-02 4.3223-02 4.3223-02 7.4303+00 

W 3.0003+00 5,0003-02 1.0433+01 8.7593-01 1.3833+01 3.1123-02 
3.1133-02 4.8653+01 3,3823-02 9.6283-02 3.1133-02 3.1133-02 5.3503+00 

W 3.0003+00 2.0003-01 1.0653+01 1.4413+00 2.2753+01 5.1193-02 
5.1193-02 4.8673+01 5.378E-02 1,0593-01 5.1193-02 5.1193-02 8.7993+00 

Y 3.0003-01 2.0003-03 3.3803+02 4.4443-01 7.0163+00 1.5933-02 
1.6193-02 1.6293+03 1,8023-02 6.6413-02 1.6073-02 1.596E-02 2.737E+00 

Y 1.0003+00 2,0003-03 1.9483+02 2.7513-01 4.3433+00 9.855E-03 
1.0013-02 9.3823+02 1.225E-02 6.762E-02 9.9333-03 9.8723003 1.693E+00 

Y 3.0003+00 2.000E-03 9.975E+01 1.7303-01 2.731E+00 6.1873-03 
6.2653-03 4.805E+02 9.423E-03 8.410E-02 6.2273-03 6.1963-03 1.063E+00 

D 1.0003+00 5.0003-02 1.3583+00 2.6453+00 4.1773+01 9.3973-02 

0 

0 .. 

0 

0 
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Table A.6 (cont.) 

(uranium-238 cont . ) 
. . y - _ -  3.0003-01 2.0003-03 3.0013+02 5.0303-01 6.1433+00 1.7553-02 

1.9043-02 1.4453+03 2.9473-02 2.5033-01 2.1663-02 2.0333-02 2.4493+00 
Y 1.0003+00 2.0003-03 1.7293+02 3.0993-01 3.8003+00 1.0723-02 
1.1583-02 8.3273+02 1.866Ef02 1.7163-01 1.3003-02 1.2323-02 1.5153+00 

6.9643-03 4.2653+02 1.2383-02 1.34lE-01 7.5333-03 7.3413-03 9.5083-01 
- Y  - 3.0003+00 2.0003-03 8.8553+01 1.9273-01 2.3863+00 6.5153-03 

PU-238 53 
2.6063-02 
5.5463-03 

1 
1.000E-03 
1.08lE-01 

2 
w 
Y 
1.2583+01 

4 . 886E+OO 

1 2 
4 . 3961-03 
5 . 9333-03 
2 . 8833+00 
2.1693-01 

1.000E+00 
1.219E+02 
1.0003+00 
1.0703+03 

1 . 372E+OO 
1.737E-02 
5.6263003 

6 . 7653900 
1.7123+01 

1.0003-03 
1.253E+01 
1.000E-03 
4.8673+00 

3.5llE-03 
1.4203-02 
6.6713-03 

8 . 342E+01 
1.038E-01 

3.714E+02 
1.2583+01 
3 . 572E+02 
4 . 930E+OO 

3.3043-03 2.163E-05 2.1633-05 
1.500E-01 9.7763-03 6.5183-03 

1.0383-01 1,0383-01 1.0383-01 
1.0383-01 

8.1963+02 1.0113+04 1.2583+01 
2.0743+03 1.2583+01 1.2583+01 
3.1833+02 3.9253+03 4.8863+00 
8.1553+02 4.8863+00 4.8863+00 

PU-239 53 1 2 5.6551-01 1.4313-03 1.2703-03 7.8603-08 7.8603-08 
6.506~-02 3.9313-02 8.056~-02 6.825~-02 2.014~-01 4.8783-02 4.177~-02 
4.0683-02 4.1323-02 3.49lE-02.4.1993-02 

2 
1.0003-04 3.4313-01 8.09l.E-01 9.9643+00 1.2403-02 1.2403-02 1.2403-02 
1.6763-02 1.1893-01 1.9813+00 1.2403-02 1.2403-02 
1.0003-03 3.3903+00 8.09l.E+00 9.9643+01 1.2403-01 1.2403-01 1.2403-01 
3.2793-01 2.2993-01 1.981E+01 1.2403-01 1.2403-01 

2 
W 1.0003+00 1.000E-03 4.3183+02 9.8073+02 1.2083+04 1.5033+01 
1.5033+01 1.1783+02 1.4963+01 1.5023+01 2.4033+03 1.503E+01 1.5033+01 

Y l.OOOE+OO 1.0003-04 3.7283+02 3.8423+02 4.731E+03 5-8893+00 
5.8893+00 1.0213+03 5.8643+00 5.9243+00 9.5653902 5.8893+00 5-8893+00 

a 

a 

a 

0 

0 

0 
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