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PREFACE 

This is one of three draft reports that summarize the first phase of a 
four-phase radiation dose assessment titled the Hanford Environmental Dose 
Reconstruction (HEDR) Project. This, the Draft Columbia River Pathway 

Report, 
Report. 

is directed to technical audiences, as is the Draft Air Pathway 
The Draft Summary Report, which presents both the air and river 

exposure pathways, is intended for a general audience. Detailed descriptions 
of all aspects of the HEDR Project and the dose reconstruction process are 
available in more than 20 supporting documents (Appendix A). 

The river pathway portion of Phase I has several objectives. Foremost 
among these is to determine whether sufficient information exists or can be 
reconstructed from incomplete records to enable a dose reconstruction study 
to proceed and to demonstrate that this is the case. A second objective is 
to design conceptual and computational models specifically to deal with 
uncertainties in the variables needed to estimate doses to offsite popula­
tions. The final objectives are to determine if the data and models are 
sufficient to enable credible doses to be calculated and to compare HEDR 
doses with previously published dose estimates. In summary, Phase I is a 
pilot or demonstration phase. The dose estimates, which were calculated to 
demonstrate the feasibility of the process for reconstructing doses, are 
therefore preliminary. The estimates will definitely change as input and 
model structures are refined in later phases. 

The reader must recognize the preliminary nature of the dose estimates 
that are presented and discussed in this and the two companion reports. As 
the HEDR Project continues, the averages, ranges, and distributions of dose 
estimates will change, for at least three reasons: refinement of input to 
models; refinement of models; and changes in the extent of the final study 
area. 

It is also important to note that the objectives of the HEDR Project do 
not include estimating risk or extrapolating to health effects that might 
have resulted from radiation exposures. A related epidemiological study, the 
Hanford Thyroid Disease Study, is being conducted for the Centers of Disease 
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Control (CDC) by the Fred Hutchinson Cancer Research Center. This study will 
seek to determine whether there is a correlation between thyroid disease and 
estimated thyroid doses near the Hanford Site from exposures to iodine-131 
releases during the early years of operation. The CDC study does not address 
the Phase I period for the river pathway, 1964-1966, that is the subject of 
this report. 

The HEDR Project is directed by an independent Technical Steering Panel 
(TSP) of scientists and representatives of the states of Oregon and 
Washington, of regional Native American Tribes, and of the public. The 
TSP's charter is to direct, review, evaluate, and approve all HEDR Project 
work; funding is provided by the U.S. Department of Energy, but the agency is 
not in the review or approval cycle. 

The work described in this report was conducted in accordance with the 
requirements of ANS1/ASME NQA-1 1986 Edition, Quality Assurance Program 
Requirements for Nuclear Facilities, as interpreted by the PNL Quality 
Assurance (QA) program. 
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ABSTRACT 

This report summarizes the water pathway portion of the first phase of 

the Hanford Environmental Dose Reconstruction (HEDR) Project, conducted by 
Battelle staff at the Pacific Northwest Laboratory under the direction of an 
independent Technical Steering Panel. The HEDR Project is estimating radia­
tion doses that could have been received by the public from the Department of 
Energy's Hanford Site, in southeastern Washington State. 

Phase I of the water-pathway dose reconstruction 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. Of the potential sources of radionu­
clides from the river, fish consumption was the most important. Doses from 
drinking water were lower at Pasco than at Richland and lower at Kennewick 
than at Pasco. 

The median values of preliminary dose estimates calculated by HEDR are 
similar to independent, previously published estimates of 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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EXECUTIVE SUMMARY 

This is one of three draft reports that summarizes Phase I of a four­
phase radiation dose assessment titled the Hanford Environmental Dose Recon-. 
struction (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 of 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. The Hanford Site was 
selected in 1943 (Figure 1) as the location for the facilities used to 
produce plutonium for atomic bombs used in World War II. The first three 
nuclear reactors--8, D, and F--began operating in 1944 and 1945. After World 
War II 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 
cooling of the reactors (except N Reactor) with river water. Naturally 
occurring elements in the cooling water and chemicals added in the water­
treatment process underwent nuclear transformation while passing through the 
reactors and while adhering to cooling-system tubing in the reactors. Lesser 
releases of radioactivity to the river resulted from ruptures in fuel ele­
ments and the subsequent loss of fission products. 

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 of 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. Daily measurements of materials released to the river continued 
throughout the operation of the reactors. 

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). In addition to 
measuring external exposure using pencil dosimeters, hand and foot counters, 
and scans of 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. 

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. Estimates of 
these doses have been included in annual environmental monitoring reports 
ever since. As technology has improved, dose calculation methods have 
evolved and improved. Through 1973, dose estimates were based on measure­
ments of radionuclides in the environment and in foods. By 1974 (Fix 1975; 
Fix and Blumer 1975), concentrations of 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 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. 
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The HEDR Project consists of four distinct phases. The first phase of 
the river pathway portion of the study, a pilot or demonstration phase, was 
purposely limited to the area from Priest Rapids Dam above the Hanford Site 
to the first downstream dam, McNary; to January 1964 through December 1966; 
and to radionuclides that are estimated to have accounted for more than 80% 
of the doses (Napier 1990). The unit of months was selected as the level of 
temporal resolution for Phase I. This limited scope influenced the selection 
of models and parameters and resulted in some conservatism in the designation 
of the ranges and forms of distributions. 

Phase II is designated a review and testing phase, during which sensi­
tivity analyses will be used to identify key parameters and the effects of 
model structure. Phases III and IV will refine parameters, modify model s, 
expand areas, extend time periods, and ensure that all key emissions of 
radioactive materials from Hanford will have been addressed. 

APPROACH 

Figure 2 shows a simplified project conceptual diagram for calculating 
doses from the river pathway. Pathways considered in Phase I are consumption 
of contaminated fish, drinking treated or raw river water, and recreational 
exposure to the river. Input to the HEDR model consists of distributions , 
rather than point estimates, for each of the parameters and results in 
distributions of dose estimates. This approach incorporates estimates of 
uncertainties resulting from spatial and temporal variability, incomplete 
historical information, and estimates of historical analytical and sampling 
errors. 

The period 1964-1966 was selected because it provides .an optimum combi­
nation of extensive monitoring information , independent measurements, rela­
tively high river concentrations, and a population newly exposed to drinking 
water having relatively higher concentrations of radionuclides than other 
downstream communities, that of Richland. Because of the extensive monitor­
ing data available for Phase I analysis, modeling was conducted only when 
data for specific radionuclides were insufficie1t. Phase I used a simple 
model t hat uses effl uent measurement s and r iver discharge as input and 
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FIGURE 2. Conceptual Diagram of the HEDR Columbia River Pathway Model 

uses only radioactive decay and dilution to provide radionuclide concentra­
tions at specific downstream locations. 

Monthly· concentrations of radionuclides in effluent, Columbia River 
water, Columbia River fish, and in drinking water for 1964-1966 were taken 
directly from previously published documents. The radionuclides addressed in 
Phase I were selected based on analyses of the sources and estimates of their 
contributions to dose (Napier 1990). 
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RESULTS 

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

For those individuals who drank treated river water and ate Columbia 
River fish, the most important river pathway was consumption of fish, 
especially resident fish, from areas above Richland where concentrations of 
radionuclides in fish 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 models were 
constructed to deal with uncertainties and to establish the foundation for 
extensive sensitivity analyses to be conducted in Phase II. Finally, the 
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data and modeling approach were sufficient to produce credible, although 
clearly preliminary, dose distributions. These objectives were attained by 
demonstrating that the range of preliminary dose estimates includes indepen­
dent, previously published estimates of doses to average, typical, and 
maximally exposed individuals and that the range includes doses estimated on 
the basis of 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 to 
current dosimetry , Effective Dose Equivalent (EDE)]. The previously pub­
lished "average" or "typical" exposure of a Richland resident, summed from 
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1964-1966 was 0.03 rem(a) (0.0003 Sv). Approximately SO% of the Richland 
population was likely to have received doses greater than 0.035 rem 
(0.00035 Sv). 

About 4,700 records of whole-body counts of workers are available for 
1964-1966. These measurements show the amount of 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 Columbia River water downstream of the reactors. This radionuclide 
could be readily detected with the whole-body counter. Dose estimates based 
on previously published whole-body measurement of zinc-65 in Hanford workers 
are slightly lower than the fraction of HEDR-calculated doses attributable to 
zinc-65. Historical whole-body measurements of schoolchildren are also 
slightly lower than HEDR calculated body burdens of zinc-65. These compari­
sons indicate that the HEDR model results are consistent with actual meas­
urements from the 1960s. 

(a) All doses in this report are Effective Dose Equivalent. 
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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 of 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 of 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 of operation when 
fewer reactors were operating, resulting in much lower releases of radio­
nuclides to the Columbia River (Nelson 1960). 

Extrapolations of 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 of 
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 of 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 
objective 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 of 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 of 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 to 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. The 
TSP includes members with technical expertise in environmental pathways, 
epidemiology, surface-water transport, groundwater transport, statistics, 
d~mography, agriculture, meteorology, nuclear engineering, radiation 
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FIGURE 1.1. Timeline of Events Leading to Establishment of the HEDR Project 
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dosimetry, and cultural anthropology. The TSP also includes individuals 
appointed to represent the states of Washington and Oregon, cultural and 
technical experts nominated by the Native American tribes in the region, and 
an individual representing the public. The TSP reviews, evaluates, and 
approves all technical decisions and reports. 

1.3 HANFORD SITE 

The Hanford Site in southeastern Washington State (Figure 1.2) was 
selected in 1943 as the location for the facilities used to produce plutonium 
for atomic bombs used in World War II. The Hanford fuel cycle is illustrated 
in Figure 1.3. The first three nuclear reactors--B, 0, and F--began operat­
ing in 1944 and 1945. After World War II ended in 1945, the reactors contin­
ued to irradiate uranium fuel and to produce plutonium. From 1949 through 
1963, six new reactors--H, OR, C, KW, KE, and N--began operating. In addi­
tion to producing plutonium, N Reactor produced steam to generate electric­
ity. This reactor also differed from earlier reactors in that cooling-water 
discharges of radionuclides were much smaller than those from earlier 
reactors. From 1964-1988, as the government needed less plutonium, it 
eventually closed all of its production reactors on the Hanford Site. 

The use of river water to cool the reactors resulted in the greatest 
releases of radionuclides to the Columbia River. Releases of radionuclides 
to the ground from nuclear facilities resulted in the movement of some radio­
nuclides to the groundwater and from the groundwater to the Columbia River. 

1.4 MONITORING OF RADIOACTIVE MATERIALS FROM HANFORD 

The release of radioactive materials from Hanford was controlled through 
several steps, including process controls, effluent and environmental moni­
toring, and personnel monitoring. Effluent monitoring, which began with the 
startup of Hanford facilities in 1944, consisted of measuring the amounts of 
radioactive materials vented to the atmosphere and released to soils and to 
the Columbia River. Measurements of materials released to the river began 
with startup and continued throughout the operation of the reactors. 
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FIGURE 1.2. Hanford Site and Key Operating Facilities, 1964-1966 
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FIGURE 1.3. Nuclear Fuel Cycle 

Environmental monitoring started before facilities began operating 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. 

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 of people began in 1965. Over 5000 schoolchildren 
in the Tri-Cities area were monitored with whole-body counters from 
1965-1968. These monitoring data provide valuable comparisons with 
previously published dose estimates for the same period and with the 
estimates calculated by the HEDR Project. 
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Radiation doses to the general population near the Hanford Site were 
estimated and reported for the first time in 1957. Estimates of these doses 
have been included in annual environmental monitoring reports ever since . As 
technology has improved, dose calculation methods have evolved and improved. 
Through 1973, dose estimates were based on measurements of radionuclides in 
the environment and in foods . By 1974 (Fix 1975; Fix and Blumer 1975), 
concentrations of 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. 
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2.0 METHODS 

This section describes the conceptual and computational approaches used 
during Phase I to reconstruct potential radiation doses to offsite popula­
tions from releases of radionuclides to the Columbia River and to soils (and 
groundwater). Detailed descriptions of all aspects of the HEDR Project and 
the dose reconstruction process are available in the more than 20 supporting 
documents in Appendix A. Table 2.1 references the HEDR reports that contain 
information about models and parameters used in Phase I. Appendix B contains 
the models and information used in the surface-water code. 

2.1 PHASE I AREA. TIME PERIODS, AND RADIONUCLIDES 

The HEDR Project consists of four distinct phases (Figure 2.1). The 
first phase, a pilot or demonstration phase, was purposely limited in geo­
graphic coverage, time, radionuclides, and pathways. This limited scope 
influenced the selection of models and parameters and resulted in some con­
servatism in the designation of the forms and ranges of distributions. 

Phase II is designated a review and testing phase, during which sensi­
tivity analyses will be used to identify key parameters and the influences of 
model structure. Phases III and IV will be used to refine parameters, modify 
models, expand areas, extend time periods, and ensure that all key emissions 
of radioactive materials from Hanford will have been addressed. 

2.1.1 Area 

The Phase I study area for the river pathway was selected to include the 
communities immediately downstream of the Hanford Site, which are most likely 
to have received the highest doses from drinking treated Columbia River water 
or from eating fish caught in this area (Figure 2.2). Any individuals from 
outside the Phase I study area who fished this section of the Columbia River 
might have received higher doses from this pathway. 

The area between Priest Rapids Dam and McNary Dam was also selected 
because up to 80% of the people who drank treated Columbia River water 
between Hanford and the river's mouth lived along this stretch of the river 
during the Phase I period, 1964-1966. In addition, the most extensive and 
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TABLE 2.1. Applicable HEDR Reports - Columbia River Exposure Pathway 

Topic 

Source Terms 

Drinking Water and 
Fish Concentrations 

Ground Water 

Demography 

Facility Operations 

Title Author, Date 

Radionuclide Sources and Radio- Heeb, CM, 1989 
active Decay Figures Pert inent to 
the HEDR Project, PNL-7177 HEDR 

Uncertainties in Source Term Heeb, CM, 1989 
Calculations Generated by the 
ORIGEN2 Computer Code for Hanford 
Production Reactors, PNL-7223 HEDR 

Selection of Dominant Radio- Napier, BA, 1990 
nuclides for Phase I of the HEDR 
Project, PNL-7231 HEDR 

Preliminary Summaries for Vege- Woodruff, RK, 
tation, River and Drinking Water 1989 
and Fish Radionuclide Concentration 
Data (DRAFT), PNL-SA-17641 HEDR 

Estimates of Columbia River Radio­
nuclide Concentrations: Dose for 
Phase I Dose Calculations, 
PNL-7248 HEDR 

Richmond, MC, and 
Walters, WH, 1990 

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

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

A History of Major Hanford Ballinger, MY, and 
Operations Involving Radioactive Hall, RA, 1989 
Material, PNL-6964 HEDR 
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PHASE I 

Mosie! Pevelopmeot & Iestjng 

• Select limited scope: 
geographical area. time period, 
radionuclidcs, populations 

• Ftnd. evaluate. and summarize 
bistaical data 

• Develop conceptual & malhematical 
models and incorpor:uc uncertainty 

• Apply models/data to limited $COJ)C 

to test the model 

PHASE II 

Sensjrivjty/UncenajnN Analysis 

• Evaluate Phase I model results 

• Identify key parameten for dose 
calculalion V1& sensitivity analyses 

• Determine feasibility/value ol n:duc:ing 
uncenainty in parameterS 

• Propose to expand scope (geographic 
area. time period, populations) in 
context of established dose threshold 

• Rccoounend action to reduce 
uncertainties and recommend changes 
in concepruallmath trodels 

PHASE III 

Expansjon and Refinjng 

• Expand scope u warranted by Phase II 
work 

• Reduce unc:enainty in key panmeu:rs 
per Phase u n:commendations 

• Modify models per Phase n 
RICOIIDDendaDon 

PHASE IV 

Pose Calculation 

• Calculale final estimated doses 

FIGURE 2.1. The HEDR Phased Approach 

continuous monitoring data and the only direct, continuous monitoring of 
drinking water are available from this area. 

~ 

2.1.2 Time Period 

The Phase I time period for water exposure, 1964-1966, was selected for 
several reasons. Richland, the community closest to Hanford and therefore 
the most likely to have received the highest doses from drinking treated 
Columbia River water, did not use Columbia River water until 1964. Doses at 
Pasco and Kennewick, where residents used Columbia River water before 1964, 
were known to be lower because they are farther downstream, because they are 
downstream of the confluence of the Yakima River, and, in the case of 
Kennewick, because residents obtained water from river shore wells, which 
helped to filter some radioactive materials from the water before it reached 
the treatment plant. 

The Phase I time period of 1964-1966 also was selected for the following 
reasons: 

• Extensive monitoring data were available. 

• Continuous monitoring (or cumulative monitoring) began in 1964 to 
supplement "grab" sampling. This monitoring provided better 
estimates of average concentrations of longer-lived radionuclides. 
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Columbia River 

59006024.6 

FIGURE 2.2. Phase I Study Area for Estimating Doses from the 
Columbia River Pathway 
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• All reactors were still in operation in 1964, and were operating at 
the highest historical power levels. 

• 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 air 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 
(phosphorus-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 1990). 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 certain 
species of fish could have received the higher doses, because several 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 pathways, such as 
swimming or boating or walking along the river shore, resulted in exposures 
that were, on average, considerably lower than exposures from the drinking­
water and fish pathways. (The irrigation pathway will be addressed in later 
phases.) 
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From the time Hanford facilities first began operating, highly radio­
active liquids were routed to underground storage tanks and less radioactive 
liquids were discharged directly to ponds, ditches, and engineered structures 
called cribs. Some of the radioactive liquids moved through the soils into 
groundwater and some traveled in the groundwater to be discharged into the 
Columbia River. These radioactive liquids contr ibuted 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 
reactors. In any case, since Phase I dose calculations for the Columbia 
River pathway are based on environmental monitor ing 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 radi onucl ides in food (Columbia 
River fish, marine organisms, vegetables) and drinking water and on average 
measurements of external radiation along the ri ver shoreline. These 
previously published doses were point estimates for average and hypothetical 
maximum individuals in 1964 and for typical and hypothetical maximum 
individuals in 1965 and 1966 (Foster and Wilson 1965; Foster et al. 1966a, 
196Gb; 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, t he 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 of the population in the Phase I study area and 
to deal with uncertainties in previously published data, the HEDR model uses 
distributions , rather than point estimates, as input to all submodel s, and it 
generates distributions as outputs. The distributions are presented as 
complementary cumulative-distribution functions that provide immediate 
informat ion concerning median values , the li ke l ihood of exceeding any 
speci f ied dose value , and the proport ion of val ues between any two selected 
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values, etc. Consequently, average, maximum, or minimum values can be 
defined by the reader according to his or her own definitions of maximum, 
minimum, or average. 

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. This approach enables 
resources to be allocated to reduce uncertainties in those parameters (and 
those aspects of model structure) that contribute the most to uncertainties 
in the dose results. 

2.3 SELECTION OF MODELS. PARAMETERS. AND DISTRIBUTIONS 

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

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). Because factors such as radionuclide interac­
tions with sediment and aquatic biota during transport to downstream loca­
tions were ignored, this simple routing 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. To what degree exclusion of these 
parameters from the model structure influenced Phase I preliminary dose 
estimates will be assessed in Phase II. 

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 
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were selected based on analyses of the source inventories and estimates of 
their contribution to dose (Napier 1990). The radionuclides and their 
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). 

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. Calculations were performed using the following 
equation: 

where Cj(i) = concentration of the i-th radion~clide at the j-th 
downstream river location (Ci/ft ), 

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

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

Ki • decay constant (1/day) 

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

In Equation (1), the concentration of a radionuclide in the river is 
equal to dilution times decay. Equation (1) is used only to calculate 
radionuclides; concentrations of radionuclides in the river bed sediments 
were not calculated for Phase I. The assumptions implicit in using Equa­
tion (1) and the limitations in calculating radionuclide concentrations in 
the Columbia River are the following: 

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

• 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. 

( 1) 
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• Radionuclides are completely mixed, or uniformly distributed in a 
cross section of the river, at any locatio~ 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 of 
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 of the tributaries of the Columbia River. Each tributary enters the 
Columbia River in a different subreach. 

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 
discharges or flow rates for the Columbia River and its tributaries are 
provided in Richmond and Walters (1990). These authors also list the average 
monthly discharges of the Columbia River in each subreach for 1964 through 
1966. The discharges for each subreach were calculated by summing the 
discharge for the Columbia River and any tributaries entering the subreach. 

Travel times for radionuclides suspended in the water column were esti­
mated. Using a set of flow-time curves calculated by the U.S. Army Corps of 
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FIGURE 2.3. Columbia River Subreaches for Phase I of the Water Pathway 
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Engineers, Richmond and Walters (1990) estimated approximate travel times 
for each subreach. These travel-time estimates are used to account for 
radioactive decay in the various subreaches of the river, based on the 
half-lives 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 to be adequate for 
Phase I. 

Monthly averaged radionuclide mass-flow rates and daily measurements of 
radionuclide concentrations in reactor effluent used in the Phase I calcula­
tions are from Owen (1967). The samples were collected before the effluent 
entered the retention basins, but the values recorded were corrected for 
4 hours of decay and therefore reflect the concentrations of radionuclides 
discharged to the river. Richmond and Walters (1990) summed the monthly 
average mass flow rates for the dominant radionuclides for all of the oper­
ating reactors. 

Sensitivity analyses will be conducted in Phase II to determine if 
additional modeling is needed to provide data missing from earlier periods or 
from specific locations of interest along the river. 

The general logic of the HEDR model is shown in Figure 2.4. The model 
uses two large data bases for input: the output of the river water modeling 
discussed above, and a collection of available monitored fish concentrations. 

The fish concentration data base is derived from the reported individual 
samples taken from each stretch of the Columbia during the years 1964-1966. 
Sufficient detail was available to develop seasonal distributions of data for 
the radionuclides phosphorus-32 and zinc-65 for three types of fish: 
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. 
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FIGURE 2.4. Conceptual Diagram of the HEDR Columbia River Pathway Model 

Drinking-water concentrations are provided for three types of treatment: 
none, alum-flocculation used in Richland and Pasco, and well-filtration used 
in Kennewick. Transmission factors for these processes were derived from 
monitoring data at the various water treatment plants during the Phase I 
period. 

Doses from recreation (swimming and boating} are calculated as a func­
tion of the raw river water concentration. Doses from shoreline exposure 
while fishing were not addressed in Phase I. Drinking doses for each stretch 
of the river are provided for each of the cleanup systems available on that 
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stretch. Doses from fish consumption are calculated for generic diets--three 
are provided. The first is simply no fish consumption, which applied to 
between 75 and 85% of the Tri-Cities population. The second is a "low" 
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 
meals per year. 

Additional 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 in 
Phase II of 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 Drinking-Water Concentrations 

Phase I drinking water doses are based on the estimated river concen­
trations and estimates of water treatment plant transmission factors. The 
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 
concentrations were lower than in untreated river water sampled at the water­
withdrawal sites. These lower concentrations are due to water treatment, in 
the case of Richland and Pasco, and in addition to water treatment, to 
filtering of river water by soil, in the case of Kennewick, which withdrew 
water with river shore wells. 

2.3.2 Fish Concentrations 

Previously published estimates of doses to a hypothetical maximally 
exposed individual were highest for individuals who might have eaten large 
quantities of freshly caught fish of specific kinds, from specific locations, 
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and at specific times of year. Whitefish had the highest average concentra­
tions among several fish species, and highest concentrations were found in 
fish at Ringold (see, for example, Foster and Wilson 1965) . Fish not eaten 
fresh would contain reduced concentrations of shorter-lived radionuclides 
such as phosphorus-32. 

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

2.3.3 Population Distributions 

The communities of Richland, Kennewick, and Pasco accounted for up to 
80% of the use of treated Columbia River water for drinking between Hanford 
and the river 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 later phases. 
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3.0 PRELIMINARY 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 relatively lower doses. Dose distributions were calculated for 
"reference individuals," individuals who shared certain characteristics, as 
illustrated with the following example. 

By "walking" through Figure 3.1, individuals who lived in the Phase I 
area during 1964-1966 can estimate the range of dose values that might apply 
to them and how likely these doses were. For example, if one ate less than 
20 meals of Columbia River fish per year, fished upstream of Richland, and 
lived in Richland, then one's estimated dose is in the range identified by 
number 12 in Figure 3.2. The doses for this category range from 0.04 to 
approximately 0.07 rem (0.0007 Sv). The distribution in Figure 3.3 provides 
additional information about doses to Richland populations. This figure 
shows the median, percentage of doses between two values, and the percentage 
of doses greater than a specific value. The entire range of doses by river 
reach, organ, year, and exposure pathway are shown in Appendix C. 

As is clear from Figures 3.1 and 3.2, the highest doses were received by 
individuals who consumed large quantities of fish from areas above Richland 
and who drank untreated, or raw, river water. (Some individuals might have 
used Columbia River water not treated by municipal treatment plants.) Doses 
from drinking water are lower at Pasco than at Richland and lower at 
Kennewick than at Pasco (Figure 3.4); this reflects dilution and travel time. 
The lower doses in Kennewick reflect the use of a well field along the 
Columbia. Several radionuclides are filtered by the soils through which they 
travel from the river to the adjacent wells. 

Figure 3.5 depicts the relative importance of the various river pathways 
for people in the Tri-Cities who consumed fish from the Columbia River, drank 
treated river water, or boated and swam in the river. 
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FIGURE 3. 1. Guide to Establish Dose Category for 1964-1966 
Residents in Phase I Study Area (See 
Figure 3.2 for ranges of estimated doses) 
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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. 
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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 
objectives. First, sufficient historical information was retrieved and 
reconstructed. Second, preliminary conceptual and computational models were 
constructed to deal with uncertainties and to establish the foundation 
for extensive sensitivity analyses to be conducted in Phase II. Finally, the 
data and modeling approach were sufficient to produce credible, although 
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FIGURE 3.3. Preliminary Estimated Doses from Columbia River 
Exposure Pathway, 1964-1966 (Richland residents) 

clearly preliminary, dose distributions. These objectives were attained by 
demonstrating that the range of preliminary dose estimates includes inde­
pendent, 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 of workers and schoolchildren. 

3.1.1 Previously Published Dose Estimates 

Dose estimates for offsite populations, first published in 1957, have 
cont inued to be published annually in monitoring reports. Figure 3.6 com­
pares the previously published estimates for 1964-1966 with HEDR Phase I 
prel iminary dose estimates (median values) (Foster and Wilson 1965; Foster 
et al. 1966a,b; Honstead and Essig 1967; and Honstead et al. 1967). The 
historical "average" or "typical" cummulative exposure (1964-1966) of a 
Richland resident was 0.03 rem (0.0003 Sv). Approximately 50% of the 
Richland population was likely to have received doses greater than 0.035 rem 
for the period 1964-1966. Additional detail is attached in Appendix C. 
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FIGURE 3.4. Phase I Dose Estimates from the Drinking-Water 
Pathway for Richland, Kennewick, and Pasco 
Residents, 1964-1966 (median values) 

3.1.2 Whole-Body Counts 

Approximately 4,700 records of whole-body counts of workers are avail­
able for the period 1964-1966. These records show the amount of one radio­
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 
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 of 
HEDR-calculated doses attributable to zinc-65 (Figure 3.7). Previously 
publ ished whole-body measurements of zinc-65 in schoolchildren are also 
sl ightly lower than HEDR-calculated body burdens of zinc-65 (Endres et al. 
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FIGURE 3.5. Relative Importance of Fish, Drinking-Water, 
and External Exposure Pathways (Richland 
residents, 1964-1966) 

1972) . These comparisons indicate that the HEDR model appears to produce 
dose estimates consistent with actual measurements from the 1960s . 

3.2 BACKGROUND RADIATION 

One way of placing the preliminary Phase I doses in perspective is to 
compare them with doses from background radiation. 

Annual background doses (including radon) in the Richland area are 
about 0.36 rem (0.0036 Sv) per year (National Council on Radiation 
Protection and Measurements 1987; Jaquish and Bryce 1989). The 99th 
percentile dose (1964-1966) for an individual who drank untreated river water 
and ate up to 200 meals of fish caught in areas of highest radionucl ide 
concentrations above Richland was 0.23 rem (0.0023 Sv) . It is t herefore 
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FIGURE 3.6. Previously Published Dose Estimates for 
1964-1966 (average values) Compared with 
HEDR Dose Estimates (Richland adults, 
drinking-water pathway, median values) 
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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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likely that few, if any, people in the Tri-Cities received cumulative 
(1964-1966) doses from the river pathway that were higher than the annual 
average background. 
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4.0 EXTRAPOLATIONS OF DOSE ESTIMATES TO OTHER TIMES AND LOCATIONS 

Later phases of the HEDR Project will address dose estimates for periods 
other than 1964-1966 and for populations downstream of the Phase I study 
area. Estimates of doses for the period 1957-1972, when the last of the 
original eight production reactors was shut down, are available in published 
reports and, as shown in this report for the period 1964-1966, provide a 
reasonable estimate of doses to average and maximally exposed individuals in 
Richland. Doses for the period 1944-1956 can be extrapolated from estimates 
of power levels and from environmental measurements. As shown in Figure 4.1, 
power levels were considerably lower in the early years of operation when 
fewer reactors were operating, resulting in much lower releases of radionu­
clides to the Columbia River. 

Extrapolations of dose estimates to 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, concentrations of 
radionuclides that accounted for most of the drinking-water dose at these 
downstream locations were about 10% of the concentrations at Richland (Foster 
and Wilson 1965). 
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FIGURE 4.1. Estimated Power Levels at-Hanford Reactors 
(Harty et al. 1978) 
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APPENDIX A 

HEDR PUBLICATIONS - TO DATE 



Publication Publication 
Title Author Date No. 

Hanford Environmental Dose Reconstruction Project Monthly Haerer, HA Monthly PNL-8450 HEDR 
Report 

Work Plan for the Hanford Environmental Dose Reconstruction Haerer, HA 1989 PNL-0696HEDR 
Project REV1 

Proposed Approach for Developing Information on Population Food Rhoads, RE. 1989 PNL-6803 HEDA 
Consumption and lifestyles of Native Americans in the HEDA and Bruneau, 
Study Area CL 

Summary Report of HEDA Workshop on Sensitivity and Uncertainty Sagar, 8., and 1989 PNL-SA-16804 
Analysis Liebetrau, AM HEDR 

Demographic, Agricultural, Food Consumption, and Lifestyle Beck, OM, et al 1989 PNL-0834 HEDR 
Research for the Hanford Environmental Dose Reconstruction 
Project 

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

A History of Major Hanford Operations Involving Radioactive Ballinger, MY, 1989 PNL-6964 HEDR 
Material and Hall, RA 

Summary of Workshop on Milk Production and Distribution, Beck, OM, et 1989 PNL-0975 HEDR 
November 30, 1988 • HEDA Project al. 

Feasibifrty of Using 1291 Concentrations in Human Tissue to McCormack, 1989 PNL-6889 HEDR 
Estimate Radiation Dose From 131 1 'M) 

Hanford Environmental Dose Reconstruction (brochure) Bruneau, Cl 1989 PNWD-1323 
HEDR 

Aadionuclide Sources and Radioactive Decay F1gures Pertinent to Heeb, CM 1989 PNL·7177HEDR 
the HEDR Project 

Uncertainties in Source Term Calculations Generated by the Heeb,CM 1989 PNL-7223 HEDR 
ORIGEN2 Computer Coda for Hanford Production Reactors 

Atmospheric Transport and Dispersion Ramsdaii,JV 1989 PNL-7198 HEDR 
Modeling lor the Hanford Environmental Dose R9COnstruction 
Project 

Preliminary Summaries lor Vegetation, River and Drinking Water Woodruff, RK 1989 PNL-SA-17641 
and Fish Radionuclida Concentration Data (DRAFT) HEDR 
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Publication Publication 
Title Author pate No. 

Atmospheric Transport Modeling and Input Data for Phase I of the Ramsdell, JV, 1989 PNL-7199 HEDA 
Hanford Environmental Dose Reconstruction Project and Burk, t<:W 

Fission-Product Iodine During Early Hanford-Site Operations: Its Burger, Ll 1989 PNL-7210 HEDR 
Production and Behavior During Fuel Processing, Off-Gas 
Treatment, and Release to the Atmosphere 

The Hanford Environmental Dose Reconstruction Project: Byram, SJ 1989 PNL-SA-17658 
Background Information (flier) HEDR 

Summary of literature Review of Risk Communication Byram, SJ 1989 PNL-7226 HEDR 

Milk Cow Feed Intake and Milk Production and Distribution Beck, OM 1989 PNL-7227 HEDR 
Estimates for Phase I 

Estimations of Traditional Native American Diets in the Columbia Hunn, ES and 1989 PNL-SA-17296 
Plateau Bruneau, CL 

Estimates of Columbia River Aadionuclide Concentrations: Data Ric:hmond, 1990 PNL-7248 HEDR 
for Phase I Dose Calculations Walter 

Evaluation of Thyroid Radioactivity Measurement Data From Ikenberry, T 1990 PNL-7254 HEOR 
Hanford Workers, 1944-1946 

1-131 in Irradiated Fuel at Time of Proc&Ssing From December Morgan, LG 1990 PNL-7253 HEDR 
1944 Through December 1947 

Population Estimates for Phase I Beck, OM 1990 PNL-7263 HEDR 

Estimates of Food Consumption Callaway 1990 PNL-7260 HEDR 

Soil Ingestion by Dairy Cattle Darwin, RF 1990 PNL-SA-17918 
HEDR 

Computational Model Design Specification for Phase I of the Naoier, BA 1990 PNL-7274 HEDR 
Hanford Environmental Dose Reconstrudion Project 

Selection of Dominant Radionuclides for Napier, BA 1990 PNL-7231 HEDR 
Phase I of the HEDR Project 

A Preliminary Examination of Audience-Related Communications Holmes, CW 1990 PNL-7321 HEDR 
Issues: Hanford Environmental Dose Reconstrudion Project 

MESOILT2. A Lagrangian Trajedory Climatological Dispersion Ramsdell, JV 1990 PNL-7340 HEDR 
Model 

Draft Summary Report HEDA Staff 1990 PNL-7410 HEDR 

Draft Air Pathway Report HEDR Staff 1990 PNL-7412 HEDR 

Draft Water Pathway Report HEDR Staff 1990 PNL-7411 HEDR 
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MODELS AND INFORMATION USED IN HEDR SURFACE-WATER CODE 
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MODELS USED 

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

CF m,l,s,n . Bm s n = Wm l n 
' ' ' ' 

B m, s,n 

w m, 1 , n 

concentration in fish during month m, at loca­
tion l, for species types, for radionuclide n 
(Ci/kg) 

= bioaccumulation factor for month m and fish 
types for radionuclide n (dimensionless) 

species 

= water concentration 
location l (Ci/1). 

of radionuclide n during month mat 

2. Drinking-Water Concentration 

where 

CD = T • W • e- •n tw m,l,c,n c,n m,l,n 

CD = m,l,c,n concentration of radionuclide n in drinking 
location 1 when adjusted by cleanup process 
month m (Ci/1) 

water at 
c, during 

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

cleanup 

A0 =radiological decay constant for radionuclide n (days-1) 

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

3. Dose From Swimming 

where DS 

DSa,l,m ~W l · ES • F n m, ,n a,m s,n,a 

a, 1 ,m 

ES m a, 

= dose from 
(rem) 

swimming to age group a at location 1 for month m 

exposure time spent swimming for age group a during month m 
(hours) 
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F s,n,a = dose rate factor for swimming 
group a (rem/hour per Ci/1) 

for radionuclide n and age 

4. Dose from Boating 

where 

DB • !: W • EB • F /2 a,l,m n m,l,n a,m s,n 

08a,l,m"' 

F /2 • s,n 

dose rate for boating for age group a at location 1 during 
month m (rem) 

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

assumption that dose rate boating is 1/2 dose rate 
swimming. 

5. Dose from Drinking Water 

DWa,l,m • L: co1 · EW • F1 n ,m,c,n a,m ,n,a 

where owa,l,m a dose from drinking water at location 1 to age group a 
during month m (rem) 

F • I, n, a 

consumption rate of drinking water for age group a during 
month n (1/month) 

ingestion dose factor for radionuclide n for age group a 
(rem/Ci) 

6. Dose from Fish Consumption 

where OF 

OF • L: L: CF EF • F a,l,m n s m,l,s,n a,m,s I,n,a 

a, l ,m = dose to age group a at location 
consumption of fish (rem) 

n = number of radionuclides 

s = number of fish species types 

1 during month m from 

EF • a,m,s consumption rate of fish of species type s during month m 
by age group a (kg/month) 
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Parameter Distribution Type Used in the Surface-Water Model 

Parameter 

CF m,l,s,n 

B m,s,n 

w m, l ,n 

CD m,l,c,n 

OS a, 1 ,m 

ES a,m 

F s, n, a 

DB a, 1 ,m 

EBa,m 

OW a, 1 ,m 
EW a,m 
F I, n, a 

OF a, 1 ,m 
EF a,n,s 

Distribution Type 

calculated distribution for radionuclides phosphorus-32 
and zinc-65 

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 norma 1 

1 og normal 

calculated distribution 

censored normal 

calculated distribution 

censored normal 

1 og normal 

calculated distribution 

triangular 
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TECHNIOU:S FOR SELECTI~G REALIZATIONS 
FROM ARBITRARY DiSHusuTIOus 
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~~_:;"'~IT!-!!" "OP TH~ G ~~:l_t.i!ON F ~~='' ~s 
F~Ot" s;L;CTEQ :::;Q6ABjL:iY D!SIRjRUT:ONS 

by 

A. M. lie!::etrau 

;anuary IS, 1990 

Hanfora Environmental Dose Reconstruc~ion Projes: 

Pacific Northwest Laboratory 
Richlano, WA 99352 

1.0 SW·t'~.!P." ;.NO IN'i~ODUCTiON 

The purpose of this reo;ort is to document algori":.hms fer genen.ting sc.m­
ples from the probability distributions that are being, or may ~e, used in 
the calculation of dose estimates and uncertainties. Algorithms are pre­
sented for generating realizations of random variables with the following 
distributions: 

• U(a,b) 

• LU(c,)l) 

T(a,b,c) 

LN(e,r') 

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

a ioguniform distribution over the intervai (~,p), a< p 

a triangular distribution over the interval (a,c) wi:h mode 
at b, a :::;: b ::::; c 

a normal (Gaussian) distribution with mean !.! and 
variance cZ 

a lognormal distribution with mean e and variance r~. 

~ach a1gori~nm requires the generation of random numbers or values ~rom 
a U(O.I) distribution. It is an:icipated that (pseudo) random ,umbers wi1i 
be generated using c~rrently available system routines. Secausa random 
numbers are crucial to the generation of realizations from any distribution, 
an alternative algorithm is presented in Section 4.0 for generating (pseudo) 
rc.noom numbers in case the system r-andom number generator proves unacceptabie 
for some reason. 
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2.0 GENERAL MET~ODS FOR UNIVA~!ATE QISTR!BUTIONS 

A funda~en:a1 method that theoretically works for any univariate distr~­
bution is the Inversion MethOG. This method, which requires the inversion of 
the c:umul at i ve eli s:l"'ibut ion func: ion (ccf). is based on the fall owi r.s theorem 
of prcOability (see ~load, Graybill, and Sees 1Si4, p. 202): 

if X i!: a random vari ab 1 e wHh c:'..lmulat i ve di s:ri but ion function F, then 
the random v;;.r".~~le U, defined by U • F(X), has a uniform distribut1on 
over the inter•:al (0,1). 

In pract~ ce, real i ;:at~ ens are obtai ned by generating a pseudo-ra:-~dom number u 
(a reali:atior. cf a U(O.l) random variable), settjng this number eqt:al to U 
in the above theo~a~, and solving for X. For each realization u, this pro­
cedure yieid: the realization x • F-l(u) of the random variable X. The 
Inversion 1-1e:hod is shown schemat i ca 1l y in Figure :. The ut i1 ity cf the 

F(x) 

u 

x • F 1 (u} X 

FTGURC !. The Inversion Method of Generating Realizations from the 
Cumulative Distribution Function F: xis the realization 
that corresponds to the random number u. 
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-~.-- - ···-.;--·,..·· . ·-· -- . ~ ... -·-

I nve:-s; an Methac is 1 ; rr.i teC by the di ffi cu 1 ty of a~:a i ni ng F-1; consequent i y, 
alte~native methods are preferable for many distributions whose cdfs are 
difficult to invert. Tne Inversion Method is used to generate realizations 
fr::l::l ur.;7orm ar.d t:-iang:.:lar d~Hributions. 

7ecnn;ca1 Nc:e· If F 1S not cont1nuous, then there exist values cf 
u far wi'nch ~-l(u) is nat well defined. In this case. x SMuid be 
taken as the largest value to x0 such that F[x) ~ u. i.e., 
x0 • supx F[x) s u. 

A second method for generating reali:ations of s~ecified distributions 
is ~Y means of ~:"'a:-:sfor:::ations. If Y is ob:a:neC: by :ra~sfon:.c:tior from the 
var~atlle X, say Y • g(X), ther~ realizations of Y c~:. be cbtai:~ed by a;J;::i~1in~ 
:ne transformation g to realizations of X. iransformations are used to 
cenerate ioaunifor:;; variates from uniform variates anC: locnor:r.a~ variate:; 
-.,."'_, norma,- var~ a tes. Transforma t i ens may a 1 so be used tO generate U (a. b) 
vahates from U(O,l) variates and N(,u,a2) variates from N[O,l) variates. 

In addition to the two general methods identified above, special methods 
exist that are efficient for specific distributions. The Sox-Muller 
aigorithm given in Section 3.4 is a special method for the generation of 
s~andard normal variables [e.g., N(O,l) variabies]. 

The algorithms obtained by applying the methods in this section to the 
distributions listed in Section 1.0 are civen in Se:tion 3.0. A coed 
overview of methods for generation of reilizations from univariate distri­
butions is given in Chapter Z cf Johnson (1987); a more extensive discussion 
is found in Chapter 5 of Bratley, Fox, and Schrage (1983). 
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3.0 ALGCR!iHr-'S FOR S£L£CEQ D!STRISUT!ONS 

ihe rnve~~1on Hethod is used to obtain U(a.b) variates fr-or:: pse'JCo­
;-a:;cc:n varia:..es. [f X has a :J(a,b) distribution, then the ccf of X is 

{ 
0. x ::;: a 

Fu{x) • I X - a)/{b - -' .,. a ~ x < " - " 

I ' X , b 

:n the inte:-val a < x < ~. Fu{x) • (x - a)/{b - a), so F~l is given by 

x • Fu(x) (b - a) .;. a 

Therefore, we obtain the following algorithm for generating a realization x 
from a U{a,b) distribution. 

Alnorithm 

Step 1. Generate a pseudo-random number u from the U(O,l) distribution. 

Step 2. Compute x • u {b - a) + a. 

~ef~~ences 

r:nan and Shortencarier (1984, p. 18) 
Mood, Graybill, and Bees (19i4, p. lOS) 
Any standard statistics textbook. 

3.2 The Lcouniform Distribution 

Log uniform variates are obtained by transforming uniform variates. 8y 
definition, the random variable Y has a loguniform distribution over the 
interval (cz, .B), cz < .B. a> 0, !3 > 0, if, and only if, the random variable X 
• 1n Y has a uniform distribution over the interva·. (a,b), where a • ln a and 
b ,. ln .!3. From this definition, ~': follows that 

Fu(x) "' (x - in a:)/(in f3 - ln a:) 

or 
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X a Fu(x}{ln 6 • ln c) .,. ln a 

fol" ln c:!:: 
generz:: j :-:g 

x ::;;. ~n p. 7hel"efol"e, '"e ot:ajn 
a rea: ization x fror.: a L:..:(c:. E) 

the folicwino 
distribution: 

algorithm fer 

Alc:ori::-:~ 

Step 1. Gcnera:e a pseudo-random numoer u frorr. a U(O,l) distribution. 

St=p 2. C:::m-oute 'f .. ex: [u (in e · ln c:) '""ln c:J. 

I · s· • · l'"e< ·.·'-1 man anc nor.encar1cr .~ , p. 

3.3 lhe irianoular Oiitribution 

The Inversion Method is used to obtain realizations from a triancular 
distribution. If X has a triangular distribution over the interval (i,c) 
with mode b, then the cdf of X is 

a, 
(x - a) 

2 I [I c a)(b- a)], 

Fr(x) • L:.J. - lx ~ b - ~c:](x • bJ, 
c - a (c a)(c-b) 

' I' 

Note that at x '" o, Fr(x) ,. :=r(b) .. (b - a);'(c - a). 
the fo i 1 owing a i ;ori :hr.: for generat i r.g a rea 1 i :a~i on 
distr-ibution wlth parameters a, ::,, and c, a.::;, b::;; c. 

Alcor~thm 

x :$: a 
a :$: x s b 

b S X s c 

X <': C 

inverting Fr(x) y1e1cs 
x from a tl"ianguiar 

Step 1. Generate a pseudo-random number u from a U{O,l) distribution. 

Step 2. If u :$: (b - a)/(c - a) 

Set u .. Fr(x),. (x a) 2;'[(c- a)(b- a)] 

Compute x .. a+ [u(c - a)(b- a) ]liZ 
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Ste~ 3. Ctr.erwi se, 

Set u z ~_(x) • ~ 
1 ::: - a 

lx • 
(c 

b-2cllx-bl 
a)(c - b) 

Ccrr:-pute: x z c- [(b · c) 2 + (~ • a)(c- b)- u(c- a)(c- b;]~'2 

!.':ian and Shor":.encarier (l984. p. 20) 
Johnson and Katz (1970) 

3.4 ~he Normal Qist~ibu~ion 

The inverse of the cCf of a no~ally distributed random variac1e X 
cannot be expressed in closed form, so the inversion method is not the ~ethod 
of choice for generating normal variates. The method used to generate normal 
variates, which is due to Box and Muller (1958), involves transformation of a 
pair of pseudo-random numbers to obtain a pair of s":.andard normal variates. 
These are further transformed to obtain a pair of reaiizations from a normal 
distribution with mean J.l and variance ~. 

The Box-Muller algorithm is an efficient method for generating simpie 
random samples of normal variates, but it may not be as efficient for Latin 
Hypercube Sampling, which involves partitioning the range of the simulated 
variables. To generate normal variates using Latin Hypercube S~ling, it is 
desirable to use an algorithm that generates specifieC perc:ntag~ points of a 
normal distribution. The algorithm cited below, due to Beasley a~d Sori~~e~ 
{19i7}, is used for this purpose. · · 

The 3cx·Mui 1 e ... 1!.1 a oro~ ':hm 

Step I. Generate i~dependent 
U(O,l) distribution. 

pseudo- random numbers Uj and u2 f:-om the 

Step 2. Compute g, • H ln u, )112 cos ( 2-:r u,) 

g, • H l n u~ J~" sin(Z-:r u,} 

Step 3. Compute x, • og, ... j.J. 

x, .. 0'9z + " 

ihe quani.ities x, and x, are independent reaiizat~ons frcrn ' norma 1 
distribution with mean !.l. and variance a'. 
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S~ep 4. (optional} 

y, • g, 

y, .. ;q. + (1-;-:) 1
" g~ 

are co~ou~e~ for some~. ·1 s p s 1, then 
stanaarc bivariate (~ • 0. !Jo:! .. 0, a, 2 • 
with ccrre1ation coefficient p. 

y ~ and 
l , a ' ' 

'h are raaliza~ior.s from a 
'"1) normal distr~but~on 

Box and /1ui1er (1953) 
Abramowitz and Stegun (19i0, p. 953) 
Johnson (1987, p. 29) 

Aloorithm for Comou:ino Percentaoe Po~nts of the ~ormal Distribution 

Aioorithm AS III, due to Beasley and Sprinoer (1977', is used to cal­
cuh";.e Percentage points of the normai dis-.ribufion in connection wit~ Lat;n 
Hypercube Sampling methods. The algorithm is fast, numerically accurate, and 
portable without modification. FORTRAN code far implementing Algorithm 
AS III is given in the reference cited. 

3.5 The Loonarmal Distribution 

Log normal variates are obtained by transferring normal variates. By 
definition, the random variable Y has a lognormal dist!"'ibution 'Hith mean 9 
and variance rl if, and only if, the random variable X • ln Y has a normal 
distribution with mean fJ. and variance c-', where 

;J."' 1r. I 6' I 
' 

(C) 

This 
from 

definition y",eids the following algorithm for generating 
a lognormal distribution with mean 9 and variance r2. 

a real i:ation y 

Aloorithm 

Step l. 

Step 2. 

Generate a realization x from a normal distribution with 
mean fJ. and variance ~. where~ and a2 are comouted usino 
Equat~cn (1) above. (See algor~t.1ms 1n Section 3.4 for -
generating normal realizations.) 

Compute y"' exp (::::). Then y is a realizat~on from a 
lognormal distribution wit.1 mean e and var~ance rZ. 
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Iman and Shor:encarier {1984 p. 17) 
Crow and Shlrni~u (1988) 
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Each alaorithm in Section 3.0 reauires the generation of va~ues from 2 
U(C,!) distribution. It is anticipated that the pseudo-random nu~ber aene~­
atcr ava;1a:J;e on the ;::!ji. VAX networK wiii prove aoequate f~r HEJR P~oJec.t 
dcse c;;lculations anC related t.:ncertaint:,: ar.a:_vses. !n case the ~ystem 
gene~ator proves inadec;uate for some reason, and for :r.e s;;.ke of 
ccrncleteness. a pseudo-random numoer generator is give!'1 here. The selec.:ec 
generator is due to Wicnmann and Hill (1982) and produces U(O,l) realizations 
by co.mbining the results of three multiplicative congruential generators. 
The algorit!':m is short, reasonably fast. statistically sound, and machi:"~e 
1ndepe~dent.. A ~ORTRt..:l i:npie:.:ent.ation 1s given below. On :nach:r.es tna~ use 
cn~y Z3 bits ~or representation of the frac':1cr.a: jjart of a real nurr.be:--. i: 
is ocssi~le for :his ;;.igo~ithm to produce exact ::eros beca:.:se of round'.-,~ 
er~or: see 11cl..eod (1985) for a discussion of this oroblem ana possibie -
modifications. /..n extensive discussion of unifor.n random nu:nbe; gene:a:ors, 
inciuding the algorithm presented he;e, is found in Chapter 6 of Brat~ey. 
Fox, and Schrage (:983) . 

. A.1oorithm AS 183 ('Wic!'lmann and Hill) 

c 
C AI.CiCRITHM AS 183 APPL. STA.TlST. (1982) V0\..::31, P.~!8 
c 
C ll!l'URHS A Pttt.DC·RANCIQM II..MBEit R!:CTA.HGtll.AI!LY OISTl!IIIJTED 

&En.'ES.II C ANC11. 
c 
C IX, 1Y Al(l lZ SKCUUI aE SET TO INUca VAI.IJES SEno'all 
C T ANti 3CCOO UFORE FIRST ENTR'l'. 

' C ~~~a ARJi'I!METIC UP 70 ::30323 IS ~EQ.J!REtl, 
c 

' 

c 

c~ I'AAHCI !X, !! , lZ 
!X s 171 " MCOC!X, 177) • 2 " ClX I tm 
U s ;;z • ~C!"r, :7~) • 35 " (!Y 1 ~7~) 
!Z" 170" ~>!CCC!!, 17!l • 63 " \!Z I 17Sl 

IF (!X 0) !X • :x • 3CU.9 
!i" (!~ .!..1'. Ol I~~ !"r • 30307 
::< cz .u. Dl r:::: n ~ 30323 

C I~ !N1'~li;R Aitl1'1!~!::: UP TO S.<:1Z!:.J~ IS .I.VAILA&U:, 
C THE PRECEtllNG ~ STATEIISITS Jo\AY iE .;.~ &Y 
c 
C IX " 1!1lH171 " IX, 30Z~9) 
C !Y ~ ~al(ti'Z • !Y, 3!!3C7) 
c 12 " I!CD(17'0 .. ::, ~0323) 
c 
: CN Sao!~ MOIJN£5, THIS -'lAY Sl.!Gt!TLY !HaEASE 
C THE SPEEC. ii!E ~ESULTS IIlLI. BE IOENTICAL. 

iUHCOM = ~>:XlC'LC,:.j(!:'() I 3CZ69.0 ~ I'~OAH!n I 3C!C7.~ • 
l .'LC\Hl:::J I 3C3Z:L~. 1.J) 

RETURN 
;110 
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Oate June 25, 1989 

At~ :... 1 e~e::-au 

Alcor~:~::~ ~or :n~u-: of ilnd Ge~era-:io:-: of 
Re:,::::.:~cr.s :-rom c~::lUid!;~>'e Uls:r:oto:10n 
runc::1ons 

BS Oenni s 
RO Gi liler-: 
HA Haerer 
a..:.. ~Iapier 
a Scoar 
File/L3 

,ne es:".r..at~on of dose es<:.".mate uncer..ainties will involve simula-:~ng 
re:Li:.;::ons of orcoaoility dist:-•;,u-:ions. ihe cis::-~~utions may be :he':lre:icai 
(i.e., ex:;:resse-:i in 11 functional fonn) cr empirical (estimated from real data or 
';enera:.ec Jy simulation f:-om a hypct~e-:ical distr".bt.:-:ion). The distl"ibut~cns 
~ay be usee :o describe the distribution of input ~arameters to t~e Cose model 
or tne Yarjacility of submodel out~ut variable(s). 

ihe followlna aloorithm can be used to acproximate a given c!is!ribution function 
regardless of whether it is theoretical or emoirical. The notation used in Eq. 
(1) beiow is illustrated in the attached figure. 

Ste;J (a): 

Step (b): 

Divide the range of the distribution into k intervals. For Phase I 
calculations, a maximum of k a 20 inter;als will be used. 

The interval boundaries (denoted by x's) and the cumuiative proba­
bilities (deMoted by h's) associated with the rignt-nana endpoints 
of the k intervals are: 

Whe~e ~Q ~s t~e minimum value of t~e variable and xh is the max~mum vaiue. 

ihe in~erva1s defined by Eq. (1) defined a k~segment piecewise Hnear appr-:xi­
mation to the actual input distribution. A maximum of k ~ 20 intervals will be 
used for ?hase i calculation. A smaller value of k mav be used in cases where 
an adequate approximation to the actual input distr~bution does not require 20 
intervals. Note that when the distribut1on is expressed in cumulative form, 
both the x's and the h's are nondecreasing sequences of numbers. It is conven­
ient to choose the r~presentation in Eq. (1) so that either the x' s or the h's 
are equally spaced. For the Phase [ study, we will use equal spacing of the x's. 

After a distribution such as that in Ste? (b) has been assigned to a particular 
input variable, then realization of t!le variable ma:• be generated from :he 
assigned distribution as follows: 

Step 1: Generate a pseudo-random numbe~. from the wnifo!":':t dist:"ibution o·;er 
the interval (0,1)). Deno-:e the value of :~is numoe; by h, ·~he!"e 
O<h<l. 
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,;7 Ca~ 1 i nee!'" 
.;une 26, ~989 
Page 2 

S~ep 2: 

Step 3: 

De:er-:1'11 ne t!'l.e i r.cex i, i s 

h 
~---:"'~-._, Compu-.:e x,. x .. +-.: 

1 -1 "; n. . 
' 1-. 

h 

2, ... , ;;,, sue;, t!'l.a~ h. 
1 

<: h <h .. 
'- ' 

(x. - x, , ) 
] I- J. 

1
_, 
"' 

i~e c-:.:an:'~y x c~~a1ned ':Jy (2) is ~!"le reali:;~icn of a :-::"!dcm ·1a:"~abie x wiles~ 
c:7 is give;"! by (:). Ste~s i.·3 can be repea:ed. as necessary, to ge:1era:e :he 
cesireo numcer of rea~i:at."ions f:-om t:-Je give!"l ::!"ist:-~bution . 

. !..~.LJ s 1 c 
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~~~~ Baneue 

.o 

Pacrlu; ~ort.'lwen l.1boratoroe1 

Au~ust 18. 1989 

Har.ct1:nc C~rr~latians in Ccmole'l!ent.ar·' :=-:-ac":'o;-s 

RG Gil!::e:t 
K.:. Hae!"'!T" 
A.,'-1 l iebe::""au 
a Sagar 
CL S::-ence 
p .. ,..; .. .-• C·ff~.:e 
~~ ;~,~-~; 
' '' ....... 

!n s~ve .. ~i o7 t~e caic:..~lat~c:"PS :c ~e ~e:7c:--:::e::! '"c:" ::-:e :..::::;;: ~~e.se: a::aly:es, 
a ser'.es of frac~~cns must be seleo:~ec from \nj::ut ::is':.:~::ut~or.s. :.acr of 
t:1es~ fract~cns has ::s own cis:ribu:ion. ihe resu;ts of ::-.e selec::on 
process of the f:""actions must, noweve:, sum to one, wM:c~ implies a 
correiat:on str!Jct~re. A technique is ne<e-;:.;d to har.C:1e ":!'.e c:n'':"'!iaticns 
be:-~een the vario~..:s frac::ions. 

DISCUSS~CN 

Seve:-al options are avaiiab1e. \oie could use a si;:::l:e r:..ie ti:l adjust :~e 
randcmiy drawn fractions, or we could draw the fraCtions from a ~ul:ivariate 
distribution with an assumed corre"1atlon structure. 

In genel"'al, the fractions are being gene:-ated via expert opinion. 1ne:-e is 
considerable uncertainty about many of them. No infor::~ation is curr'!ntiy 
available on correlations between the constituent parts of the st:m desired, 
other than that it is constrained to add to unity. The struct~re of !he 
procosed comcutel"' imc 1 ementati en a 1 so does not 1 end .i tse ·. f to ir:CO~?orati ng 
large correlation matrices. 

ihe question of how to handle these correlations was discussed bv SrJce 
Naoier, ;..1 1.,.iebet~au, Dick G~l~ert, and Budhi Sagar a: a meeting- on Juiy 31, 
1989. . 

CONCLUS~ONS 

tt was concluded that for Phase 1. at leas-:, a simp1e adjus~"':!ent rule wouici 
be adeoua!e, given the lack of strcna information on corre:ations. ihe 
various fractions should be d:-awn inde?endently from their distributions, ar.d 
then the sum of the results should be used to normali~e each value so that 
the total then adds to cne. 

SAN:cs 
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CO~RESPONOEIICE BEIWEEN C:JLUMB!A RIVER LOCATION 
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~)saneue Pro<ect "*"'"~' ~":';'0''-------

Pac,fic Non:nwe1t ~o;oornor"~' 

H;. riae .. er 
~~ .·:::s::;~ 

O~te ~C ;1~:::-:rnanc 
P'"cjec<; Office 
Fi1e/L3 •0 

From 

C:;l"'"e~::c:-::::e"':e :e:· .... ee!'l C::Jiu:::aia l:!ive:- ~:ca:ic!"t -:nd 
~~~" ~e!"t~US £~:::v151C!"t ~r·c ::::l~:S 

~·c::::-. :f :.":e ?,a:e : eff8l"'t ~as ;cne ir.:a de:'i:-t:!"tg ;:arame:ers ':.a use fc:" :.:-:e 
a:.::os;:.1e:-ic c:~s:Je!"'Sicn p:::r:i:ns of :he HE!JR ca1c:.:1a:~cns. Pr:cor:~one.ily 
1 ess effcr: has !:leen expenC:ec on tl1e surface wa:e:- pa:n· .... ays. Hcweve!"', 
:e•~ni:•.co of ttle var~ous locations of pote~.t~a·t exa'Jsure :o ::-.e ri·te:- C':" ':.o 
r~'le:--reiated prcduc:.s (· .... ate!'", fish, irrigated faces) is also necessa:-y. 

DISCUSSION 

Ted Poston, who was asked to accumulate and evaluate data en radionuciide 
ccnce!'.':l"a-..~ons of fish in :!'le Co"1uamia Rive!" fer 1964-1956, devised a 
conve~ticn far collectina data based on sampling locations. ihese areas 
are (memo, T. M. Poston to Di~tributicn, June 12, 1989, "location cf Fish 
Sampling Sites"): 

Pr1 es~ R.ap i os 
Hanford 
Coyote Rapids 
Rinaold 
Ric~ land 
Island View 
eur!:lank 
Mcflar; 

,l.ccioximate ~~v~:- .~ne 
390 
365 
283 
354 
345 
335 
322 
zg.a. 

The f~rs: three of these locaticns are inside of the Hanford Site, and t!":us 
of ;:;inimai impor':ance for public exposure considerations. 1ne o.:ne!'S, 
however, are stre':cr~es of the river for whic:l public ac:ess is available. 

CONCL'.!SIONS 

I have comnared Ted's river Stietches to our HEOR census subdivistons on the 
mao. There is a very convenient correspondence for the publicly available 
locations, as follows: 

,:;;neola 
Ric:liana 
tsland Vie\.,. 
Surbar.K 
Mc::ary 
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HE~R Cens'-IS Subcivision 
FK4 
SEi, r K::: 
""" tl c:..: ' 

.. , 
r~ ... 

, .... OE.:. >'!,..,.!, .. , 
:.c.~' lj~.ja. 



-· 

;:.u:::.~s~ 

Pa;e 2 
... 'C"'C -~C-

Note t~at each stretch of the r~ver ~ouc:"!es t·o<~o sub,.ivisior::;, cne en e~t.":er 
s~ce, if scme minor overiacs are ior.oreC. (-;"he 3e~ton C~untv side of :."le 
ri~:-.-;::::ld 5":.-:"o:!::~ is st',ll Manf.:Jro Site). Give:1 t."1e inexact na.::.H·e cf ::.'1e 
selec:~or.s, :.":is · ... cu1d see:n ::; tle re.ascnaole. 

These divisions should be used for the ::-a:'lsoor-:, demog .. aphy, and ~cse 
caic:.Jlations reQI.Iire1 for Phase 1. 

;,:,,·/: cs 
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DOSES BY RIVER STRETCH, ORGAN, YEAR, AND EXPOSURE PATHWAY 



DOSES BY RIVER STRETCH, ORGAN, YEAR, AND EXPOSURE PATHWAY 

The following five tables present summaries of the radiation doses 
calculated for Phase I of the HEDR Project. The doses presented in these 
tables are in units of rad (or rem) for the lower large intestine (labelled 
GI Tract) and bone marrow and are in rem for the effective whole-body dose 
equivalent (labelled EDE). Each table presents the results for a single 
stretch of the Columbia River, as described in the main report. These five 
stretches are Ringold, Richland, Pasco/Kennewick, Burbank, and McNary, as 
illustrated in Figure 2.3. For each stretch, the results are presented as 
annual summaries for 1964, 1965, and 1966 and as the cumulative dose that 
would have been received had an individual who lived as defined for the 
entire three years. 

Doses are presented by exposure pathway. Those labelled "External" 

include exposures from swimming in and boating on the Columbia River. The 
doses presented for drinking water are given in three potential formats: 

Drinking 1: Consumption of raw Columbia River water, no drinking-water 
treatment. 

Drinking 2: Consumption of Columbia River water treated with the alum­
floc process used in the Richland and Pasco water treatment plants. 

Drinking 3: Consumption of Columbia River water obtained through near­
river wells before treatment. 

Only the types of drinking water applicable to a given stretch of the 
river are included in the tables (e.g., the Richland stretch has only type I 
and type 2). 

Although most residents of the Tri-City area do not fish from the 
Columbia River, however, two groups of fish consumers were identified. The 
doses to individuals labelled "Low Fish" are assumed to eat between 1 and 20 
meals per year of fish taken from the Columbia River. Those labeled "High 
Fish" are assumed to eat between 21 and 200 meals per year. The fish are 
assumed to come from the given river stretch. (The doses presented in the 
main report are combinations of the doses from drinking water in Richland and 
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eating fish from either the Ringold or Burbank stretches of the 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. The fifth percentile, 
median (fiftieth percentile), and ninety-fifth percentile doses from each 
distribution are presented in the tables. Because of the nature of the Monte 
Carlo calculation process, the uncertainty in doses outside of these ranges 
is 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. 
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------- ·-------- -------------------------------------------- Rl ve r Stretch 1 

GI Tract BONE EDE 
SCh 50th 95th 5Ch 50th 95th SCh 50th 9~th 

1904 

External 0.00011 0.00061 0,00118 0.00018 0.00065 0.00159 0.00023 0.00073 0,00142 

Drinking 1 0.0'1016 0 .1J062 0.22329 0.00607 0.01257 0.02148 0.01042 0.01896 0.02986 

Low Fish 0.04017 0.06584 0.10815 0. 00049 0.00074 0.00128 0,00473 0.00'/55 0,01290 
High Fish 0.21'115 o. 34250 0.57596 0. 00261 0.00393 0.00661 0.02527 0.03961 0.06741 

1965 

External 0. 00024 0. 00046 0.000'16 0. 00023 0.00047 0.00081 0.00027 0.00055 0. 00092 

n 
Drinking 1 0.04060 0.08703 0.16079 0.00428 0.00893 0.015'16 0.00682 0.01212 0.01894 

w 
Lo¥1 Fish 0. 03532 0.06290 0.12488 0. 00039 0.00065 0,00114 0,00390 0.00664 0.01318 
High Fish 0.18912 0.31627 0.6676'/ 0. 00207 0.00346 0.00624 0.020'14 0.03512 0.06608 

1966 

External 0.00015 0.00026 0.00043 0. 00016 0.00031 0. 00050 0.00019 0.00034 0. 00054 

Drinking 1 0.03191 0. 06410 0.10581 0.00349 0.00713 0.01192 0.00515 0.00976 0.01555 

Low fish 0.0231'1 0.03'113 0.06532 0. 00029 0.00044 0.00072 0.00271 0.00440 0.00745 
High Fish 0.12165 0.19362 0.32008 0.00154 0.00233 0.00362 0.01499 0.02300 0.04059 

1964-1966 

External 0.00082 0. 00132 0.00198 0. 00090 0.00156 0,00252 0.00102 0.00165 0.00246 

Drinking 1 0.19894 0.29394 0.41622 0. 02056 0.02972 0.04107 0.02994 0.04180 0. 05517 

Low Fish 0.12464 0.171'18 0.24705 0.00143 0.00192 0.00272 0.01449 0.01915 0.02817 
High Fish 0.65158 0. 90255 1.27554 0,00741 0.0100'/ 0.0142'1 0.01762 0.10216 0.14858 



klver Stretch 2 --------------------------------------------------------

GI Tract BON~ EDE 
5ch 50th 95th 5th 50th 95th SCh 50th 95th 

1964 

E:xternal 0.00068 0.00115 0.00172 0.00076 0.00131 0. 00201 0.00089 0.00141 0. 00220 

Drinking 1 0.06776 0,12450 0.20166 0.00877 0.01636 0.02559 O.Oll71 0.02106 0.03301 
Drinking 2 0.04568 0.08543 0.14202 0.00455 0.00861 0.01410 0.00758 0.01349 0.02086 

Low Fish 0,03593 0. 055ll 0.09359 0.00041 0.00060 0.00100 0.00313 0.00590 0.01003 
High Fish 0.18202 0.29005 0.47911 0.00215 0.00311 0.00532 0.01995 0.03106 0.05236 

1965 

External 0.00042 0. 00013 0. 00111 0.0004'1 0.00081 0.00125 0,00041 0.00088 0.00138 

Drinking 1 0.04658 0.08634 0.13821 0.00592 O.Olll6 0.01781 0.00805 0.01354 0.02006 
Drl nking 2 0. 02960 0.059ll 0.10340 0. 00312 0,00584 0. 00981 0.00498 0.00911 0.01376 

n 

~ !.ow Fish 0.03101 0.05216 0. 09461 0.00035 0.00056 0.00098 0.00346 0.00590 0.01096 
High Fish 0.16591 0. 28393 0. 52113 0.00183 0.00296 0.00529 0.01815 0.03052 0. 05177 

1966 

External 0.00025 0,00043 0.00068 0,00021 0,00049 0,00077 0. 00030 0.00051 0. 00092 

Dtlnking 1 0.03283 0.06091 0.10168 0. 00521 0,01022 0. 01662 0.00618 0.01065 0.01662 
Drinking 2 0.02151 0,04269 0,07281 0.00259 0.00495 0.00866 0. 00393 0.00104 0.01069 

Low Fish 0,01903 0.03173 0.05918 0.00022 0.00034 0.00058 0.00201 0.00347 0,00609 
High Fish 0.10246 0.16529 0.30381 0,00ll6 0.00119 0.00299 O.Oll10 0.01812 0.03112 

1964-1966 

External 0.00169 0.00234 0. 00306 0.00193 0.00267 0.00348 0.00214 0.00293 0.00380 

Ddnking 1 0.19648 0.21396 0. 37215 0.02631 0.03801 0.05111 0.03323 0.04621 0. 05953 
Drinking 2 0.12901 0.19261 0.25169 0.01341 0.01961 0.02663 0. 02116 0.02996 0. 03994 

Low !'ish 0.10812 0.14837 0.21075 0.00118 0.00156 0.00215 O.Oll69 0.01590 0.02262 
High Fish 0.56189 0.16333 1.10055 0. 00625 0.00822 0.01166 0.06013 0.08372 0.11898 



klver Stretch 3 --------------------------------------------------------

GI Tract BONE mE 

"" 50th 95th 5ch 50th 95th 5th 50th 95th 
1 '.l6 4 

External 0.00032 0. 00061 0.00095 0. 00033 0,00066 0.00103 0.00040 0. 00073 0.00116 

Drinking 1 0.05289 0.10389 0.17163 0.00596 0,01071 0.01685 0.00848 0.01523 0.02361 
Drinking 2 0.03797 0.06805 0.10845 0.00286 0.00579 0.00930 0,00527 0,00920 0.01450 
Drinking 3 0.00840 0. 01814 0.03270 0.00108 0.00231 0.00490 0.00187 0,00365 0.00586 

Low Fish 0.02776 0.04292 0.07188 0. 00028 0.00043 0.00078 0.00285 0.00448 0. 00747 
l!lgh Fish 0.14409 0.22238 0. 36892 0.00146 0,00224 0,00364 0.01550 0.02450 0.04017 

1965 

External 0.00002 0. 00004 0. 00006 0.00003 0.00005 0,00007 0.00003 0.00006 0. 00009 

n Drinkl ng 1 0,03616 0.06529 0.11321 0. 00322 0,00623 0,00981 0,00516 0.00925 0.01467 
Drinking 2 0. 02431 0,04689 0.07248 0. 00164 0,00326 0,00575 0.00368 0.00648 0.01028 

~ Drinking 3 0. 00653 0.01517 0.02949 0. 00070 0.00148 0,00292 0,00126 0.00261 0.00469 

Low Fish 0. 02569 0. 04301 0,07960 0.00026 0,00043 0,00081 0.00268 0.00463 0.00905 
High Fish 0.13554 0.22599 0.43703 0,00136 0,00219 0,00413 0.01437 0.02382 0.04410 

1966 

External 0.00001 0,00002 0,00004 0,00002 0,00003 0.00004 0.00002 0.00003 0,00005 

Drinking 1 0.02403 0,04720 0,07114 0,00291 0,00629 0. 01065 0.00405 0.00731 0.01120 
Drinking 2 0,01606 0. 03234 0,05548 0,00154 0,00321 0,00589 0.00251 0.00481 0. 00783 
Drinking 3 0.00460 0.01028 0. 01934 0.00059 0.00138 0.00288 0,00093 0,00209 0.00354 

Lmv Fish 0. 01532 0.02513 o. 04386 0, 00015 0,00025 0,00044 0. 00161 0.00266 0,00473 
High Fish 0,07979 0.12824 0.22230 0. 00081 0,00128 0,00221 0.00834 0,01377 0.02414 

1964-1966 

External 0,00038 0.00067 0.00105 0,00041 0,00073 0,00113 0,00048 0.00081 0.00124 

Drinking 1 0.15605 0.22153 0.31119 0. 01673 0.02374 0.03210 0.02300 0. 03238 0.04465 
Drinking 2 0.10273 0.14789 0. 20024 0. 00854 0,01253 0,01732 0,01501 0.02073 0.02741 
Drinking 3 0. 02957 0.04500 0. 06805 0. 00335 0,00550 0.00868 0. 00592 0.00845 0.01157 

Low Fish 0. 08503 0,11616 0.16507 0,00086 0.00116 0.00167 0.00906 0,01226 0.01767 
High Fish 0.44782 0,60183 0.87760 0,00445 0.00591 0. 00827 0.04776 0,06479 0.09469 



River Stretch 4 --------------------------------------------------------

GI Tract BONE EDE 
5th 50th 95th 5th 50th 95th 5th 50th 95th 

196~ 

External 0.00003 0,00008 0. 00013 0. 00004 0.00008 0.00013 0.00004 0,00009 0.00015 

Drinking l 0.03118 0.05516 0.08671 0.00335 0.00617 0.01107 0,00444 0. 00775 0.01208 

Low fish 0.01418 0.02300 0. 04271 0,00014 0,00022 0,00038 0,00147 0,00247 0,00463 
High F1 sh 0. 07851 0.12202 0.22143 0,00014 0.00ll5 0.00223 0.00761 0.01210 0,02183 

1965 

External 0,00001 0.00002 0,00004 0,00002 0,00003 0.00004 0,00002 0,00003 0,00005 
n 

~ 
Drinking 1 0.01898 0.03607 0.05579 0,00247 0,00470 0,00737 0,00306 0,00530 0,00846 

Low Fish O.Oll82 0. 01921 0,0))89 0.00012 0,00019 0.00035 0,00ll9 0,00200 0.00353 
High Fish 0,06206 0.09814 0.17476 0.00062 0.00098 0,00164 0. 00629 0,00996 0.01750 

1966 

External 0.00001 0. 00001 0,00002 0. 00001 0,00002 0.00003 0,00001 0,00002 0,00003 

Drinking l 0.01492 0,02609 0.04015 0.00200 0.00429 0.00722 0.00242 0.00455 0.00677 

Low Fish 0.00716 0.01120 0.01940 0.00007 0,00011 0,00019 0,00073 0,00118 0,00214 
High Fish 0.03735 0.05870 0.10071 0.00036 0.00055 0.00096 0.00401 0.00622 0.01035 

1964-1966 

External 0.00007 0.00012 0. 00018 0.00008 0.00012 0.00018 0.00010 0.00014 0.00020 

Drinking 1 0' 08544 0.11916 0.15849 0,01099 0.01612 0.02200 0.01316 0. 01782 0.02315 

Low Fish 0.04227 0. 05681 0.08226 0,00039 0,00054 0,00078 0,00444 0. 00592 0.00865 
High Fish 0.21296 0. 29307 0.42534 0.00201 0,00278 0.00415 0. 02288 0.03075 0.04382 



~~~~~-------------------------------------------------------- Rlve~ Stretch 5 --------------------------------------------------------

GI T~act BONE EDE 
5Ch 50th 95th 5ch 50th 95th 5th 50th 95tf] 

l%q 

£xte~nal 0. 00001 0.00002 0.00002 0.00001 0.00002 0,00003 0.00001 0,00002 0,00003 

D~ink1ng 1 0.01327 0. 02614 0.04172 0.00199 0.00432 0.00752 0.00237 0,00406 0,00621 

Low Fish 0. 00371 0.00553 0.00824 0.00004 0,00006 0,00008 0.00040 0,00058 0,00085 
High Fish 0.01965 0. 02840 0.04273 0.00021 0,00029 0,00041 0.00202 0. 00297 0.00455 

1965 

Exte~na1 0.00001 0.00001 0.00002 0,00001 0,00001 0,00002 0.00001 0.00002 0.00002 
n 

~ 
D~inking 1 0.00950 0.01698 0.02740 0.00130 0.00264 0.00464 0.00163 0.00278 0,00441 

!.ow Fish 0.00348 0.00528 0.00788 0. 00004 0.00005 0.00008 0.00036 0.00055 0. 00091 
High Fish 0.01828 0.02663 0. 03987 0.00019 0.00027 0.00042 0.00185 0.00282 0.00428 

1966 

Exte~nal 0.00000 0.00001 0.00001 0.00000 0.00001 0.00001 0.00001 0.00001 0.00002 

Drinking 1 0.00681 0. 01292 0.02182 0.00158 0.00374 0,00757 0.00144 0.00267 0,00428 

Low Fish 0.00199 0.00302 0.00465 0,00002 0.00003 0,00005 0.00021 0.00032 0.00051 
High Fish 0.01046 0. 01556 0. 02402 0.00011 0.00016 0.00024 0. 00110 0.00164 0.00264 

1964-1966 

External 0,00003 0.00004 0.00005 0.00003 0.00004 0,00005 0.00004 0.00005 0.00006 

Drinking 1 0,04051 0. 05695 0.07632 0. 00719 0.01101 0.01597 0. 00722 0.00969 0.01298 

Low Fish 0. 01094 0.01401 0.01810 0.00012 0,00015 0,00019 0,00116 0.00148 0.00198 
High Fish 0,05717 0.07297 0.09341 0,00061 0.00074 0.00092 0.00598 0.00762 0.00986 
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