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PREFACE 

This report summarizes the Columbia River pathway results of Phase I of 

the Hanford Environmental Dose Reconstruct ion (HEDR) Project. 
describes the releases of radioactivity that occurred in the past at the 
Hanford Site, the computer models used by researchers to estimate how radio- 
active material was transported away from the site and how, by various river 
pathways, it resulted in populations being exposed to radioactivity. 
report also provides estimates of the doses that individuals may have 
received and the uncertainty surrounding them. 

The report 

The 

This is one of three reports that summarize Phase I work. It is 
directed to the general technical reader, as is the Air Pathway Report. 
The Summary Report, which presents results from the air and river exposure 
pathvays, is intended for a general audience. Additional information is 
included in the appendices of this report in tables and figures, and still 
more detail can be found in the supporting documents listed in Appendix A. 
It is anticipated that future technical reports and other publications will 
be subjected to formal scientific review so that the work will satisfy the 
rigorous criteria for acceptability by the scientific community. 

PROJECT OBJECTIVES 

The river pathway portion of Phase I had several objectives. 
among these was to determine whether sufficient information exists or could 
be reconstructed from incomplete records to enable a dose reconstruction 
study to proceed. 
tational models specifically to deal with uncertainties in the dozens o f  

tives were to determine whether the data and models were sufficient to 

Foremost 

A second objective was to design conceptual and compu- 

4 variables needed t o  estimate doses to offsite populations. The final objec- 

I enable credible doses to be estimated and to compare HEDR doses with pre- 
viously published dose estimates. 
demonstration phase. 
cal cul ated to demonstrate the feasi bi 1 i ty of reconstructing doses, wi 1 1  
definitely change as input and model structures are refined in later phases. 

In summary, Phase I was a pilot or 
The Phase I preliminary dose estimates, which were 
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The reader must recognize the preliminary nature of the dose estimates 
that  are presented and discussed i n  this and the two companion reports. As 

the H E D R  Project continues, the averages, ranges, and dis t r ibut ions of dose 
estimates will change, for  a t  l eas t  three reasons: refinement o f  input t o  
models, refinement of models, and changes in the extent of the final study 
area. 

I t  i s  a l s o  important t o  note. t h a t  the objectives o f  the HEDR Project do 
n o t  include estimating r isk or extrapolating t o  health effects  t h a t  might 
have resulted from radiation exposures. A related epidemiological study, the 
Hanford Thyroid Disease S t u d y ,  i s  being conducted for  the Centers of Disease 
Control ( C D C )  by the Fred Hutchinson Cancer Research Center. This s tudy  will 
seek t o  determine whether there i s  a correlation between thyroid disease and 
estimated thyroid doses near the Hanford S i te  from exposures t o  iodine-131 
releases during the early years of operation. The thyroid study does n o t  
address the Phase I period for  t h e  r iver  pathway, 1964-1966, which i s  the 
subject o f  t h i s  report. 

OBJECTIVES OF THIS REPORT 

This report was prepared to describe the results of searching for, 

The report was also prepared to show the results of the 
evaluating, processing, and/or reconstructing the data needed for the feas- 
ibility study. 
evaluation of existing models and computer codes. 
conclusion is that existing codes can be adapted for estimating doses and 
for ana7yzing uncertainties o f  these estimates. 
demonstration of feasibility and not as a definitive, technical treatise on 
Hanford data; computer models; or regional demographic, agricultural, or 
lifestyle patterns. 
developed, analyzed, and documented in this report. 

From the results, the 

The report is intended as a 

Only enough information to demonstrate feasibility was 

SUBSEOUENT-YEAR OBJECTIVES 

In the remainder of the project, scientists will identify and minimize 
errors and shortcomings of Phase I work, including the work reported herein. 
Scientists will evaluate and enhance the Phase I data and apply improved 
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computer models; evaluate uncertainties i n  data and models; establish 
geographic areas, radionuclides, and pathways of interest; support the 
Hanford Thyroid Disease Study; and carry out  activities that will result in 
better dose estimates for specified populations and for individuals. 

The term "Phase I" is used in this report to refer to the first of four 
phases originally planned for the project. Phase I ended in July 1990. 

February 1991, the TSP decided to shift the project planning approach away 
from phases--which were centered around completion of major portions of 
technical activities--to individual fiscal years, which span October of one 
year through September of the next. 
viously planned for one of the three remaining phases are now designated to 
occur in one or more of the next several fiscal years. 

In 

. 
Therefore, activities that were pre- 

FUTURE DOCUMENTATION 

Much of the HEDR documentation is yet to be produced. The scope, level 
of detail, level of peer review, and mode of publication for each document 
will be defined during task planning. 
fa71 into one of four categories: 

It is expected that documents will 

summary documents intended primarily for the non-technical lay 
reader 

summary documents intended primarily for the general technical 
reader 

. 

detailed topical documents intended primarily for the technical 
peer reviewer (e.g., refereed technical journals) 

letter reports t o  transfer information among HEDR tasks or related 
projects or to provide information t o  the TSP or its 
subcommit tees. 

The intention is to provide information for readers with a17 levels of 
interest. 

PROJECT DIRECTION, OUALITY ASSURANCE, AND COMMENT INCORPORATION 

The HEDR P r o j e c t  i s  d i r e c t e d  by an independent Techn ica l  S t e e r i n g  Panel 

(TSP) o f  s c i e n t i s t s  and r e p r e s e n t a t i v e s  o f  t h e  s t a t e s  o f  Oregon and 
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Washington, of regional Native American Tribes, and o f  the public. 
charter is to direct, review, evaluate, and approve all HEDR Project work. 
The work described here was conducted by Battelle staff at the Pacific 
Northwest laboratory. The U.S.  Department of Energy funded Phase I of the 
project, but provided no technical direction, oversight, or review. Begin- 
ning in FY 1992, Battelle will continue dose reconstruction activities under 
con.tract to the Centers for Disease Control, which will fund HEDR and TSP 
work. The TSP will continue to provide technical direction for the project. 

The TSP's 

The work described in this report was conducted in accordance with the 
requirements of ANSI/ASME NQA-1 1986 Edition, Quality Assurance Program 
Requirements for Nuclear Facilities, as interpreted by the PNL Quality 
Assurance (QA) program. 

Appendix D is a record of TSP comments and Battelle's responses to those 
comments; the TSP has reviewed and approved Battelle's responses. 
ment numbers appear in this document in the left margin next to the para- 
graphs in which the corresponding comments are addressed. 
been changed is shown in'italics. 
comments, some text has been changed for correction of errors and for further 
clarification. 

The com- 

Any text that has 
In addition to changes to address TSP 
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ABSTRACT 

This report summarizes the river-pathway portion of the first phase o f  

the Hanford Environmental Dose Reconstruction (HEDR) Project. The HEDR Pro- 
ject is estimating radiation doses that could have been received by the pub- 
lic from the Department of Energy’s Hanford Site, in southeastern Washington 
State. 

Phase I o f  the river-pathway dose reconstruction effort sought to 
determine whether dose estimates could be calculated for populations in the 
area from above the Hanford Site at Priest Rapids Dam to below the site at 
McNary Dam from January 1964 to December 1966. 
radionuclides from the river, fish consumption was the most important. Doses 

O f  the potential sources of  

from drinking water were lower at Pasco than at Richland and lower at 
Kennewick than at Pasco. 

The median values o f  preliminary dose estimates calculated by HEDR are 
similar to independent, previously published estimates o f  average doses to 
Richland residents. 

Later phases of the HEDR Project will address dose estimates for periods 
other than 1964-1966 and for populations downstream of McNary Dam. 
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SUMMARY 

. 

This is one of three reports that summarizes Phase I of a mul t i -year  
radiation dose assessment, the .Hanford Environmental Dose Reconstruct i 3n 
(HEDR) Project. Preliminary dose estimates were calculated to demonstrate 
the feasibility of reconstructing doses. These estimates will definitely 
change as input and model structures are refined in later phases. Detailed 
descriptions o f  all aspects of the HEDR Project and the dose reconstruction 
process are available in more than 20 supporting documents. 

BACKGROUND 

The HEDR Project was prompted by mounting concern about possible health 
effects to the public from more than 40 years of nuclear operations at the 
Hanford Site, in southeastern Washington State. 
selected in 1943 (Figure 3 )  as the location for the facilities used to pro- 
duce plutonium for atomic bombs used in World War 11. 
nuclear reactors--B, D, and F--began operating in 1944 and 1945. After World 
War I1  ended in 1945, the reactors continued to irradiate uranium fuel and to 
produce plutonium. From 1949 through 1963, six new reactors--H, DR, C, KW, 
KE, and N--began operating. From 1964-1988, as the government needed less 
plutonium, it eventually closed its production reactors. The largest 
releases of radionuclides to the Columbia River resulted from the direct 
cool ing of the reactors (except N Reactor) with river water. 
occurring elements in the cooling water and chemicals added in the water- 
treatment process underwent nuclear transformation whi 1 e passing through the 
reactors and while adhering to cooling-system tubing in the reactors. 
releases of radioactivity to the river resulted from ruptures in fuel ele- 
ments and the subsequent loss of fission products. 

The Hanford Site was 

The first three 

Naturally 

Lesser 

The release of radioactive materials from Hanford was controlled through 
several steps, including process controls, effluent and environmental moni- 
toring, and personnel monitoring. 
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FIGURE 1. Hanford Site and Key Operating Facilities, 1964-1966 
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Effluent monitoring, which began with the startup o f  Hanford facilities 
in 1944, consisted of measuring or estimating the amounts of radioactive 
materials vented to the atmosphere and released to soils and to the Columbia 
River. 
throughout the operation of the reactors. 

Daily measurements of materials released to the river continued 

Environmental monitoring began before facilities were completed and 
eventually included measurements of radioactivity in the air, on the ground, 
on vegetation, in food, and in Columbia River water, drinking water, sedi- 
ment, fish, and other aquatic and marine life. 

Onsite personnel monitoring of radiation exposure began when Hanford 
employees first began working at the site (Wilson 1987). 
measuring external exposure using pencil dosimeters, hand and foot counters, 
and scans o f  clothing and extremities with Geiger counters, a bioassay pro- 
gram and whole-body counts were conducted, beginning in 1959. These latter 
measurements provide useful comparisons to the dose estimates of the HEDR 
Project . 

In addition to 

Offsite monitoring of people began in 1965. Over 5,000 schoolchildren 
in the Tri-Cities area were monitored with the whole-body counters from 1965 
to 1968. These monitoring data provide valuable comparisons with previously 
published dose estimates for the same period and with the estimates calcu- 
lated by the HEDR Project. 

Potential radiation doses to the general population near the Hanford 
Site were estimated and reported for the first time in 1957. 
these doses have been i ncl uded in annual envi ronmental monitoring reports 
ever since. 
evolved and improved. 
ments of radionuclides in the environment and in foods. By 1974 (Fix 1975; 
Fix and Blumer 1975), concentrations of radionuclides Sn the environment 
decreased to the point where dose estimates had to be based on modeling from 
measured or estimated releases. The decreases in environmental concentra- 
tions of radionuclides originating from Hanford resulted from improved con- 
trol technology, the closing of the original reactors, and the closing of 
major chemical -processing operations. 

Estimates of 

As technology has improved, dose calculation methods have 
Through 1973, dose estimates were based on measure- 
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2 The f i r s t  phase of t h e  r i v e r  pathway p o r t i o n  o f  t h e  study, a p i l o t  o r  
demonstratieon phase, was purpose ly  1 i m i t e d  t o  t h e  area from P r i e s t  Rapids Dam 

above t h e  Hanford S i t e  t o  t h e  f i r s t  downstream dam, McNary; t o  January 1964 
th rough December 1966; and t o  rad ionuc l i des  t h a t  were est imated t o  account 

f o r  more than 80% o f  t h e  doses (Napier 1991). 
se lec ted  as the  l e v e l  o f  temporal r e s o l u t i o n  f o r  Phase I. Th is  l i m i t e d  scope 
in f luenced the  s e l e c t i o n  o f  models and parameters and r e s u l t e d  i n  some 

conservat ism i n  t h e  des igna t ion  o f  t he  ranges and forms o f  d i s t r i b u t i o n s .  

The u n i t  o f  months was 

Later  i n  the  p r o j e c t ,  a rev iew  and t e s t i n g  w i 7 7  t a k e  place ,  d u r i n g  which 

s e n s i t i v i t y  analyses w i l l  be used t o  i d e n t i f y  key parameters and t h e  e f f e c t s  

o f  model s t r u c t u r e .  I n  subsequent years ,  s c i e n t i s t s  w i l l  r e f i n e  parameters, 

mod i fy  models, expand areas, extend t ime  per iods,  and ensure t h a t  a l l  key 
emissions o f  r a d i o a c t i v e  m a t e r i a l s  from Hanford w i l l  have been addressed. 

APPROACH 

F igu re  2 shows a s i m p l i f i e d  p r o j e c t  conceptual diagram f o r  c a l c u l a t i n g  

doses from t h e  r i v e r  pathway. Pathways considered i n  Phase I are  consumption 

o f  contaminated f i s h ,  d r i n k i n g  t r e a t e d  o r  raw r i v e r  water,  and r e c r e a t i o n a l  

exposure t o  the  r i v e r .  
r a t h e r  than p o i n t  est imates,  f o r  each o f  t h e  parameters and r e s u l t s  i n  d i s -  

I n p u t  t o  t h e  HEDR model c o n s i s t s  o f  d i s t r i b u t i o n s ,  

mates o f  

i ncompl e t e  

and sampling 

o f  dose es t imates .  T h i s  approach inco rpo ra tes  e s t  

es r e s u l t i n g  f rom s p a t i a l  and temporal v a r i a b i l i t y  

in fo rmat ion ,  and es t imates  o f  h i s t o r i c a l  a n a l y t i c a  

tri b u t  i ons 

u n c e r t a j  n t  
h i s t o r i c a l  

e r r o r s .  

The pe r iod  1964-1966 was se lec ted  because i t  p rov ides  an optimum combi- 

n a t i o n  o f  ex tens ive  m o n i t o r i n g  i n fo rma t ion ,  independent measurements, r e l a -  

t i v e l y  h i g h  r i v e r  concent ra t ions ,  and a p o p u l a t i o n  newly exposed t o  d r i n k i n g  

water  having r e l a t i v e l y  h i g h e r  concen t ra t i ons  o f  r a d i o n u c l i d e s  tha.n o t h e r  

downstream communities, t h a t  o f  Richland. Because o f  t h e  ex tens i ve  mon i to r -  

i n g  da ta  a v a i l a b l e  f o r  Phase I ana lys is ,  modeling was conducted o n l y  when 

da ta  f o r  s p e c i f i c  r a d i o n u c l i d e s  were i n s u f f i c i e n t .  Phase I used a s imp le  

model t h a t  uses e f f l u e n t  measurements and r i v e r  d ischarge as i n p u t  and 

x i  i 



Generalized Data Flow: Surface Water 

Bioacwmulation 

Calculate Fish 
Concentrat ions Yes $ 4  lunLlc 

Water 
Cleanup Drinking Water 

Treatment 

River Water 
Concentrations 1 Datyase 1 

for Drinking 
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Calculate Dose 
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FIGURE 2.  Conceptual Diagram of the HEDR Columbia River Pathway Model 

uses only radioactive decay and dilution 
t ions a t  specific downstream locations. 

Monthly concentrations of radionucl 

t o  provide 

des in eff  

rad i onucl i de 

uent, Columb 

concentra- 

a River 
water., Columbia River f i sh ,  and in drinking water for  1964-1966 were taken 
d i rec t ly  f rom previously pub1 ished documents. The radionuclides addressed in 
Phase I were selected based on analyses of the sources and estimates of t he i r  
contributions t o  dose (Napier 1991). 
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RESULTS 

Preliminary estimates of median drinking water doses for Richland, 
Kennewick, and Pasco are depicted in Figure 3. 
were lower at Pasco than at Richland and lower at Kennewick than at Pasco, 

Doses from drinking water 

For those individuals who drank treated river water and ate Columbia 
River fish, the most important river pathway was consumption o f  fish, 
especially resident fish, from areas above Rich1 and where concentrations o f  
radionuclides in f i s h  were at the highest levels (Figure 4). 

The Phase I results demonstrate that this phase attained its key objec- 
tives. First, sufficient historical information was retrieved and recon- 
structed. Second, preliminary conceptual and computational model s were 
constructed to deal with uncertainties and to establish the foundation for 
extensive sensitivity analyses to be conducted l a t e r  i n  

0.04 

n 

E 
CI 2 0.03 
0 

E 
Q) 

a w 
3 
V 

- - 
0.02 

3 
Po 
Q) > 
0 
- 0 

s 0.01 

0 

the p r o j e c t .  

Richland Pas& Kennewick 

S9006024.89 

FIGURE 3. Preliminary Dose Estimates from the 
Drinking-Water Pathway for  Tri-Cities 
Residents, 1964-1966 (median values) 
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. 

FIGURE 4. Relative Importance of Fish, Drinking-Water, 
and External Exposure Pathways (Ri chl and 
residents, 1964-1966) 

Finally, the data and modeling approach were sufficient to produce credible, 
a1 though clearly preliminary, dose distributions. These objectives were 
attained by demonstrating that the range of preliminary dose estimates 
includes independent, previously published estimates of doses to average, 
typical, and maximally exposed individuals and that the range includes doses 
estimated on the basis o f  previously published whole-body counts of workers 
and schoolchildren. 

The previously published estimates for 1964-1966 are compared with HEDR 
Phase I preliminary dose estimates in Figure 5 [historical dose, converted t o  

current dosimetry, Effective Dose Equivalent (EDE) 3 .  The previously pub- 
lished "average" or "typical" exposure o f  a Richland resident, summed from 

xv 
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FIGURE 5. Previously Pub1 ished Drinking-Water Pathway (average 
val ues) Doses Compared with HEDR Prel iminary Dose 
Estimates (median values) (Richland adults) 

1964-1966 was 0.03 rem(a) (0.0003 Sv). 
population was likely to have received doses greater than 0.035 rem 
(0.00035 Sv). 

Approximately 50% of the Richland 

About 4,700 records of whole-body counts of workers are available for 
1964-1966. These measurements show the amount o f  one radionuclide, zinc-65, 
that had been absorbed by the body from drinking treated Columbia River 
water, eating Columbia River fish, or eating produce that had been irrigated 
with Col umbi a River water downstream of the reactors. This radi onucl ide 
could be readily detected with the whole-body counter. Dose estimates based 
on previously published whole-body measurements of zinc-65 in Hanford workers 
are slightly lower than HEDR-calculated doses attributable to zinc-65. 
Historical whole-body measurements of schoolchildren are also sl ightly lower 
than HEDR calculated body burdens of zinc-65. These comparisons indicate 
that the HEDR model results are consistent with actual measurements from the 
1960s. 

~ ~~ 

(a) All doses in this report are Effective Dose Equivalent. 

xv i 



The preliminary Phase I dose estimates for the river pathway indicate 
that essentially none of the Richland population might have received cumula- 
tive doses (1964-1966) from the drinking-water pathway higher than the 
national, annual, average background. 

Later phases will address dose estimates for periods other than 
1964-1966 and for populations downstream o f  the Phase I study area. Rough 
dose estimates for the drinking-water pathway can be extrapolated to earlier 
and later periods and to downstream locations. Estimates of doses for the 
period 1957-1972, when the last of the original eight production reactors had 
been shut down, are available in published reports and, as shown in this 
report for the period 1964-1966, provide a reasonable estimate o f  doses to 
average and maximally exposed individuals in Richland. Doses for 1944-1956 
can be estimated from power levels and from environmental measurements. 
Power levels were considerably lower in the early years o f  operation when 
fewer reactors were operating, resulting in much lower releases of radio- 
nuclides to the Columbia River (Nelson 1960). 

Extrapolations o f  dose estimates for the few downstream locations where 
communities used treated Columbia River water for drinking can be based on 
previously published measurements of radionuclide concentrations at 
Bonneville Dam or Vancouver, Washington. In general, the concentrations o f  

radionuclides in the Columbia River at these downstream locations were about 
10% or less of the concentrations at Richland (Foster and Wilson 1965). 

. 
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1.0 INTRODUCTION 

1.1 PROJECT OBJECTIVES 

The primary objective o f  the Hanford Environmental Dose Reconstruction 
(HEDR) Project is to estimate the radiation doses that people could have 
received from nuclear operations at the Hanford Site. The secondary objec- 
tive is to make project records available to the public. Copies of project 
records are maintained in the Department of Energy-Richland Operations (DOE 
RL) Public Reading Room in the Federal Building, Richland, Washington. 

1.2 PROJECT HISTORY 

The HEDR Project was prompted by mounting concern about possible health 
effects to the public resulting from more than 40 years o f  nuclear operations 
at the Hanford Site (Figure 1.1). In 1986, the Hanford Health Effects Review 
Panel--convened by the Centers for Disease Control at the request o f  the 
Washington State Nuclear Waste Board and the Indian Health Service-- 
recommended as a top priority that potential doses from radioactive releases 
at the Hanford Site be reconstructed. The Panel also recommended that a 
thyroid disease study be initiated. 

Representatives from the states of Washington and Oregon, from three 
regional Native American tribes, and from the DOE agreed that a dose recon- 
struction study should be funded by the DOE, be conducted by Battelle, 
Pacific Northwest Laboratories, and be directed by an independent panel of 
scientists and state and Native American representatives. A Technical 
Steering Panel (TSP) was deemed necessary to provide credible, independent 
scientific direction and t o  provide a forum for participation by the states, 
Native American tribes, and the public. 

Representatives from four Northwest universities selected technical 
members of an independent TSP to direct the dose-reconstruction work. 
TSP includes members with technical expertise in environmental pathways, 
epidemiology, surface-water transport, groundwater transport, statistics, 
demography, agriculture, meteorology, nuclear engineering, radiation 

The 
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dosimetry, and cultural anthropology. The TSP also includes individuals 
appointed to  represent the s ta tes  of Washington and Oregon, cultural and 
technical experts nominated by the Native American t r ibes  in the region, and 
an individual representing the public. 
approves a1 1 technical decisions and reports. 

The TSP reviews, evaluates, and 

1.3 HANFORD SITE 

The Hanford S i te  in southeastern Washington State (Figure 1.2) was 
selected in 1943 as the location for  the f a c i l i t i e s  used t o  produce plutonium 
for.atomic bombs used i n  World War 11. The Hanford fuel cycle i s  i l lus t ra ted  
in Figure 1.3. 
i n g  in 1944 and 1945. 
ued t o  i r radiate  uranium fuel and t o  produce plutonium. 
1963, six new reactors--H, D R ,  C ,  KW, KE, and N--began operating. In  addi- 
t ion t o  producing p l u t o n i u m ,  N Reactor produced steam t o  generate e lec t r ic -  
i t y .  
discharges of radionuclides were much smaller t h a n  those from ea r l i e r  reac- 
to rs .  From 1964-1988, a s  the government needed less  plutonium, i t  eventually 
closed al l  of i t s  production reactors on the Hanford Si te .  

The f i r s t  three nuclear reactors--B, D ,  and F--began operat- 
After World War 11 ended in 1945, the reactors contin- 

From 1949 th rough  

This reactor also differed from e a r l i e r  reactors in t h a t  cooling-water 

The use of r iver  water t o  cool the reactors resulted i n  the greatest  
releases of radionuclides t o  the Columbia River. Releases of radionuclides 
t o  the ground from nuclear f a c i l i t i e s  resulted in the movement of some radio- 
nuclides t o  the groundwater and from the groundwater t o  the Columbia River. 

1.4 MONITORING OF RADIOACTIVE MATERIALS FROM HANFORD 

The release of radioactive materials from Hanford was controlled t h r o u g h  
several steps, including process controls, effluent and environmental moni - 
t o r i n g ,  and personnel monitoring. Effluent monitoring, which began with the 
s t a r t u p  of Hanford f a c i l i t i e s  in 1944, consisted of measuring the amounts of 
radioactive materials vented t o  the atmosphere and released t o  so i l s  and t o  
the Columbia River. 
with startup and continued throughout the operation of the reactors. 

Measurements of materials released t o  the r iver  began 
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Environmental monitoring started before facilities began operating and 
eventually included measurements o f  radioactivity in the air, on the ground, 
on vegetation, in food, and in Columbia River water, drinking water, sedi- 
ment, fish, and other aquatic and marine life. 

Radiation monitoring of Hanford workers began in 1944 (Wilson 1987). 
In addition to measuring external exposures using pencil dosimeters, hand and 
foot counters, and scans of clothing and extremities with Geiger counters, a 
bioassay program and limited scans of the thyroid glands of specific workers 
were also begun. Beginning in 1959, whole-body counts were also conducted. 
These later measurements provide useful comparisons with the dose estimates 
of the HEDR Project. 

Offsite monitoring o f  people was initiated in 1965. Over 5000 school- 
children in the Tri-Cities area were monitored with whole-body counters from 
1965-1968. 
ously published dose estimates for the same period and with the estimates 
cal cul ated by the HEDR Project. 

These monitoring data provide valuable comparisons with previ- 
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Radiation doses to the general population near the Hanford Site were 
estimated and reported for the first time in 1957. 
have been incl uded in annual environmental monitoring reports ever since. 
techno1 ogy has improved, dose cal cul at i on methods have evol ved and improved. 
Through 1973, dose estimates were based on measurements o f  radionuclides in 
the environment and in foods. By 1974 (Fix 1975; Fix and Blumer 1975), 
concentrations o f  radionuclides in the environment decreased to the point 
where dose estimates had to be based on modeling from measured or estimated 
releases. The decreases in environmental concentrations of radionuclides 
originating from Hanford resulted from improved control technology, the clos- 
ing of the original reactors, and the closing of major chemical-processing 
operations. 

Estimates of these doses 
A s  
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2 . 0  METHODS 

This section describes t h e  conceptual and computational approaches used 
during Phase I t o  reconstruct potential radiation doses t o  o f f s i t e  popula-  
t ions from releases of radionuclides t o  t h e  Columbia River and t o  so i l s  (and 
groundwater). 
the dose reconstruction process are available in the more t h a n  20 supporting 
documents in Appendix A.  Table 2.1 references the HEDR reports t h a t  contain 
information about models and parameters used in Phase I .  
the models and information used in the surface-water code. 

Detailed descriptions of a l l  aspects of the H E D R  Project and 

Appendix B contains 

2 . 1  PHASE I AREA.  TIME PERIODS, AND R A D I O N U C L I D E S  

2,3 .18  The HEDR Project consists of Phase I followed by subsequent activities 
(Figure 2 . 1 ) .  
i n  geographic coverage, time, radionuclides, and pathways. 
scope influenced the selection of models and parameters and resulted in some 
conservatism in the designation of the forms and ranges of dis t r ibut ions.  

Phase I, a p i lo t  or demonstration phase, was purposely limited 
This 1 imited 

In 7ater years, review and tes t ing wi77 occur, during which sens i t iv i ty  
analyses will be used t o  identify key parameters and the influences of model 
structure.  In subsequent years, scientists w i l l  refine parameters, modify 
models, expand areas, extend time periods, and ensure t h a t  a l l  key emissions 
of radioactive materials from Hanford will have been addressed. 

2.1.1 Area 

The Phase I study area for the r iver  pathway was selected t o  include the 
communities immediately downstream of the Hanford S i te ,  which are most l ikely 
t o  have received the highest doses from drinking treated Columbia River water 
or from eating f i sh  caught in t h i s  area (Figure 2 . 2 ) .  
outside the Phase I study area who fished t h i s  section of the Columbia River 
might have received higher doses from t h i s  pathway. 

Any individuals from 

The area between Priest  Rapids Dam and McNary Dam was also selected 
because up  t o  80% o f  the people who d r a n k  treated Columbia River water 
between Hanford and the r iver 's  m o u t h  lived along t h i s  s t re tch of the r iver  
during t h e  Phase I period, 1964-1966. I n  addition, the most extensive and 
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TAELE 2.1. Applicahle HEDR Reports - Columbia River Exposure Pathway 

" TODiC Title Author, Date 

Source Terms Radionuclide Sources and Radio- Heeb, CM, 1991 
active Decay Figures Pertinent to 
the HEDR Project, PNL-7177 HEDR 

Uncertainties in Source Term Heeb, CM, 1991 
Calculations Generated by the 
ORIGEN2 Computer Code for Hanford 
Production Reactors, PNL-7223 HEDR 

Selection of Dominant Radio- Napier., BA, 1991 
nuclides for Phase I of the HEDR 
Project, PNL-7231 HEDR 

Drinking Water and Prel imi nary Summaries for Vege- Woodruff, RK, 1989 
Fish Concentrations tation, River and Drinking Water 

and Fish Radionuclide Concentration 
Data, PNL-SA-17641 HEDR 

Estimates of Columbia River Radio- Richmond, MC, and 
nuclide Concentrations: Dose for Walters, WH, 1991 
Phase I Dose Calculations, 
PNL-7248 HEDR 

Ground Water Response to TSP Directive 88-4, Freshley, MD, 1989 
Ground-Water Contamination Data, 
PNL-6847 HEDR 

Demography Demographic, Agricultural , Food Beck, DM, et al., 
Consumption, and Lifestyle 1989 
Research for the Hanford Environ- 
mental Dose Reconstruction Project, 
PNL-6834 HEDR 

Facility Operations A History of Major Hanford Ballinger, MY, and 
Operations Involving Radioactive Hall, RA, 1991 
Materi a1 , PNL-6964 HEDR 
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SUBSEOUENT YEARS 

SensitivitylUncertainty Expansion and Refining 
Analysis Activities Act 1 v it ies 

Phase I 

Model Develounent and Test ins 

e Select limited scope: 
geographica 1 area, time 
period, radionuclides, 
popu la t ions 

e Find. evaluate, and sumnarize 
historical data 

Develop conceptual and 
mathematical models and 
incorporate uncertainty 

Apply models/data to limited 
scope to test the model 

Evaluate Phase I model results e 

Identify key parameters for 
dose calculation via sensi- e 

tivity analyses 

Determine feasibilitylvalue of 
reducing uncertainty in e 

parameters 

Expand scope as warranted by 
Phase 1 1  work 

Reduce uncertainty in key 
parameters per Phase I 1  
recarmendat ions 

Modify models per Phase I 1  
recarmendat ions 

Propose to expand scope 
(geographic area, time period, Dose Ca Icu lat ion 
populations) in  context of 
established dose threshold Calculate final estimated dose 

Recarmend act ion to reduce 
uncertainties and recomnend 
changes in conceptua l/math 
models 

F I G U R E  2 . 1 .  H E D R  Project A c t i v i t i e s  

continuous monitoring d a t a  and the only d i r ec t ,  continuous monitoring o f  
drinking water a r e  available from th i s  area. 

2.1.2 Time Period 

The Phase I time period for  water exposure, 1964-1966, was selected for 
several reasons. Rich1 and, the community closest  t o  Hanford and therefore 
the most l ike ly  t o  have received the highest doses from drinking treated 
Columbia River water, d i d  no t  use Columbia River water until 1964. Doses a t  
Pasco and Kennewick, where residents used Columbia River water before 1964, 
were known t o  be lower because they are far ther  downstream, because they are 
downstream o f  the confluence of the Yakima River, and, in the case of 
Kennewick, because residents obtained water from river shore wells, which 
helped t o  f i l t e r  some radioactive materials from the water before i t  reached 
the treatment p l a n t .  

The Phase I time period of 1964-1966 also was selected for  the following 
reasons : 
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0 Extensive monitoring data were available. 

0 Continuous monitoring (or cumulative monitoring) began in 1964 to 
supplement "grab" sampling. 
estimates of average concentrations of longer-lived radionuclides. 

This monitoring provided better 

0 All reactors were still in operation in 1964, and were operating at 
the highest historical power levels. 

0 Data from independent sources such as the State of Oregon and the 
U.S. Geological Survey are available for this period. 

Finally, the middle 1960s were selected because during earlier periods, 
such as 1944 to 1947, which was selected for the river pathway, only two or 
three reactors were operating and reactor power levels, and consequently 
radioactive discharges to the river, were much lower. 

2.1.3 Radionuclides 

Not all radionuclides that were discharged from the reactors in cooling 
water (or that moved from soils to groundwater and thereby to the Columbia 
River) contributed significantly to dose. Several radionuclides (phos- 
phorus-32, zinc-65, arsenic-76, neptunium-239, sodium-24, manganese-56, 
copper-64, chromium-51) were identified as key radionuclides for Phase I 
because HEDR estimated that they accounted for more than 80% of the dose to 
maximally exposed individuals (Napier 1991). The relative importance of 
these radionuclides in contributing to dose depended on the pathway, the 
stretch of the river from which drinking water was withdrawn or where fish 
were caught, the species of fish, and fluctuations in radionuclide concen- 
trations with time. Nevertheless, these radionuclides accounted for most of 
the river pathway doses to populations in the Tri-Cities during 1964-1966. 

2.1.4 Pathways 

The drinking-water pathway exposed more people in the Phase I study area 
than did the fish pathway, but people who ate large quantities of non- 
migratory species of fish could have received the higher doses, because sev- 
eral species of fish eat aquatic life that concentrate radionuclides from 
the river. Migratory species such as salmon and steelhead trout, on the 
other hand, eat little or nothing while migrating from the ocean to their 
spawning grounds, and therefore have lower radionuclide loads. Other 
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pathways, such as swimming or boating or walking along the river shore, 
resulted in exposures that were, on average, considerably lower than expo- 
sures from the drinking- water and fish pathways. (The irrigation pathway 
will be addressed in later phases.) 

From the time Hanford facilities first began operating, highly radio- 
active liquids were routed to underground storage tanks and less radioactive 
1 iquids were discharged directly to ponds, ditches, and engineered structures 
called cribs. 
groundwater and some traveled in the groundwater to be discharged into the 
Columbia River. 

Some of the radioactive liquids moved through the soils into 

These radioactive liquids contributed very little to the 
much larger amounts of radioactive liquids that were routinely discharged 
into the Columbia River as part of the cooling water from the original reac- 
tors. In any case, since Phase I dose calculations for the Columbia River 
pathway are based on environmental monitoring data, radionuclides that might 
have entered the Columbia River from groundwater in detectable amounts are 
included in the Phase I dose calculations. 

2.2 EXPLICIT INCORPORATION OF UNCERTAINTY 

Previously published doses from the river pathway for 1964-1966 were 
based on average measured concentrations of radionuclides in food (Columbia 
River fish, marine organisms, vegetables) and drinking water and on average 
measurements of external radiation along the river shoreline. These pre- 
viously published doses were point estimates for average and hypothetical 
maximum individuals in 1964 and for typical and hypothetical maximum indi- 
viduals in 1965 and 1966 (Foster and Wilson 1965; Foster et al. 1966a, 
1966b; Honstead et al. 1967). There is no information about what proportion 
of the population in the Phase I area might have received doses within some 
specified percent of the average. Similarly, the dose estimate for a hypo- 
thetical maximum individual cannot be interpreted to be representative of any 
number of individuals. 

To obtain information about the degree to which dose estimates might 
apply to certain proportions o f  the population in the Phase I study area and 
to deal with uncertainties in previously published data, the HEDR model uses 
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distributions, rather than point estimates, as input to all submodels, and it 
generates distributions as outputs. 
plementary cumulative-distribution functions that provide immediate infor- 
mation concerning median values, the 1 ikel ihood of exceeding any specified 
dose value, and the proportion o f  values between any two selected values, 
etc. 
reader according to his or her own definitions of maximum, minimum, or 
average. 

The distributions are presented as com- 

Consequently, average, maximum, or minimum values can be defined by the 

By incorporating uncertainty in the dose calculation process, sensi- 
tivity analyses can readily be used to identify key parameters and their 
relative influence on uncertainties in dose estimates. 
resources to be allocated to reduce uncertainties in those parameters (and 
those aspects o f  model structure) that contribute the most to uncertainties 
in the dose results. 

This approach enables 

2.3 SELECTION OF MODELS, PARAMETERS, AND DISTRIBUTIONS 

The period 1964-1966 was selected because it.provides an optimum com- 
bination of extensive monitoring information, independent measurements, rel- 
atively high river concentrations, and a population newly exposed to treated 
drinking water having the highest concentrations of radionuclides, that o f  
Richland (Foster and Wilson 1965). 
modeling was conducted only when data for specific radionuclides were 
insufficient. 

Because of the extensive monitoring data, 

The project selected a simple routing model that uses effluent measure- 
ments and river discharge as input and uses only radioactive decay and mixing 
to provide radionuclide concentrations at specific downstream locations 
(Richmond and Walters 1990). 
tions with sediment and aquatic biota during transport to downstream loca- 
tions were ignored, this simple routi’ng model is likely to overestimate 
concentrations of those radionuclides that are known to be selectively 
removed by physical and chemical processes between the effluent discharge 
point and various downstream locations. 

Because factors such as radionuclide interac- 

To what degree exclusion o f  these 
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parameters from the model structure influenced Phase I preliminary dose 
estimates will be assessed 7ater i n  t h e  project. 

Monthly concentrations of radionuclides in effluents, Columbia River 
water, Columbia River fish, and drinking water for the period 1964-1966 were 
taken directly from historical documents (Foster and Wilson 1965; Foster 
et al. 1966a, 1966b; Honstead et al. 1967). The radionuclides of interest 
were selected based on analyses of the source inventories and estimates of 
their contribution to dose (Napier 1991). 
half-lives are phosphorus-32 (14.3 days), neptunium-239 (2.36 days), zinc-65 
(244 days), arsenic-76 (1.10 days), manganese-56 (0.11 days), copper-64 
(0.53 days), sodium-24 (0.62 days), and chromium-51 (27.7 days). 

The radionuclides and their 

Gaps in monthly data made it necessary to calculate concentrations of 
some radionuclides. As a first approximation, radionuclide concentrations in 
the Columbia River water column were calculated assuming that dilution and 
decay were the primary processes controlling the fate of radionuclides 
released to the river. 
equation: 

Calculations were performed using the following 

where Cj(i) = concentration of the i-th radion clide at the j-th 
downstream river 1 ocat i on (Ci/ft Y ) , 

ri = reactor-effluent mass-flow rate (Ci/month) 

Qj = Columbia River discharge at location j (ft3/month) 

Ki = decay constant (l/day) 

T j  = travel time from the reactor areas to location j (day). 

4 In Equation ( l ) ,  the concentration of a radionuclide in the river is 
equal to dilution times decay. 
radionucl ide concentrations i n  water; concentrations in the river bed 
sediments were not calculated for Phase I. 
Equation (1) and the limitations in calculating radionuclide concentrations 
in the Columbia River are the following: 

Equation (1) is used only to calculate 

The assumptions implicit in using 

2.8 



On a monthly time scale, the flow and radionuclide transport 
Col umbi a River reach between Priest Rapids Dam and McNary Dam 
in each subreach can be represented as a succession of steady 
time periods. 

n the 
and 
state 

The reactor effluent discharge rates are constant within each 
month. The effects of longitudinal dispersion (mixing) are 
neglected, and complete mixing of effluent at the discharge point 
is assumed. 

Radionuclides are completely mixed, or uniformly distributed in a cross 
section of the river, at any location in the reach between Priest Rapids 
Dam and McNary Dam. Under actual conditions, this assumption is not 
realistic near the reactor-effluent outfalls and for a number of miles 
downstream, depending on flow conditions in the river. In addition, 
this assumption does not apply at locations downstream from where 
tributaries, such as the Yakima, Snake, and Walla Walla Rivers, enter 
the Columbia. 

The effluent spent a relatively short time in retention basins 
prior to discharge to the river, compared with the half-life of the 
individual radionuclides. The retention time of the effluent was 
typically 4 hours (Honstead 1967). 

Radionuclide sources and sinks in the river are neglected. Sorp- 
tion to sediment and subsequent deposition or resuspension of con- 
taminated bed sediment are assumed to be small compared with the 
concentrations of radionuclides dissolved in the water column. 

Despite these assumptions, Equation (1) is a useful tool for prelim- 
inarily estimating radionuclide concentrations for Phase I and for comparing 
these estimates with measured concentrations to evaluate the consistency o f  

the available data. 

Five subreaches of the river between Priest Rapids Dam and McNary Dam 
were selected for estimating the radionuclide concentrations in the river 
water for Phase I. These five subreaches, designated Ringold, Richland, 
Pasco, Finley, and McNary (Figure 2 . 3 )  , were selected because they correspond 
to geographic locations of interest, such as population centers and conflu- 
ences o f  the tributaries o f  the Columbia River. 
Columbia River in a different subreach. 

Each tributary enters the 

The calculations for dilution and decay of radionuclides downstream of 
the reactors used hydrographs for the Columbia River and its tributaries in 
the reach between Priest Rapids Dam and McNary Dam. The monthly average 
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FIGURE 2 . 3 .  Columbia River Subreaches f o r  Phase I o f  t he  Water Pathway 
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discharges or flow rates  for the Columbia River and i t s  t r ibu tar ies  are p ro -  
vided in Richmond and Walters (1990). These authors also l i s t  the average 
monthly discharges of the Columbia River i n  each subreach for 1964 through 
1966. 
charge for the Columbia River and any t r ibu tar ies  entering the subreach. 

The discharges for each subreach were calculated by summing the dis-  

Travel times for radionuclides suspended in the water column were e s t i -  
Using a set  of flow-time curves calculated by the U . S .  Army Corps of  mated. 

Engineers, Richmond and Wal t e r s  (1990) estimated approximate travel times 
for  each subreach. These travel-time estimates are used t o  account fo r  
radioactive decay in the var ious subreaches of the r iver ,  based on the half- 
l ives  of key radionuclides. More accurate estimates of travel times for  the 
wide range of flow conditions in the Columbia River could be determined 
using unsteady river-flow calculations. However, the approach of estimating 
travel times based on the backwater curves was judged t o  be adequate for  
Phase I .  

Monthly averaged radionuclide mass-flow rates and d a i l y  measurements of 
radionuclide concentrations in reactor effluent used in the Phase I calcula- 
t ions are from Owen (1967) .  
entered the retention basins, b u t  the values recorded were corrected for  
4 hours of decay and therefore ref lect  the concentrations of radionuclides 
discharged t o  the r iver .  Richmond and Walters (1990) summed the monthly 
average mass flow ra tes  for the dominant radionuclides for  a l l  of the oper- 
a t  i ng reactors. 

The samples were collected before the effluent 

Sensit ivity analyses will be conducted l a t e r  i n  the project t o  determine 
i f  additional modeling i s  needed t o  provide d a t a  missing from ea r l i e r  periods 
or from specific locations of interest  a long  the r iver .  

The general logic of the HEDR model i s  shown in Figure 2 . 4 .  
uses two large d a t a  bases for  input: 
discussed above, and a collection of available monitored fish concentrations. 

The model 
the o u t p u t  of the r iver  water modeling 

The f ish concentration d a t a  base i s  derived from the reported individual 
samples taken from each s t re tch of the Columbia during the years 1964-1966. 
Sufficient detail  was available t o  develop seasonal distributions of d a t a  for 
phosphorus-32 and zinc-65 for  three types of f ish:  
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FIGURE 2 . 4 .  Conceptual Diagram of the HEDR Columbia River Pathway Model 

omnivores (whitefish, carp, catfish, etc.), primary predators (bluegill, 
perch, etc.), and secondary predators (such as bass and trout). Data from 
the Columbia River from earlier years were used to develop water-to-fish 
concentration ratios for the radionuclides arsenic-76 and neptunium-239, for 
which few samples were taken in the Phase I period. Finally, generic concen- 
tration ratios were used for short-lived or low-uptake radionuclides. 

Drinking-water concentrations are provided for 
none, a1 um-fl occul at i on used in Ri chl and and Pasco, 

three types of treatment: 
and well-filtration used 
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in Kennewick. 
monitoring data at the various water treatment plants during the Phase I 
period. 

Transmission factors for these processes were derived from 

6 . 7  Doses from recreation (swimming and boating) are calculated as a func- 
tion of the raw river water concentration. 
while fishing were not addressed in Phase I. 
o f  the river are provided for each of the cleanup systems available on that 
stretch. 
are provided. 
between 75% and 85% of the Tri-Cities population. 
consumption diet of between 1 and 20 meals of fish per year (200 grams per 
meal). The third is a "high" consumption diet ranging from 20 to 200 fish 
meal s per year. 

Doses from shoreline exposure 
Drinking doses for each stretch 

Doses from fish consumption are calculated for generic diets--three 
The first is simply no fish consumption, which applied to 

The second is a "low" 

hdditional pathways, such as consumption of irrigated crops, have been 
omitted from the Phase I model, because relatively few people were affected. 
The need for inclusion of these other pathways will be investigated later in 
the Project. 

Equations describing the calculations are presented in Appendix B. All 
calculations are performed in a Monte Carlo fashion, with realizations drawn 
from the distributions for each parameter for each simulation (Appendix B). 
The resultant output is a distribution of doses for each type of individual 
investigated. 

2.3.1 Drinkinq-Water Concentrations 

Phase I drinking water doses are based on the estimated river concen- 
The trations and estimates of water treatment plant transmission factors. 

distributions of transmission factors are based on monitoring of water 
entering and leaving the treatment plants, as reported in Foster and Wilson 
(1965), Foster et al. (1966a, 1966b), and Essig (1967). 

Previously published measurements of selected radionuclides in the 
drinking water supplies of Richland, Kennewick, and Pasco show that con- 
centrations were lower than in untreated river water sampled at the water- 
withdrawal sites. These lower concentrations are due to water treatment, in 
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the case of Richland and Pasco, and in addition to water treatment, to fil- 
tering of river water by soil, in the case o f  Kennewick, which withdrew 
water with river shore wells. 

2.3.2 Fish Concentrations 

Estimates of doses to individuals exposed to radionuclides from the 
Columbia River have been published historical7y. 
indicate that the largest dose may result from consumption of fresh fish, 
especially certain types of fish caught at certain times of year from 
particular locations. 
several fish species, and highest concentrations were found in fish at 
Ringold (see, for example, Foster and Wilson 1965). 
would contain reduced concentrations of shorter-1 ived radionuclides such as 
phosphorus-32. 

These historical estimates 

Whitefish had the highest average concentrations among 

Fish not eaten fresh 

In summary, doses from the fish pathway are expected to be highly sen- 
sitive to amounts consumed, season in which caught, storage time, species, 
and location where caught. 

2.3.3 PoDul ati on Di stri buti ons 

1he.communit es of Richland, Kennewick, and Pasco accounted for u p  to 
80% of the use o f  the treated Columbia River water for drinking between 
Hanford and the r ver mouth. Previously published estimates of the numbers 
of individuals in the Phase I study area who ate Columbia River fish exist; 
however, the geographic distributions of these individuals were not available 
for the Phase I calculations. Historical data will be sought and reviewed 
during 1 ater phases. 

2.14 



3.0 P R E L I M I N A R Y  DOSE ESTIMATES 

The preliminary dose distributions can be understood in the context of 
the factors  that  resulted in some individuals having relatively higher and 
others re la t ively lower doses. 
erence individuals," individuals who shared certain characterist ics,  as 
i l lus t ra ted  with the following example. 

Dose d is t r ibu t ioni  were calculated for  "ref-  

* a  By "walking" t h r o u g h  Figure 3 . 1 ,  individuals who lived in the Phase I 
area during 1964-1966 can estimate the range of dose values t h a t  might apply 
t o  them and how l ikely these doses were. For example, i f  one ate  less  t h a n  
20 meals of Columbia River f ish per year, fished upstream of Richland, and 
lived in Richland, then one's estimated dose i s  in the range identified by 
number 1 2  in Figure 3 . 2 .  
t o  approximately 0.07  rem (0.0007 S v ) .  
vides additional information about doses t o  Richland populations. This 
figure shows the median, percentage of doses between two values, and'the 
percentage of doses greater t h a n  a specific value. 
by r iver  reach, o rgan ,  year, and exposure pathway are shown in Appendix C .  

The doses for  t h i s  category range from about 0.04 
The distribution in Figure 3 . 3  pro- 

The ent i re  range of doses 

highest doses were received by 
sh from areas above Richland 
(Some individuals might have 
pal treatment p l  ants. ) Doses 
Richland and lower a t  

Kennewick t h a n  a t  Pasco (Figure 3 . 4 ) ;  t h i s  ref lects  dilution and travel time. 
The lower doses i n  Kennewick re f lec t  the use of a well f ie ld  along the 
Columbia. 
travel from the r iver  t o  the adjacent wells. 

Several radionuclides are f i l t e r ed  by the so i l s  th rough  which they 

Figure 3 . 5  depicts the relat ive importance of the various r iver  pathways 
for people in the Tri-Cities who consumed f ish from the Columbia River, d rank  
treated r iver  water, or boated and swam in the r iver .  

As i s  clear from Figures 3.1 and 3 . 2 ,  the 
individuals who consumed large quantit ies of f 

and who drank untreated, o r  raw, r iver  water. 
used Columbia River water n o t  treated by munic 
from drinking water are lower a t  Pasco than  a t  
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F I G U R E  3.1. Guide t o  Establish Dose Category for 1964-1966 
Residents i n  Phase I Study Area. (See 
Figure 3 . 2  for ranges o f  estimated doses.) 
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Effective Dose Equivalent (rem) 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 

I I I I I 1 

The vertical lines in the bars are the medians. The median is the 
dividing point showing where half the people in that category 
received a larger dose than the median'dose and half the people 
received a smaller dose. 

S900 6024.85 

FIGURE 3.2. Preliminary Dose Estimates for Columbia River Exposure Pathway 
(Each bar shows the range of doses that people in the category 
opposite the bar could have received. Each bar covers 90% of' 
the people in that category. Estimated radiation doses for 
people in both the lowest and highest 5% of each category are 
not included because the numbers are much less accurate.) 

3.1 COMPARISON OF DOSES 

The Phase I results demonstrate that this phase attained its key objec- 
tives. First, sufficient historical information was retrieved and recon- 
structed. Second, preliminary conceptual and computational models were 
constructed to deal with uncertainties and to establish the foundation 
for extensive sensitivity analyses to be conducted later in the project. 
Finally, the data and modeling approach were sufficient to produce credible, 
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Effective Dose Equivalent (rem) 
s9006024.#1 

FIGURE 3.3. Preliminary Estimated Doses from Columbia River 
Exposure Pathway, 1964-1966 (Richland residents) (a) 

a1 though clearly prel iminary, dose distributions. These objectives were 
attained by demonstrating that the range of preliminary.dose estimates 
includes independent, previously published estimates of doses to average, 
typical, and maximally exposed individuals and that the range includes doses 
estimated from previously published whole-body counts o f  workers and 
school chi ldren. 

3 . 3 . 1  Previous1 Y Pub1 ished Dose Estimates 

Dose estimates for offsite populations, first pub1 ished in 1957, have 
Figure 3.6 com- continued to be published annually in monitoring reports. 

pares the previously published estimates for 1964-1966 with HEDR Phase I 

( a )  The a x i s  i n  F igu re  3.3 i s  labeled "Percent of Study Popu la t ion  Whose 
Doses Exceed Values on Dose Axis . "  T h i s  label  i s  not s t r i c t l y  c o r r e c t .  
The dose curve a c t u a l l y  shows the  average f r a c t i o n  (mean percent )  of 
study popu la t i on  t h a t  received a dose g rea te r  than the  dose on t he  dose 
a x i s ,  where the  average i s  taken over unce r ta in  parameters. 
represents  o n l y  the  average, o r  mean, values o f  t he  populat ion/dose 
r e l a t i o n s h i p .  
t h e  u n c e r t a i n t i e s  o f  t he  va lues.  

The curve 

A l l  values could be represented by a band t h a t  would show 
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Richland Pasco Kennewidr 

smmO24.09 

FIGURE 3.4. Phase I Dose Estimates from the Drinking-Water 
Pathway for Richland, Kennewick, and Pasco 
Residents, 1964-1966 (median values) 

preliminary dose estimates (median values) (Foster and Wilson 1965; Foster 
et al. 1966a,b; Honstead and Essig 1967; and Honstead et al. 1967). The 
hi stori cal "average" or "typical 'I cumul at i ve exposure ( 1964- 1966) of a 
Richland resident was 0.03 rem (0.0003 Sv). 
Richland population was likely to have received doses greater than 0.035 rem 
for the period 1964-1966. 

Approximately 50% of the 

Additional detail is attached in Appendix C. 

3.1.2 Whole-Bodv Counts 

Approximately 4,700 records o f  whole-body counts o f  workers are avail- 
These records show the amount o f  one radio- able for the period. 1964-1966. 

nuclide, zinc-65, that had been absorbed by the body from drinking treated 
Columbia River water, eating Columbia River fish, or eating produce that had 
been irrigated with Columbia River water downstream of the reactors. (Irri- 
gation was not considered as a pathway in Phase I.) Many records also show 
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FIGURE 3.5. Relative Importance o f  Fish, Drinking-Water7 
and External Exposure Pathways (Richland 
residents, 1964-1966) 

short-lived sodium-24 from the same sources. The radionuclides were among 
several that could be readily detected with the whole-body counter. 

Dose estimates based on previously published whole-body measurements of  

zinc-65 in Hanford workers are slightly lower than the fraction o f  HEDR- 
calculated doses attributable to zinc-65 (Figure 3.7). Previously pub1 ished 
whole-body measurements of zinc-65 in schoolchildren are also slightly lower 
than HEDR-calculated body burdens o f  zinc-65 (Endres et a1 . 1972). 
comparisons indicate that the HEDR model appears to produce dose estimates 
consistent with actual measurements from the 1960s. 

These 

3.2 BACKGROUND RADIATION 

One way o f  placing the preliminary Phase I doses in perspective is to 
compare them with doses from background radiation. 
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FIGURE 3.6. Previously Published Dose Estimates for 
1964-1966 (va lues  f o r  historical l y  
defined “average individua 7 ” )  Compared 
with HEDR Dose Estimates (Richland adults, 
drinking-water pathway, median values) 

Average 

Median 

Historical 
Measurements 

0 0.001 0.002 0.003 0.004 0.005 

Effective Dose  Equivalent (rem) 

S3006024m 

FIGURE 3.7. Comparison of Doses to Hanford Workers 
from Zinc-65 Measured by the Whole-Body 
Counter with HEDR Estimates for Richland 
Residents, 1964-1966 
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Annual background doses (including radon) in the Richland area are 
about 0.36 rem (0.0036 Sv) per year (National Council on Radiatioa Protection ' 

and Measurements 1987; Jaquish and Bryce 1989). 
(1964-1966) for an individual who drank untreated river water and ate up to 
200 meals o f  fish caught in areas o f  highest radionuclide concentrations 
above Richland was 0.23 rem (0.0023 S v ) .  

any, people in the Tri-Cities received cumulative (1964-1966) doses from the 
river pathway that were higher than the annual average background. 

The 99th percentile dose 

It i s  therefore likely that few, if 
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APPENDIX A 

PHASE I HEDR PUBLICATIONS 

Many o f  t h e  documents i n  Table A . 1  provided t h e  b a s i s  for t h i s  r e p o r t  

and many a r e  c i t e d  i n  t h i s  r e p o r t .  

DOE-RL Pub7 i c  Reading Room i n  Richland,  Washington. 

These documents a r e  a v a i l a b l e  through t h e  

TABLE A .  I. Phase I Support ing 'Documents 

Title 

Hanford Environmental Dose Reconstruc- 
tion Project Monthly Report 

Work Plan for the Hanford Environ- 
mental Dose Reconstruction Project 

Proposed Approach for Devel oping 
Information on Population, Food 
Consumption and Lifestyles of Native 
Americans in the HEDR Study Area 

Summary Report o f  HEDR Workshop on 
Sensitivity and Uncertainty Analysis 

Demographic, Agricultural, Food 
Consumption, and Lifestyle Research 
f o r  the Hanford Environmental Dose 
Reconstruction Project 

Response to TSP Directive 88-4, 
Ground-Water Contamination Data 

A History of Major Hanford Opera- 
tions Involving Radioactive Material 

Summary o f  Workshop on Mi 1 k Production 
and Distribution, November 30, 1988 - 
HEDR Project 

Feasibility o f  Using lz9I Concentra- 
tions in Human Tissu o Estimate 
Radiation Dose From 731 I 

Pub1 ication 
Author No. 

Haerer, HA PNL-6450 HEDR 

Haerer, HA PNL-6696 HEDR 
REV 1 

Rhoads, RE, and PNL-6803 HEDR 
Bruneau, CL 

Sagar, B . ,  and PNL-SA-16804 
Liebetrau, AM HEDR 

Beck, DM, et a1 PNL-6834 HEDR 

Freshley, MD PNL-6847 HEDR 

Ballinger, MY, and PNL-6964 HEDR 
Hall, RA 

Beck, DM, et a1 PNL-6975 HEDR 

McCormack, WD PNL-6889 HEDR 
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TABLE A.l. (contd) 

Pub1 ication 
No. 

PNWD- 1323 
HEDR 

PNL-7177 HEDR 

Author . 

Bruneau, CL 

Title 

Hanford Environmental Dose Reconstruc- 
tion (brochure) 

Heeb, CM Radionuclide Sources and Radioactive 
Decay Figures Pertinent t o  the HEDR 
Project 

PNL-7223 HEDR Uncertainties in Source Term Calcula- 
tions Generated by the ORIGEN2 Com- 
puter Code for Hanford Production 
React or s 

Heeb, CM 

Atmospheric Transport and Dispersion 
Model ing for the Hanford Environ- 
mental Dose Reconstruction Project 

Ramsdell, JV PNL-7198 HEDR 

Preliminary Summaries for Vegetation, 
River and Drinking Water and Fish 
Radionuclide Concentration Data 

Woodruff, RK PNL - SA - 1764 1 HEDR 

Atmospheric Transport Model i ng and 
Input Data for Phase I of the Hanford 
Environmental Dose Reconstruction 
Project 

Ramsdell , JV, and 
Burk, KW 

PNL-7199 HEDR 

PNL-7210 HEDR Fission-Product Iodine During Early 
Hanford-Site Operations: Its Produc- 
tion and Behavior During Fuel Proces- 
si ng, Off -Gas Treatment, and Re1 ease 
to the Atmosphere 

Burger, LL 

The Hanford Environmental Dose Recon- 
struction Project: Background Infor- 
mation (flier) 

Byram, SJ PNL-SA-17658 HEDR 

Summary of Literature Review of Risk 
Communication 

Byram, SJ 

Beck, DM 

PNL-7226 HEDR 

PNL-7227 HEDR Milk Cow Feed Intake and Milk Produc- 
tion and Distribution Estimates for 
Phase I 

Estimations of Traditional Native 
American Diets in the Columbia Plateau 

Hunn, ES and 
Bruneau, CL 

PNL-SA- 17296 
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Title 

Estimates of Columbia River Radio- 
nuclide Concentrations: Data for 
Phase I Dose Calculations 

Evaluation o f  Thyroid Radioactivity 
Measurement Data From Hanford 
Workers, 1944-1946 

1-131 in Irradiated Fuel at Time of 
Processing From December 1944 
Through December 1947 

Population Estimates for Phase I 

Estimates of Food Consumption 

Soil Ingestion by Dairy Cattle 

Computational Model Design Specifi - 
cation for Phase I o f  the Hanford 
Environmental Dose Reconstruction 
Project 

Sel ect i on of Dominant Radi onucl ides 
for Phase I of the HEDR Project 

A Preliminary Examination o f  Audience- 
Related Communications Issues: Hanford 
Environmental Dose Reconstruction 
Project 

MESOILT2, A Lagrangian Trajectory 
C1 imatological Dispersion Model 

Summary Report 

Air Pathway Report 

Col umbi a River Pathwav ReDort 

Author 

TABLE A . l .  (contd) 

.a - r  

Wal ters, WH and 
Richmond, MC 

Ikenberry, TA 

Morgan, LG 

Beck, DM 

Call away 

Darwin, RF 

Napier, BA 

Napier, BA 

Holmes, CW 

Ramsdell, JV 

HEDR Staff 

HEDR Staff 

HEDR Staff 

Pub1 i cation 
No. 

PNL-7248 HEDR 

PNL-7254 HEDR 

PNL-7253 HEDR 

PNL-7263 HEDR 

PNL-7260 HEDR 

PNL-SA-17938 HEDR 

PNL-7274 HEDR 

PNL-7231 HEDR 

PNL-7321 HEDR 

PNL-7340 HEDR 

PNL-7410 HEDR Rev. 1 

PNL-7412 HEDR Rev. 1 

PNL-7411 HEDR Rev. 1 
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MODELS USED 

1. Fish Concentration (used if monitoring data are unavailable) 

- 
m,s,n - 'm,l,n m,l,s,n B CF 

where CF = concentration in fish during month m, at loca- 
tion 1 ,  for species type s ,  for radionuclide n m'19s'n 

(Ci/kg) 

= bioaccumulation factor for month m and fish species 
type s for radionuclide n (dimensionless) m,s,n B 

W = water concentration of radionuclide n during month m at 
location 1 (Ci/l). 

2 .  Qrinking-Water Concentration 

- A  t = T  O W  - e  n w  rn,l,c,n c,n m,l,n CD 

where CD = concentration of radionuclide n in drinking water at 
rn71'c,n location 1 when adjusted by cleanup process c, during 

month m (Ci/l) 

T = water treatment plant transmission factor for cleanup c,n type c, for radionuclide n (dimensionless) 

An = radiological decay constant for radionuclide n (days-l) 

tw = time water spends in distribution system (days). 

3 .  Dose From Swimming 

O F  a,m s,n,a DS ES 

group a at location 1 for month m 

ng for age group a during month rn 

where DS = dose from swimming to age 
a71 , m  (rem) 

ES = exposure time spent swim 
a,m (hours) 
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= dose rate factor for swimming for radionuclide n and age 
group a (rem/hour per Ci/l) s,n,a F 

4 .  Dose from Boating 

* F  /2 a7m s,n DB EB 

where DBa,l ,m = dose rate for boating for age group a at location 1 during 
month m (rem) 

EB = exposure time spent boating for age group a at location m 
(hours) 

/2  = assumption that dose rate boating i s  1/2 dose rate 

a7m 

F 
s,n swimming. 

5. Dose from Drinking Water 

- E W  * F  DWa,l ,m = CD1 ,m,c,n a,m I,n,a 

where DW = dose from drinking water at location 1 to age group a 
during month m (rem) 

EW = consumption rate of drinking water for age group a during 
month n (l/month) 

F = ingestion dose factor for radionuclide n for age group a 
1 9 n 7 a  (rem/Ci) 

6. Dose from Fish Consumption 

* F  EF a,m,s I,n,a a,l,m n s m,l,s,n = x c C F  DF 

where OF = dose to age group a at location 1 during month m from 
consumption of fish (rem) a91 ,m 

n = number o f  radionucl ides 

s = 

= 

number of fish species types 

consumption rate of fish of species type s during month m 
by age group a (kg/month) 

EF 
a’m7s 
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Parameter Distribution Type Used in the Surface-Water Model 

* Parameter 

m,l ,s,n CF 

Distribution TvDe 

- calculated distribution for radionuclides phosphorus-32 

- uniform for zinc-65 

- log uniform for phosphorus-32 

- normal for arsenic-76, neptunium-239 

- fixed for sodium-24, manganese-56, copper-64, chromium-51 

- triangular 

- calculated distribution 

- triangular 

- fixed 

- censored normal 

- calculated distribution 

- censored normal 

- log normal 

- calculated distribution 

- censored normal 

- calculated distribution 

- censored normal 

- log normal 

- calculated distribution 
- triangular 

and zinc-65 

B.3 



TECHNIOUf5 FOR SELECTING REALIZATIONS 
FROM ARBITRA2Y DISTRISUT IONS 
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by 

Januzvy IS, 1990 

H;nfjro Environmental Dose Reconztrucrion Project 

Pacific Northwest Laborztsry . 
Richlana, WA 55352 

The ?urpose of this reFort is t o  docuaent z l g r i t h c s  for  generating ;am- 
ples f r o m  the probabilizy distributions that are being, or may be, used in 
the ca1cul;tion of dose estimates and uncertainties. Algorithms arc pre- 
sented for generating teal iiations c f  random variables with the following 
di s t r i  buz i ons : 

U(a,b) -- a uniform distribution over the interval ( a , b ) ,  a < b 

LU(c ,$)  -- a iogunifonn diszribution over the intervzl (a,$), a ~ <  B 

T(a,b,c) -- a triangular distribution over the intervzl (a,c) with mode 

id(k,$) -- i normal (Gaussian) aistrfbution w i t h  mein :: and 

LN(e,rz) 

a t b ,  a s b s c  

variance & 

-- a lognormal distribution with mean 0 and variancr 75. 

Each alooriznm requires the generation o f  random nuzbers o f  values f-ur~ 
2 U ( O . l )  distribution. 
be Generated using curtentl y avai 1 cbl e system routines. 
n u m e r s  are crucizl to the generation of  reililitions from any distribution, 
an alternative algorithm is presented in Section 4.0 for  generating (pseudo) 
rzncom numbers in case :he system rzndom number senerator proves unacce7tabie 
f o r  some reason. 

I: is anticipated tSzt (pseudo) rmdorn n u m e r s  w i 7 i  
Stcouse random 
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A fundteen:;! method that theoretically Works for any univariate d i s t r ?  - 
Sution i s  :he inversion Meihoc. This metnod, which requires the inversion o f  
t h e  cumula;ive distribution function (czf) , is based on the following theoram 
o f  prcbabilrty (see Hood, Grajlbi:?, a d  9oe: 1574, p .  202): 

If X i r  i rancom varizble w ’ t h  czmulative distribution function F ,  then 
;he random virizble U, defined by U - F ( X ) ,  has a uniform distribution 
over :ne inter-tzl (0 .1 ) .  

In ~rac:;ca, m i l  izations ire obtained by GeneratiaP 2 Psaudo-rancom nuzber u 
( a  tealiz2:ior c f  i U(O.l) rznaom variable). sett’ng this numoe? oqcal t o  U 
in tne aoove t n e c r m ,  a d  solving f o r  X. For each rerlization u, tSis p r o -  
cedure y i e i c ;  the rezlization x - F-l;u) o f  the rzndom variable X.  
Inversion I\ie’,hod is shown schemztically in Figure 1. 

The 
The utility cf :he 

x - F’ (u) X 

RBSi 2159.8 

FTGIJRE ?. The Inversion Method o f  teneratin! Real irations from %e 
Cumulative Distribution Function F: x is the realization 
thzt corresponds t o  the random number u. 
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Inversion Methoe i s  :iEj:sC by the ClffiCUltY O f  C%aifilng F - I ;  consequentiy, 
a1 ternative methods are preferable for many distribucions whose cdfs ;re 
difficult to invert. 
f f 3 ~  UC; 

The Inversion Method is used t o  generate realizations 
azd :ri angzl ar 1; s t r i  bu t i ons . 

- ,cchnic;l :rc:e. I ?  F i s  not.continuous, then there exist values c i  
u f o r  which ? - I ( " )  is not well defined. 
takgn as the 1;rgest value to xo such :ria: F(x) 2 u. i . e . ,  

A second method for ?eneratino rea1i:;:ions o f  s2ecified distrfbutions 

In this case. x sr iouid be 

xo I supx F ( x )  5 u. 

i s  k y  meins cf  :r;zsfoCz,;ticns. !f Y 1s 0tt;:n:c 5y :rz~sforcz;ior fro= t h e  
vzriajle X ,  say Y = c ( X ) ,  :he?! rea1iZt:icns of Y czn 5e czzaized by q?i;/?y 
;ns :ransfomlation 9 K O  realizztions of  X .  
pener;;. i oguni f o r z  vati atss  from uni f o ~ ~  virii:es ind i ocncma! vari i z e s  
'TI nonnzl variates. 
vz'iztes from U(O.1) variates and N ( p , c - )  variztes from N(0.1) vari;;es. 

exist that are efii ci ent f o r  specific di stri bu:i ons. 
algorithm given i n  Section 2 . 4  i s  a special method for tne generation of 
stmdard n o n i l  vcriables [e.5., N ( 0 , l )  vari;kiies]. 

distributions listed i n  Section 1.0 are given i n  Sertion 3.0. 
overview of methods f o r  generation or' real iratians from univariaze distri- 
butions is given in Chapter 2 cf Johnson (1987); a mora extens've discgssion 
i s  found in Chapter 5 o f  Eratley, Fox, and Schrage (1983). 

Transfornitions iire use5 t3 

Transformations yay also be used t3 generzte U(2.b) 

In addition to the t w o  general methods identified above, special nethods 
The Sox-Mu7 1 et- 

The algorithms obtrincd by applying the methods in this section to the 
A good 

. 
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3.0 

I n  the intetval i c x < b,  Fu(x) - ( x  - a)/(b - i), so F i l  is given by 

x - Fu(x) (b - i) i a 
Therefore, we obtain the following al-gorithm f o r  generzting z real izztion x 
from a U(a,b) distribution. 

A7 n o r i  t hm 

S t e p  l .  
S t e p  2. Compute x - u (b  - a) i a. 

Generate a pseudo-random number u from the U(O.1) distyibation. 

Iaan End Snortenctrier (1984, p. 18) 
Mood, Graybill, and 6oes (1S71, p .  105) 
Any standard strtistict textbook. 

3.2 The Lcounifann Distribution 

Log uniforn variates art obtained by transforming unifom variztes. By 
definition, the rrndom variable Y has a logunifom distribution over the 
interval (a, a), a e @, a > 0, B > 0, if, and only  if, the rzndom variable X - In Y has a uniform distribution over the interval (a,b) , where a - In c and 
b - !n B .  From this definition. i t  follows that 

Fu(x) - (x - in a)/(in p - In a) 

or 
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x = F c ( x ) ( l n  6 - I n  c) - I n  a 

A 1  C O r i  :-- 

Step 1. 

S t s ~  2 .  b m p u t e  y - ex: [u ( l a  - I n  c) l n  cj. 

Gtnerz',e a 7seudo-random numDer u frOK. a U(0,l) distribution. 

3 - 3  

The Inversion Method i s  used to obttin realizztions from 1 t r i a n y l z r  
distribution. 
with mode b, then the c d f  of X i s  

IT X has a triangular distribution over the interval ( a , c )  

Note ihzt it x - b, F T ( x )  - FT(b) - ( b  - z)/(c - ;). 
thn foilowins i i s o r i z h  far gencr;;Sac a re;liz;rion x from a iri;nculzr 
distribution with parametars 2 ,  5 ,  and c, i I b 5 c. 

inverting FT(x) yield; 

A I  cari :hm 

Step 1. 

Step 2. 

Generate a pseudo-random number u from a U(0,l) distribution. 

If u 5 (b - a ) / ( c  - a )  

Sat u - F T ( x )  - ( x  - ~ ) ~ / [ ( c  - a)(b - ;)] 

x - a i [u(c - a)(b - a)]'/* Compute 
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RpFeryces  

Izan and Shortoncarier (!984, p .  20) 
Jonnson and K o t z  (1?70) 

2 . 2  The Nema1 0is:wibuiion 

The inverse o f  the c l f  of a normlly distributed r a d o n  variacle X 
caniot be expressed in closed form, so the inversion method iz not the me?hod 
of choice for generatins n o m a 1  vtriates. The method used to generate n o m a l  
variates, wnich is due to Box and Mu1 ler (1?58), involves transfomaticn of a 
o z i r  of pseudo-random numbers to obtain i p a i t  of standzrd n o m a l  variates. 
These are further transformed to obtain a pair of rei:irations from a normal 
distribution w i t h  mezn p and variance d. 

The Box-Muller algorithm is an efficient method f o r  genetrting simple 
random samples o f  normal variates, but it may not be as efficient f o r  Latin 
Hypercube Sampling, which involves partitioning the range of the sirnulaied 
variables. To generate normal variates using Latin Hypercube Sampling, i; is 
aesirable to use an alcorithm that generztrs syecified pex%ntrc: pojnts of z 
normal distribution. 
(1,077), is used f o r  this purpose. 

The algorithm cited below, due to Beasley zrld S p r i y e r  

Ste? 1. 

Step 2. Compute g, - ( - 2  In u, ) ’ / *  cos(2x ut) 

gt - ( - 2  In u,)’’* sin(tx u 2 )  

Generate indegendent pseuoo-random numbers u1 and u2 from the 
U(  0,l) distribution. 

Ste:, 3. Compute x, - q, - P 

- ihe quantities x, and x2 ire independent realizations from a nonntl 
distribution w i  th mean u and vari ance d . 
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S:e; 4 .  ( o q t i o n a ; )  i f  

Y l  = 91 

;re c o ~ a u t e i  f o r  some J ,  - 1  I : I !, t h e n  y ,  and y2 ; re  rza1i:;:iom f r ca  i 
s t a n o a r c  : i v ; r i a t o  ( k  - 0 .  = 0, c:* 1, cz’ - !) n o n a l  d i s t r i S u 5 i o n  
w i t h  c c r r e l a t i o n  c o e f f i c i e n t  P .  

Fox and Muller (IS%) 
A b r a m w i z z  and S t q u n  (1570, p .  0 5 3 )  
Johnson  (19e7,  p .  2 9 )  

- A l a o r i t h m  f o r  Comoutinc P o r c e n t a o e  P o j n t s  o f  t h o  Noma1 D i s t r i b u t i o n  

A i a o r i t h m  AS 111, d u e  t o  Beasley and S p t i n p e r  (1977‘, i s  used  t o  c a l -  
t u l i t e  p e r c e n t z g e  p o i n t s  of ;he normil d i s t r i b u t i o n  i n  c o n n e c t i o n  w i t )  Lar;n 
Hypercube  SamD1 i n g  methods .  
p o r t a b l e  w i t h o u t  m o d i f i c a t i o n .  
AS I11 is g i v e n  i n  t h e  r e f e r e n c e  ci ted.  

The a l g o r i t h m  is  fas t ,  n u m e r i c a l l y  c c c u r a t e ,  zna 
FORTUAN c o t e  f o r  imp loaen t ing  A l g o r i t h m  

3 - 5  

Log n o m i l  v a r i  a t e s  a r e  o b t a i n e d  by t r a n s  formi ng n o m a l  v a r i  i r e s .  By 
d e f i n i t i o n ,  t h e  random v a r i a b l e  Y h a s  a l o g n o m a l  d i s t r i b u t i o n  w i t h  mean e 
and v a r i c n c r  rZ i f ,  and o n l y  i f ,  t h e  random v a r i a b l e  X - I n  Y h;s a n o m a 1  
d i s t r i b u t i o n  with mecn p and v a r i a n c e  6 ,  where 

- -.. c 
8 -  

;- i n  16’ / .! 6‘ - 7’ I and 0‘ = I n  i ( 6 ‘  - 7 ‘ )  /6‘ 1 ( 3 - i 1 
T h i s  o e f i n i t i o n  y i e l d s  t he  f o l l o w i n g  a l a o r i t h m  for  g e n e r a t i n g  a re;li=;;ion y 
f rom a l ognorma l  d i s t r i b u t i o n  w i t h  mean e and v a r i a n c e  9. 

A 1  aor i  t h m  

S t e p  1. G e n e r a t e  a r e a l i z a t i o n  x from a n o m a l  d i s t r i b u t i o n  w i t h  
mean f i  and 
E q u a t i c n  (1 )  above .  (See aiaorfthns i n  S e c t i o n  3.4 for 
g e n e r z t i  ng n o m a l  r e a l  i z a t i  ons  . ) 

i o g n o m c l  d i s t r i b u t i o n  w i t h  mein 0 i n d  v a r i a n c e  7‘.  

v a r i a n c e  d , where p and d a r e  COmDUted  u s i n g  

S t e p  2 .  Compute y = exp  ( x ) .  Then y i s  a r e a l i z a t i o n  from a 
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Fc=er?n-’rs 

h a n  and Shortencatier (1584 p .  17) 
Crow and Sn!ni:u (1568) 

B. 12 



c 
C 
c 

B. 13 



Corzc r::, Wish 1 nczon , 2 .  C . 

B r z t l e y ,  P., 8. L. Fox ,  and L. E. S c h r a g e .  
S p r i n g e r - V e r l  a s  , New Y o r k .  

Crow. E. L. ,  ;nd K .  S h i m i z u ,  eds. 19ES. l o a n o n a l  D i s t r i b u t i o n s .  Theorv t,d 
A m 1  i c a t i o n s .  Mzrcol Dekker, Lnc. , New York. 

Iman, R. L.,  and M. J.  S h o r t e n c a r i e r .  P FORTRAN 77 O v e r a m  and User'$ 

C o n o u t e r  Moaei s. 
by Sana; a K i z i  ona l  L r b o r a t o r l  et  , A I  buquergue  , New fiexi co . 
J o b n t o n ,  M. E. 1987. M u l t i v a r i a t e  S t a t  i s t i c a l  S i m u l c t i o n .  John  Wiley & 
Sons ,  New York. 

19U. 1 Gu'rlo t o  S i n u l a t i o q .  

1984. 
Guioe  f o r  the G e n e r z t i o n  o f  L a t i n  Hvoercube 2 nd Ranoom SzrnDies f o r  Use w t  t h  

NUREG/CR-3624, prepared for t h e  U S .  D e p r r m e n t  of Enerzy 

Johnson,  N. L.,  and 5 .  Kart. 1970. D i s t r i b u t i o n s  i n  5 t t t i s : i c s  Cont inucuZ  
U n i v t r i a t e  c) i s t r i b u t i o n s - 2 .  

McLe?d, A .  I. 1%. "Ramtrk AS Rfe, A Rtmark or: A1Soti:hm AS l S ,  h 
r r i c i e n t  ana  P o r t a b i e  Pseuao-Aandom Number Generazor . "  

Mood, A.  H., i. A.  G r a y b i l l ,  and D. C .  6oes .  1974. J n t ~ d u c ~ i o n  t o  :be 
Theorv of St t t i s t i cz ,  T h i r d  E d i t i o n .  

Wichmann, 8. X . ,  and I .  C .  Hill. 1982. 'A1gori:hm AS 183, An E f f i c i e n t  and 

1,00. ( A l s o  c o n t a i n e d  i n  A a o l i o d  S t a t i s t i c s  Aloorithms, P. G r i f f i t h s  and 
I .  0. Hill, edt.,  Ellis Homood Limited, C h i c h e s t e r ,  West Sussex, Engl tnd ,  
1,085. ) 

Houghton Mif f1  i n ,  Boston. 

- - - .  
Pozl  i o g  S;a;i s:i.,: 

34,  pp. 198-200. 

Hctraw-Hill, New York. 

P o r t a b l e  Pseudo-Random Number G e n e r a t o r . '  Aooi ied  S t a t i s t i c s  31, up. 188- 
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METHODS OF STOR!NG AND RETRIEVING 3ATA FROM H!STOGaAMS 
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E8 Dennis 
RO Gilbert 
HA Haeter 
B A  :lapier 
2 S q a r  
FiIe/LS 

-. lne eszir iazion c i  dose estimate uncetrainties will invo'ivo, simulating 
rez;i:tr!ons of g r c o a i l i t y  dis t r fbuzims.  T5e a i s z r i j u t i m s  may be the2rtric2i 
( i . e . ,  exDressei i n  a funcrional form) cr empirical (eszimatea from real a t t a  or 
generc?c by sinuiation ftom a hypctheticzl c i s t r ib sz ion ) .  The distyibutizns 
mty be useg t o  describe the aistr 'bution of i n p u t  parameters t o  2 e  csse mcael 
Cr t n c  var'aDi 1 i ty  of submoael outqut variableis) .  

The following aloorithm can be used t o  appmximate a given diszribution function 
re$arcltss o f  whether i t  i s  theort t ical  or empirical. 
( 1 )  below is i l l u sz ra t td  i n  the artached figure. 

Ste? (a ) :  

Step  (b): 

The notation used i n  Ea. 

Fur Phcse I Divide the range o f  the  dis t r ibut ion into k intetvals .  
calculctions,  a maximum of k = 20 intervals will be used. 

The interval boundaries (denoted by X I S )  and the cqmulative proba- 
b i  1 iti es (derroted by h I s) associated with the ri gnt-nana endpoints 
of the k intervals  a n :  

. .  . . 
Wher: xa !s the cir;inm value of :he vcriabie and xh is the m u i m u m  value. 

The i n r r v a ! s  defined by Eq. (1) defined a ;<-segment piecewise l inecr  apprzxi- 
mation t3 the actual input d i s t r i b u t i o n .  
used f o r  Phcse I calculation. A smaller value o f  k may,be used in cases where 
an aacguate approximation t o  t h e  actual input dis t r ibut ion does no t  reouire 20 
intervals.  
both tne x ' s  and the h's are nondecteasing sequences of numbe5. 
ient t o  moose the representation in Eq. (1) so tha t  e i t h e r  the x ' s  or the  h ' s  
are equally spaced. 

After a dist r ibut ion such as t h a t  i n  Step (b) has been assigned t o  a pat,icular 
input VCrjaDle, then r t a l i r a t i o n  o f  the variable may be genetated from the 
rssigntd disrribution as follows: 

%e;, 1: 

A maximum o f  k - 20 intervals  will be 

Note t h a t  when the dis t r ibut ion is expressed in cumulctive f o n ,  
I t  i s  conven- 

Fur the Phase I s t u d y ,  we will use equal spacing of the X I S .  

Generate a pscudo-random number, from the u n i f o n  d i s t r i b u t i o n  over 
:he interval (Oil)). 
O c h c l .  

Denore the value of t a i s  numer by h ,  wncre 
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.!: CaZlinGer 
d u n e  25 ,  
PaSe 2 

h - h .  
1-1 

1 - 1  
Ste? 2 :  Ccmpuzr x = x i - 1  + hi - n .  ( X i  - x i - +  
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Batter le 

;usus: 12, !gas 

Protect Numrar 

lnicmrl Dictriouiion 

y y t - - - n v t r - - * * i  
. , a .  - . - d L , - .  L.'t 

I r ;  severai cf  :>e c ~ i c g l ~ t i c ~ s  :C be 2 s r f : Z e i  i c r  :?e ?E:: ? C , E S ~  1 ~ z z : ~ z ~ s ,  
E ser:es of . i raczicns musf be se!ccrer  from i n p u t  ;isttf:u::ons. 
ineS2 irdcricns has fts own cis:riDcrisn. The resu;fs c f  ::e seiecrion 

. ?recess of  the fractions m o s t ,  however, sun t 3  one, w n i c f i  imElies 2 
correiztfon s t r ic t ; l re .  
Sef.aeen tbe vari oos f racr i  ons.  

Eacn o f  

A iechnique is neeriel t o  hencle the corrr ia t icns  

DISCUSSiON 

Sevel-El oqtions 1r2 avaiiable. 
rznccmiy drawn fract ions,  o r  we cciuld d r a w  the fract icns  f t o a  a riult ivariate 
dis t r ibut ion with an assumed correizticn structure. 

In genetal ,  the fractions are beins genetate4 v i a  e x p e e  opinion. Tinere i s  
considerable uncer.ainty about many of then. 
available on correlations between t h e  constituent p a e s  of the sun desired, 
other than tha t  i t  is constrained t o  add t o  unity. 
proaosed cornouter implementrticn also does n o t  lead .itse:f t o  i X O r ; r O r Z t i n a  
i z q e  correlation marri ces. 

The ques t ion  o f  how t o  handle these correlztions was discussed by Brxc 
Naaier,. A 1  Liebettau, Dick Gflberz, and Gudhi Sagar 2: a meetjng on d u l y  31 ,  
158s. 

'vie could use a s i q ! e  n i e  t o  adjust rhe 

No i n f o n a t i o n  is c u r m t t l y  

The s t ructure  of tne 

CD N CL !JS I @ :: 5 

I t  wcs conclude?. t h r t  f o r  Phzse 1, a t  l e z s t ,  a simple a c j u s t i i e n t  rule wouid 
be adequate, given the lack of strcng infomation on c x r e ; a t i o n s .  
various fractions should be drawn inaegcndcnily from t h e i  r di st t ibut ions , 2t.d 
the3 the  sum of the results should be used t o  noma1i:e each value So  that  
the t s t a l  then a d d s  t o  one. 

The 

BAN : tS 
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CO2RESP9NDENCE SE7k'EEN COLUMBIA RIVER LOCATION 
AND HEDR CENSUS SUBDIVISION 
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1 : ; f ;  5 5 'Jc- T L" 

plz:> -c - L  .,,e ? h r c c  1 e i f z r t  has zcne 
czzos;ner;c c ' s x r s i o n  y?r:i:ns of  the HE32 ca7c;:ar;cns. 
loss  o f i c r t  iirs been oxDenct5 on tne surface WZ;PL paxhurays. However, 
2ef:ni:jc: cf the vzt!ocs locations o f  ?otcntjai  exsosurp zo t h  r i v e t  c r  t3 
r 'ver-relzted prcoucs: (watt?, f i s h ,  irrigr;cd foocs) is alsc  necessary. 

- D1SCUSSIC)N 

Ted Pos ton ,  who was rsked t o  accsmulate and evaluate drta on radionuclide 
c:ncentra;ions of f i s h  i n  the  C o i m i a  River f o r  1962-1966, devised a 
cmventi on for cal l  e c t i  na data based on samol i no locati  ons . Tnese arecs 

i r r t 3  deiiz::; aaramezcrs t 3  use i c r  t n o  
?r!2ccrtfcn2ily 

are (memo, T. M. Pcston 
S-1 ing Sites")  : 

S i t e  
Pri ts; Rap 1 as 
Hanford 
Coyote R t p i  6s 
Ringold 
Rich1 and 
Island V i e w  

. Burbank 
MC!iZry 

f o  Distributicn,  June 12, I W ,  "Location cf F i s h  

Acurox imatc R i v e r  Fi le  
3 90 
365 
383 
134 
345 
335 
322 
2% 

- c  

The first three of these locaticns are inside o f  the Hanford S f t e ,  snd thus 
of minimal imporrance f o r  public exposure consideraticns. The o tnc tz ,  
howevet, are strez:nes o f  the r i v e r  for wnich  public r=:tss is availcblc. 

c3 CCL!JS IO trs 

1 have comarcd Ted's r i v e r  st retches  t 3  our HEDR census subdivisions on t h e  
map. 
locations, as iollo~s: 

There i s  a v e r y  convenient corresponaeace for  the publicly available 

S i t e  
Fii ngo i o  
Richiana 
Island View 
S u r h n k  
Mc :; a ry 

8 - 2 1  



3 beck 

Pa;e i 
August ’ -  . I ,  : S E S  

t lote t haz  each s:rer:h o f  the r i v e t  :ouches t w o  subiivisiocz. cno cn e;:5er 
s i c e ,  i f  scme minor  o v e t i a o s  are ignore<. 
n:c;zld s:ref:fi i s  s:ill iiianisra S i t e ) .  
seieczjocs, :>is wculd sesa t: be retsontiie. 

These d i v i s i o n s  snould be used f c r  :he ::ansport, democ-a?hy, and t c j e  
c a i c z l a t i o n s  remired f o r  Phase 1. 

(;he 3en;on Csunry side of :he 
. .  Given :he inexacz nazsre c i  tne 

B.22 
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APPENDIX C 

DOSES BY R I V E R  STRETCH, ORGAN, YEAR, AND EXPOSURE PATHWAY 

The f o l l o w i n g  f i v e  t a b l e s  present summaries o f  t h e  r a d i a t i o n  doses 

c a l c u l a t e d  f o r  Phase I o f  the  HEDR P r o j e c t .  The doses presented i n  these 

t a b l e s  are i n  u n i t s  o f  rad  ( o r  rem) f o r  t h e  lower l a r g e  i n t e s t i n e  ( l a b e l l e d  

GI T r a c t )  and bone'marrow and are i n  rem f o r  t he  e f f e c t i v e  whole-body dose 

equ iva len t  ( l a b e l l e d  EDE). 
s t r e t c h  o f  t h e  Columbia River ,  as descr ibed i n  the  main r e p o r t .  

s t r e t c h e s  a r e  Ringold,  Richland, Pasco/Kennewick, Burbank, and McNary, as 

i l l u s t r a t e d  i n  F igu re  2.3. For each s t r e t c h ,  t he  r e s u l t s  are presented as  

annual summaries f o r  1964, 1965, and 1966 and as the  cumulat ive dose t h a t  

would have been rece ived  had an i n d i v i d u a l  who l i v e d  as d e f i n e d  f o r  t h e  

e n t i r e  t h r e e  years .  

Each t a b l e  presents the  r e s u l t s  f o r  a s i n g l e  
These f i v e  

Doses are presented by exposure pathway. Those 1 abel 1 ed "External  I' 

i n c l u d e  exposures f rom swimming i n  and boa t ing  on t h e  Columbia R ive r .  
doses presented f o r  d r i n k i n g  water are g iven i n  th ree  p o t e n t i a l  formats:  

The 

D r i n k i n g  1: Consumption o f  raw Columbia R ive r  water, no d r i n k i n g - w a t e r  
t rea tment .  

D r i n k i n g  2 :  Consumption o f  Columbia R ive r  water t r e a t e d  w i t h  t h e  alum- 
f l o c  process used i n  t h e  R ich land and Pasco water t rea tment  p l a n t s .  

D r i n k i n g  3: Consumption o f  Columbia R ive r  water obtained th rough near-  
r i v e r  we1 1 s be fo re  t reatment.  

Only t h e  types  o f  d r i n k i n g  water a p p l i c a b l e  t o  a g iven  s t r e t c h  o f  t h e  
r i v e r  a re  i nc luded  i n  t h e  t a b l e s  (e.g., t h e  Richland s t r e t c h  has o n l y  type  1 

and t ype  2 ) .  

Although most r e s i d e n t s  o f  t h e  T r i -C i t y  area do no t  f i s h  f rom t h e  

Columbia River ,  however, two groups o f  f i s h  consumers were i d e n t i f i e d .  

doses t o  i n d i v i d u a l s  l a b e l l e d  "Low F ish "  are assumed t o  ea t  between 1 and 20 

meals pe r  year  o f  f i s h  taken from t h e  Columbia R ive r .  

F ish"  a re  assumed t o  ea t  between 21 and 200 meals pe r  year.  The f i s h  are 

assumed t o  come f rom t h e  g i ven  r i v e r  s t r e t c h .  

The 

Those l a b e l e d  "High 

(The doses presented i n  t h e  

c.3 



main report are combinations of the doses from drinking water in Richland and 
eating fish from either the Ringold or Burbank stretches ofathe river, but 
the values presented in this appendix are for each pathway independently). 

Although doses are presented for only one age group--adults--this ' 

appendix presents, for this group, committed doses for two organs and the 
effective dose equivalent. 

The complete calculations performed for Phase I generated distributions 
of dose for each of the categories described above. 
median (fiftieth percentile), and ninety-fifth percentile doses from each 
distribution are presented in the tables. 
Carlo calculation process, the uncertainty in doses outside of these ranges 
i s  large enough to invalidate their usefulness. The fifth and ninety-fifth 
percentiles define a range in which ninety percent of the potentially exposed 
population would fall, and are best used for comparative purposes. 

The fifth percentile, 

Because of the nature of the Monte 

c.2 
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APPENDIX D 

SUMMARY OF TSP COMMENTS AND BATTELLE RESPONSES 
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