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The differences in rankings of WAGS between the MEPAS and O R N W D  
formulations are partly the result of different parameter values and models used. Because 
the uncertainty of risk assessment parameters results in large differences in calculated risks 
and ranking of WAGS, the overall effects of parameter uncertainty were considered in an 
uncertainty analysis. Uncertainty analyses are needed to reliably rank waste sites according 
to potential risks associated with site contaminants. Uncertainty analysis indicates that the 
greatest potential risk to human health via surface water exposure pathways is posed by 
WAG 1; WAGS 2, 6, and 7 (WAGS 2, 6, 7 are combined to form one hypothetical WAG); 
and WAG 4. The results of the study using uncertainties about all model parameters indicate 
that the WAGS should be considered for further investigation, or remediation, in the 
following order: (1) WAG 1; (2) WAGS 2, 6, and 7 (combined); and WAG 4; (3) WAGS 3, 
5, and 9; (4) and WAG 8. When uncertainty about all model parameters is propagated 
through the calculations, WAG 1 risks may not be distinguishable from the risks of WAGS 2, 
6, 7 (combined) and WAG4. These risks cannot be distinguished, nor can the risks 
attributed to WAGS 3, 5, and 9. 

Several parameters contributing to the uncertainty in the total risk at each WAG are 
common among all WAGS. Most notable among these parameters is the risk conversion 
factor for exposure to radionuclides. Holding these parameters constant to account for only 
the uncertainty in parameters unique to the risk assessment for a particular WAG would 
reduce the overall relative uncertainty for each WAG and thus decrease the extent to which 
the error bounds between WAGS would overlap. When additional calculations are made 
using only the uncertainty in contaminant concentrations, there is less ambiguity in the 
rankings. This simplified procedure indicates that the WAGs should be ranked in the 
following order: (1) WAG 1; (2) WAGS 2, 6, and 7 (combined); and WAG 4; (3) WAG 5; 
(4) WAG 9; (5) WAG 3; and (6) WAG 8. 

The deterministic MEPAS modeling effort ranked the WAGS as follows: WAG 5, WAG 
7, WAG 4, WAG 6, WAG 1, WAG 2, WAG 9, and WAG 3. If exposure to currently 
contaminated sediment and floodplain soil were to be considered, WAG 2 would probably be 
ranked first. This exposure route, however, was not considered explicitly in the current 
analysis. 

The uncertainty analysis indicates that the dominant contaminant contributing to 
potential health risks over all pathways is 137Cs with the greatest 137Cs contribution to risk 
being acquired through fish ingestion. The two pathways contributing most to ?3R 
attributable risks are the f sh  and water ingestion pathways. 
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ABSTRACT 

The Waste Area Groupings (WAGS) at the Oak Ridge National Laboratory (ORNL) 
were reranked with respect to on- and off-site human health risks using two different 
methods. Risks associated with selected contaminants from each WAG for occupants of 
WAG 2 or an off-site area were calculated using a modified formulation of the Multimedia 
Environmental Pollutant Assessment System (MEPAS) and a method suitable for screening, 
referred to as the ORNL/ESD method (the method developed by the Environmental Sciences 
Division at ORNL) in this report. Each method resulted in a different ranking of the WAGS. 

The rankings from the two methods are compared in this report. All risk assessment 
calculations, except the original MEPAS calculations, indicated that WAGS 1; 2,6,7 (WAGS 
2,6,  and 7 as one combined WAG); and 4 pose the greatest potential threat to human health. 
However, the overall rankings of the WAGS using constant parameter values in the different 
methods were inconclusive because uncertainty in parameter values can change the calculated 
risk associated with particular pathways, and hence, the final rankings. Uncertainty analyses 
using uncertainties about all model parameters were used to reduce biases associated with 
parameter selection and to more reliably rank waste sites according to potential risks 
associated with site contaminants. Uncertainty analysis indicates that the WAGS should be 
considered for further investigation, or remediation, in the following order: (1) WAG 1; 
(2) WAGS 2,6, and 7 (combined); and 4; (3) WAGS 3, 5, and 9; and (4) WAG 8. 





1. INTRODUCTION 

1-1 PURPOSE OF WORK 

1.1.1 General 

Operations and waste disposal activities began at the Oak Ridge National Laboratory 
(ORNL) in the 194Os, and these activities have introduced a variety of wastes into the 
environment. In recent years, concern has increased about the potential for adverse health 
effects and impacts on the environment from contaminant releases from waste sites, and 
numerous regulations regarding environmental contaminants have been promulgated. The 
intent of environmental regulations such as the Resource Conservation and Recovery Act 
(1976) and the Comprehensive Environmental Response, Compensation, and Liability Act 
(1980) is to minimize potential impacts of contaminants on human health and the 
environment. 

Numerous contaminated areas across the country have been identified. Because finances 
are limited, it has become necessary to evaluate the contaminated sites and determine which 
areas pose the most immediate or greatest potential threat to the environment. Potential 
impacts to human health and the environment can be evaluated through risk assessment 
calculations. Estimates of risk provide a quantitative means for ranking or prioritizing 
contaminated areas for investigation and remediation. 

1.12 ORNL waste Areas 

Several Waste Area Groupings (WAGS) on the Oak Ridge Reservation (ORR) contain 
and release contaminants to the environment. Although remediation of all the areas may be 
desirable, it is not practical to achieve this goal for all areas simultaneously. A method must 
be employed to evaluate the order in which the areas should be considered for site 
characterization and, perhaps, remediation. The method selected for ranking of waste sites 
at ORNL is risk assessment. The method discussed in this report invohes a screening 
approach which uses human health risk as an end point (rather than other end points such 
as regulatory concentration limits). Uncertainty analyses are conducted so that a level of 
confidence can be placed on the ranking of the waste areas. 

1.2 PREvIouswoRK 

An initial ranking of ORNL waste sites was based on the results of the Multimedia 
Environmental Pollutant System (MEPAS) model (Whelan et  ai. 1987, Droppo et  al. 1989). 
This model includes transport pathway and exposure pathway modeling and is used to rank 
potential risks to human health. The rankings are based on a risk related number identified 
as the Hazard Potential Index (HPI). The ranking effort was directed by DOE’S Office of 
Environmental Audit, and technical support was provided by NYJS Corporation, Washington, 
D.C. An overview of the preliminary environmental surveys of waste sites at ORNL is found 
in USDOE (1991). 
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In a previous report (Shevenell and Hoffman 1991), the MEPAS methodology is 
evaluated and flaws identified. Because some of the practices could result in unrealistic 
rankings of the ORNL waste sites, additional investigations were warranted. Based on the 
results of this previous work, the following items were selected for further investigation and 
changes: transport pathway modeling, bioaccumulation factors and transfer coefficients, 
contaminant concentrations, maximum individual exposures associated with each Waste Area 
Grouping (WAG), calculation of risks rather than HPIs, and performance of uncertainty 
analyses. 

It was also reported in Shevenell and Hoffman (1991) that the risks associated with 
various end points (intruder, maximally exposed off-site individual, average off-site individual, 
risk to the off-site populations) should be calculated separately. As a result, different 
exposure scenarios are calculated and used to rank the ORNL waste sites in the current 
effort. 

1 3  APPROACH 

13.1 Contaminant Concentrations 

Four radionuclides were selected for ranking of WAGS because these contaminants are 
believed to be among the most important at ORNL WAGS. The contaminants selected were 

137Cs, %r, and 3H. In the original MEPAS rankings, consumption of fish contaminated 
with polychlorinated biphenyls (PCBs) was the dominant exposure pathway for WAG 2; 
however, WAG 2 is not the original source of the PCBs. Although WAG 1 is the suspected 
source of the PCBs, the true source is unknown; consequently, this contaminant is not 
considered in the current work. 

Because it is difficult to ascertain how source concentrations were obtained for previous 
MEPAS rankings, new source concentrations were developed. Also, because the true 
concentrations of contaminants buried in each of the WAGS are unknown, modeling of the 
groundwater pathways (leaching through the WAG and groundwater transport to surface 
water discharge) was abandoned. Without reliable input concentrations, calculated 
concentrations in water discharging from the subsurface to surface water will be approximate 
at best. Also, studies by Moore (1989) indicate that only =3 cm of the yearly average 
precipitation of =132 cm (or =2 to 3%) recharges the shallow aquifer and that average fluxes 
in groundwater are relatively small. This suggests that deeper groundwater flow to off-site 
locations may be negligible in comparison to stormflow and shallow groundwater discharge 
to surface streams on site. Hence, measured concentrations and flow rates of surface water 
were used to calculate risks associated with each WAG, because the majority of contaminants 
are believed to discharge to on-site surface streams. 

The concentrations in surface water previously used in MEPAS are not directly 
comparable to those used in this report. The MEPAS concentrations were calculated based 
on estimated source inventories, whereas the current values were measured at monitoring 
stations presumed to be near WAG discharge locations. Many of the source inventories in 
the previous MEPAS rankings are considered unreliable because of the paucity of data from 
which these estimates were derived. 
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Although the groundwater transport pathway is important, yet is not considered explicitly 
in the current work, its effects on surface water concentrations are implicitly incorporated. 
Surface water contaminants are derived, in large part, from shallow groundwater flow through 
waste areas and groundwater discharge to on-site surface streams adjacent to WAGS. This 
connection between groundwater and surface water on the ORR has been and mntinues to 
be studied in the Oak Ridge Reservation Hydrology and Geology Study (ORRHAGS) 
program (D. K. Solomon, OWL, personal communication to L. Shevenell, 1991). In the 
current work, it was deemed inappropriate to make predictive calculations of groundwater 
contaminant concentrations because substantial uncertainty exists about the amounts and 
types of contaminants contained in each waste area. Without realistic and reliable 
contaminant inventories at the WAGS, no realistic predictions of groundwater contaminant 
concentrations can be made. The original MEPAS formulation attempted predictive modeling 
based on insufficient information. The current work addresses this issue by using current 
surface fluid concentrations, largely a function of groundwater transport, which are known to 
impact the environment. It is assumed that ail exposure is through surface water use and 
contact (i-e., no water wells are assumed to be drilled on the WAG). 

The new contaminant flux rates were obtained from concentration and flow rate data 
from surface water monitoring stations (Borders e t  al. 1989; Kornegay 1990) (see Fig. 1 for 
locations). Note that WAG 1 is the main ORNL plant area. J. R. Trabalka (of ORNL, 
personal communication with L. Shevenell, 1991) made crude estimates of current 
contaminant fluxes based on the data in these reports using the following scheme: 

1. 

2. 

3. 

4. 

5. 

6. 

The White Oak Dam (WOD) flux minus the X14 and X13 fluxes was attributed to 
WAGS 2, 6, and 7. This total was divided by 3 to partition the flux between the three 
WAGS. 

The Melton Branch 2 and the High Flux Isotope ReactorKransuranium Processing 
Facility pond stations were used to estimate flux at WAG 8. 

WAG 3 flux was attributed to the Northwest Tributary (NWT) flux. 

WAG 4 flux was calculated from X14 flux minus GS3 flux. 

The Melton Branch X13 flux minus the WAG 8 flux was attributed to WAGS 5 and 9. 
Except for the case of 3H, this flux was divided by 2 to partition the flux between the two 
WAGS. All 3H is attributed to WAG 5. 

WAG 1 flux was obtained from the GS3 flux minus the WAG 3 flux. 

These concentrations (flux divided by discharge rate) are used to calculate risk associated 
with surface water. Note that these values may be underestimates of actual release 
concentrations as a result of some contaminant adsorption (i.e., 1 3 7 ~ )  onto sediments 
between the release and monitoring locations. Risks associated with surface water 
contamination are modeled, and the following pathways are considered: vegetable, fuh, beef, 
water, and milk consumption; inadvertent water ingestion; shoreline exposure; swimming; 
boating; and bathing. 



ORNL-DWG 9lM-13859 

P 

Fig 1. Locations of the WAGS and the surface water monitoring stations discussed inthisreport. 
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1 3 2  ModefParaxaeters 

Because Shevenell and Hoffman (1991) found that bioaccumulation factors and transfer 
coefficients used by MEPAS were not associated with any analysis of reliability for 
site-specific evaluations at the WAGS, a comparison was made of rankings based on the 
MEPAS formulation and parameters and those recommended by the National Council on 
Radiation Protection (NCRP) for screening-level assessments. Generic screening calculations 
are recommended when site-specific data are not available. The current screening approach, 
referred to in this report as ORNL,/ESD (the method used by the Environmental Sciences 
Division at O W L ) ,  uses methods recommended by the NCRP and the International Atomic 
Energy Agency (IAEA) (IAEA 1982). The recommended parameter values were evaluated 
for applicability to local conditions. As a result, several were adjusted to more accurately 
reflect local farming and consumption patterns. The ORNLESD screening approach uses 
parameter values and equations that have been derived by national and international 
committees for use in the absence of site-specific data. This ORNUESD method is a 
screening tool used to determine which contaminants and waste sites may be important and 
which are clearly unimportant. Neither this method, nor the MEPAS method, can be used 
to reliably rank waste sites without the use of uncertainty analysis. 

1 3 3  Model Formulation 

Different philosophies are associated with the ORNWESD and MEPAS models. 
MEPAS calculations assume a 70-year lifetime exposure to contaminants, whereas the 
ORNWESD rankings are based on a 30-year exposure period [based on Environmental 
Protection Agency (EPA) Risk Assessment Guidance; Directive 9285.6-031. The 70 years 
used in the MEPAS formulation is an extreme value. The 30-year value is also conservative 
given that individuals in the population are unlikely to live in the same locality for an entire 
30-year period, with most moving from a location every 9 years (EPA 1991). 

Another difference between the ORNLESD and MEPAS formulation is that the 
MEPAS formulation considers the estimated active lifetime of a WAG in the calculations in 
determining fluxes and concentrations associated with particular WAGS. For instance, a 
&year active lifetime for WAG 2 decreases the concentration associated with the WAG by 
multiplying the estimated concentration by 40/70 years (40/70 = active lifetime divided by 
exposure time). In the ORNLESD calculations, the release is considered to be continuous 
and not related to an "active lifetime." For each ranking effort in the current work, two 
MEPAS-type calculations were made: one using the active lifetime of the system (Le., with 
time weighting) and one neglecting the active lifetime of the system (Le., without time 
weighting). This was done because the use of active lifetimes of 6.4 to 110.4 years for some 
WAGS in the original MEPAS work appears to be arbitrary, and this practice results in 
altering measured fluxes and concentrations for no apparent reason. Also, the fact that a 
WAG is no longer active does not mean it no longer contributes to surface water 
contamination resulting from surface runoff and subsurface leaching. For this reason, the 
practice of using active lifetime is not followed in the ORNL/ESD calculations, and the 
different methods of calculation are compared (see Sect. 2.1). 

Another difference between the original MEPAS formulation and the current ranking 
scheme is that the ranking of WAGS is now based on calculated risks rather than the HPI 
[see discussion of HPI in Shevenell and Hoffman (1991)l. In the current analysis, the risks 
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associated with particular contaminants and pathways are tabulated. The risks over all 
contaminants and all exposure pathways are then summed for each usage location to 
determine the relative health risk associated with exposure to each WAG’S contaminants at 
the usage location. The WAGS are ranked in descending order with respect to total risk. 
Additional differences between the two methods (Le., transfer and usage factors) are outlined 
in Sect. 2.2. 

13.4 UnCertaintyAnalysis 

The calculated risk depends on the model parameter values selected; hence, an analysis 
was conducted to determine the uncertainty associated with these calculated r isks based on 
uncertainty in model parameters. Large uncertainties are associated with many model 
parameters, such as transfer factors, dose conversion factors, consumption rates, exposure 
durations, etc. Any rankings obtained without an uncertainty analysis are unreliable because 
of large inconsistencies in the amount of conservatism used to quantify model parameters for 
specific contaminant and exposure pathways. In the current work, the uncertainty about the 
model parameters is propagated through the risk assessment calculations to determine if the 
risks associated with the particular waste areas can be distinguished (Le., if they differ 
significantly). The ORNL waste sites were then ranked based on risk to human health. 
Ranking of the sites is ultimately used as one component of prioritization for the purpose of 
scheduling site investigation and remediation activities. Currently, EPA Superfund Guidance 
(EPA 1989) indicates that the maximally exposed individual is to be targeted in risk 
assessment calculations. Consequently, this work predominantly focuses on the maximally 
exposed individual. 
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2. MEPASAND0RNuEsDRA"GS 

2.1 BACKGROUND 

Individual health risks attributable to each WAG have been calculated using the revised 
MEPAS formulation (with the noted changes to the original formulation, both with and 
without using active lifetime as a consideration) and ORNL/ESD formulations. It is assumed 
that all of the equations used in the ORNLiESD and MEPAS formulations adequately 
represent the conditions and variables leading to the calculated risks. Both methods utilize 
similar equations for exposure, and all calculations were made on a spreadsheet. The WAGS 
have been reranked based on these calculations and are compared with the original MEPAS 
rankings in Table 1. Although calculated risks are larger for on-site than for off-site usage 
locations, the ultimate rankings listed in Table 1 do not differ between on-site (WAG 2) and 
off-site (Clinch River) usage locations because the only difference between the usage 
locations is the contaminant concentration associated with each WAG. The off-site 
concentrations are consistently lower than those on-site due to the greater flow rate at the 
Clinch River receptor which acts to dilute concentrations associated with each WAG by an 
equal amount. 

The rankings were the same €or each hypothetical human receptor (over all exposure 
pathways) because the only difference between receptor locations was the value of 
contaminant concentration in surface water (over all exposure pathways). Hence, the overall 
risks associated with human exposure at each receptor location assumed in this analysis differ 
only by a dilution factor, which is constant among WAGS. For ease of analysis, only two 
receptor locations are considered in the discussion: WAG 2 (on-site) and Clinch River Mile 
9.5 (off-site). The same pathways are modeled at both receptors. It is assumed that the 
concentrations associated with the WAG 2 receptor frrabalka calculated fluxes divided by 
discharge over WOD (J. R. Trabalka, ORNL, personal communication with L. Shevenell, 
1991)] are evenly distributed in WAG 2 surface water, with no variability in surface water 
concentrations with location in WAG 2. The current Clinch River receptor is not the same 
one considered in the original MEPAS rankings, yet the results are comparable because the 
two sites should only vary by a dilution factor, if all other variables are equal. However, 
several differences exist between the original and current rankings including different source 
concentrations, transport pathways, time weightings, etc., all of which contribute to calculated 
risks (see Sect. 2.2). 

Differences between the rankings exist for several reasons in addition to the ones 
mentioned thus far. Consumption of deer meat, previously attributed solely to WAG 2 in the 
original MEPAS calculations, is not considered in the current ranking exercise. The home 
range of deer on the ORR encompasses an area larger than any single WAG. Thus, it is not 
reasonable to attribute the risk associated with eating deer meat to only one WAG. Also, a 
different set of equations is used in MEPAS to calculate 3H exposure than for exposure to 
the other contaminants (Whelan et al. 1987, Droppo et  al. 1989). The screening formulation 
used in this report simplifies 3H exposure by assuming one-third of the water in a human body 
is derived from surface water at the location of interest, which is WAG 2 for on-site exposure 
or Clinch River Mile 9.5 for off-site exposure (IAEA 1982). In addition, potential human 
exposure to the current contaminated floodplain and lake sediments of WAG 2 is not taken 
into consideration, 
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Table 1. Ranking of ORNL W A W  

Original MEPAS with MEPAS without oRNWEsD 

(WAG No.) 
MEPAS time weighting time weighting 

Rank 
No. 

(WAG No.) (WAG No.) (WAG No.) 

I 

I1 

111 

IV 

V 

VI 

VI1 

VI11 

IX 

1 

4 

5 

9 

3 

2b 

6' 

7b 

8 

1 

4 

2b 

hb 

7b 

5 

9 

8 

3 

"Rankings are receptor independent. Future tank releases were not 
considered in the original MEPAS formulation, nor in the ORNLESD 
formulation, for WAGs 1 and 5. Hence, future risks associated with WAGs 1 
and 5 may be higher than those calculated in this work. 

them. 
bWAGs 2, 6, and 7 have the same calculated health risks associated with 
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22 INTERPREI'ATION OF RANKINGS 

Table 1 lists the overall rankings of the WAGS produced using the two versions of 
MEPAS and the ORNLESD screening formulation. Tables 2 through 7 list the health risks 
associated with each receptor and calculation method. 

The final risks summed over all contaminants and all pathways are not consistently higher 
or lower with the ORNLESD screening approach than those calculated using the MEPAS 
parameters. Differences in transfer factors (Tables 8 and 9), usage factors (Table lo), and 
pathway modeling account for variations in ranking among methods. Most usage and 
consumption rates used in ORNWEsD are higher than those of MEPAS, suggesting overall 
risks should be greater in the ORNLESD results because of greater exposure to 
contaminants. Comparing the health risks associated with swimming, boating, and shoreline 
activities, one finds that ORNL/ESD risks are consistently higher (up to two orders of 
magnitude) than those of MEPAS. This results in part because larger O R N L M D  usage 
factors are specified for a hypothetical, maximally exposed individual. In some cases, these 
usage factors differ from those assumed in MEPAS by a factor of 150 or more. In addition, 
the ORNLESD accumulation of contaminants in sediments exceeds that calculated using the 
formulation in MEPAS. Hence, risks associated with these pathways in the O R N W S D  
method are higher than those calculated by MEPAS. 

Table 11 lists the order of importance of each pathway in determining health risks. Ebth 
versions of the MEPAS formulation, with and without time weighting, indicate the same order 
of importance, with vegetable consumption being the dominant pathway. The higher risk 
associated with vegetable consumption may result from the larger irrigation flux used by 
MEPAS (1200 L m-2 year-' compared with a more site-specific value of 240 L m-2 year-' 
employed in the ORNLBSD formula tion). Likewise, the higher contaminant accumulation 
in sediments causes the shoreline exposure pathway to be dominant in ORNLESD 
calculations. 

Although not considered explicitly in this analysis, risks associated with potential exposure 
to the currently contaminated flood plain and dredged lake sediment could be included in 
future assessments. Table 12 lists yearly doses presented in Loar et al. (1987) for on-site 
exposure to contaminated floodplain sediments. Doses associated with WAG 2 (on-site), 
which currently include surface water exposure but not exposure to floodplain sediments, are 
included for comparison. Hence, additional risk will be attributed to on-site exposure when 
currently contaminated floodplain sediments are considered in the formulation. These risks 
would likely dominate if public access to WAG 2 were to be permitted. The dominant 
sediment and floodplain contaminant is 137Cs. 

Comparing on- and off-site risks (i.e., Tables 2 and 5), one sees that off-site risks 
associated with ail contaminants are lower than those on-site, as expected. However, the 
overall ranking of the sites remains unchanged, which is the objective of this work. If 
determination of absolute risks associated with particular receptors were the objective, clearly 
a higher risk would be attributed to an on-site receptor. The ORNWESD screening approach 
clearly determines that the off-site risk associated with surface water releases &om the WAGS 
is negligible (i.e., all calculated health risks are <lo", which is not distinguishable from a 
background cancer risk of lo"). Although off-site risks are low, the remainder of the analysis 
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arbitrarily focuses on off-site risks because selection of receptor location does not alter the 
ultimate rankings of the WAGS as was discussed in Sect. 2.1. 
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Table 2 Individual health rkk from expure to radian-: 
clinch River Mile 95 using MEPAS and no time weighting 

6oco 1 3 7 ~  %r 3H Total 

WAG 1 

WAG 2 

WAG 3 

WAG 4 

WAG 5 

WAG 6 

WAG 7 

WAG 8 

WAG 9 

Total 

4.4E-07 

0 

0 

0 

0 

0 

0 

3.5E-07 

0 

7.9E-07 

1.3E-05 

l.lE-06 

8.5E-08 

l.lE-06 

7.9E-08 

l.lE-06 

1.1E-06 

0 

7.9E08 

1.7E-05 

4.OE-05 

1.6E-06 

3.OE-06 

3.6E-05 

1.6E-05 

1.6E-06 

1.6E-06 

0 

1.m-05 

1.1E-04 

21E-07 

1.6E-07 

0 

1.8E-06 

6.OE-06 

1.6E-07 

1.6E-07 

6.2E-08 

0 

8.5E-06 

5.3E-05 

2.9E-06 

3.0E-06 

3.9E-05 

2.2E-05 

2.9E-06 

2.9E-06 

4.1E-07 

1.9E-05 

1.4E-04 



12 

Table 3. Individual health risk from exposare to radionuclides: 
Clinch River Mile 95 using MEPAS and time weighting 

%r 3H Total 1 3 7 ~  

WAG 1 2.5E-07 7.2E-06 2.3E-05 1.2E-07 3.OE-05 

WAG 2 0 6.3E-07 9.1E-07 9.OE-08 1.6E-06 

WAG 3 0 8.58-08 3.OE-06 0 3.OE-06 

WAG 4 0 l.lE-06 3.6E-05 1.8E-06 3.9E-05 

WAG 5 0 7.2E-09 1.4E-06 5.4E-07 2.OE-06 

WAG 6 0 l.lE-06 1.6E-06 1.6E-07 2.9E-06 

WAG 7 0 2.4E-07 3.4E-07 3.4E-08 6.1E-07 

WAG 8 3.5B-07 0 0 6.2E-08 4.1E-07 

WAG 9 0 7.9E-08 1.6E-OS 0 1.6E-05 

Total 6.OE-07 1.OE-05 8.2E-05 2.8E-06 9hE-05 
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Table 4. Individual health risk 6om exposure to radionudidex 
clinch River Mile 95 using ORNUESD and no time weighting 

6oco *'cs %r 3H Total 

WAG 1 

WAG 2 

WAG 3 

WAG 4 

WAG 5 

WAG 6 

WAG 7 

WAG 8 

WAG 9 

Total 

2SE-06 

0 

0 

0 

0 

0 

0 

2.OE-06 

0 

4.4E-06 

3.9E-05 

3.4E-06 

2.6E-07 

3.5E-06 

2.4E-07 

3.4E-06 

3.4E-06 

0 

2.4E-07 

5.3E-05 

8.8E-06 

3.5E-07 

6.5E-07 

7.9E-06 

3.4E-06 

3.SE-07 

3.5E-07 

0 

3.4E-06 

2.5E-05 

4.1E-03 

3.2E-08 

0 

3.6E-07 

1.2E-06 

3.2E-08 

3.2E-08 

1.2E-08 

0 

1.7E-06 

5.OE-05 

3.7E-06 

9.1E-07 

1.1E-05 

3.7E-06 

3.7E-06 

3.7E-06 

2.OE-06 

3.7E-06 

8.5E-05 
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Table 5. Individual health risk from e%posure to radionuclides: 
WAG 2 using MEPM and no time weighting 

%r 'H Total 1 3 7 ~  

WAG 1 

WAG 2 

WAG 3 

WAG 4 

WAG 5 

WAG 6 

WAG 7 

WAG 8 

WAG 9 

Total 

9.6E-05 

0 

0 

0 

0 

0 

0 

7.6E-05 

0 

1.7E-04 

2.7E-03 

2.4E-04 

1.8E-05 

2.5E-04 

1.7E-05 

2.4E-04 

2.4E-04 

0 

1.7E-05 

3.8E-03 

8.7E-03 

3.5E-04 

6.4E-04 

7.8E-03 

3.4E-03 

3.5E-04 

3.5E-04 

0 

3.4E-03 

2.5E-02 

4.5E-05 

3.4E-05 

0 

3.9E-04 

1.3E-03 

3.4E-05 

3.4E-05 

1.3E-05 

0 

ME-03 

1.2E-02 

6.2E-04 

6.6E-04 

8.4E-03 

4.7E-03 

6.2E-04 

6.2E-04 

8.9E-05 

3.4E-03 

3.1E-02 
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Table 6. Individual Wth risk from exposxm to radionuclides: 
WAG 2 using MEPAS and time weighting 

6oco u7cs %r 3H Total 

WAG 1 

WAG 2 

WAG 3 

WAG 4 

WAG 5 

WAG 6 

WAG 7 

WAG 8 

WAG 9 

TotaI 

5.5E-05 

0 

0 

0 

0 

0 

0 

7.6E-05 

0 

1.3E-04 

1.6E-03 

1.4E-04 

1.8E-05 

2.5E-04 

1.6E-06 

2.4E-04 

5.1E-05 

0 

1.7E-05 

2.3E-03 

5.OE-03 

20E-04 

6.4E-04 

7.8E-03 

3.1E-04 

3.5E-04 

4.4E-05 

0 

3.4E-03 

ME-02 

~ 

2.5E-OS 

2.OE-05 

0 

3.9E-04 

1.2E-04 

3.4E-05 

7.3E-06 

1.3E-05 

0 

6.3E-04 

6.6E-03 

3SE-04 

6.6E-04 

8.4E-03 

4.3E-04 

6.2E-04 

1.3E-04 

8.9E-05 

3.4E-03 

21E-02 
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Table 7. Individual health risk from exposure to radionuclides: 
WAG 2 using ORNUESD and no time weighting 

90Sr 3H Total *& 1 3 7 ~  

WAG 1 

WAG 2 

WAG 3 

WAG 4 

WAG 5 

WAG 6 

WAG 7 

WAG 8 

WAG 9 

Total 

5.4E-04 

0 

0 

0 

0 

0 

0 

4.3E-04 

0 

9.6E-04 

8.4E-03 

7.3E-04 

5.6E-05 

7.7E-04 

5.3E-05 

7.3E-04 

7.3E-04 

0 

5.3E-05 

1.2E-02 

1.9E-03 

7.7E-05 

1.4E-04 

1.7E-03 

7.5E-04 

7.7E-05 

7.7E-05 

0 

7.5E-04 

5.5E-03 

8.9E-06 

6.9E-06 

0 

7.8E-05 

2.3E-04 

6.9E-06 

6.9E-06 

2.7E-06 

0 

3.7E-04 

1.1E-02 

8.2E-04 

2.OE-04 

2.6E-03 

1.OE-03 

8.2E-04 

8.2E-04 

4.3E-04 

8.OE-04 

1.8E-02 
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Table 8. Comparison of parameters used by MEPAS vs those used in the 
ORNUESI) formulation 

Parameter 6oco mcs %r 'H 

Fish BAF" 
MEPAS 
ORNL 

Soil-plant factor 
MEPAS 
ORNL~ 
ORNL' 

Veg-milk factor, d/L 
MEPAS 
ORNL 

Veg-meat factor, dkg 
MEPAS 
ORNL 

Water purification 
MEPAS 
ORNL 

Internal dose conv., SvBq 
MEPAS 
ORNL 

Water immersion, Svb per J3qL 
MEPAS 
ORNL 

Soil contact, Sv/h per Bq/m2 
MEPAS 

50 
300 

9.4 x 103 
8.0 x lo2 
2 

5.0 x 10"" 
2.0 x 10-3 

1.0 x 1 ~ 3  
3.0 x 

0.2 
1 

7.3 x 10-9 
7.3 x 109 

8.9 x lo-'' 
8.9 x 10-l0 

7.03 x 10'* 

~ ~ ~ - ~ 

, 
ORNL 7.03 x lo-'' 1.84 x 10" 1.81 x 0 

2000 
2000 

20 x 10-3 
4.0 x lo-* 
0.2 

5.0 x 103 
1.0 x 1 0 2  

3.0 x 1Cr' 
5.0 x lo2 

0.9 
1 

1.4 X 10" 
1.4 x 10* 

1.9 x lo1' 
1.9 x lo-'' 

1.84 x 10" 

30 
60 

2.0 x lo-' 
3.0 x lo-* 
4 

1.5 x 10-3 
2.0 x IO3 

3.0 x lo4 
1.0 x lo2 

0.2 
1 

3.8 x 108 
3.8 x l@ 

3.5 x 10-13 

3.5 x lon 

1.81 x 10-14 

1 
1 

0 
0 
0 

0 
0 

0 
0 

1 
1 

1.7 x 18" 
1.7 x MY1' 

0 
0 

0 

"Bioaccumulation factors. 
bWet weight for human food crops. 
"Dry weight for pastures. 



18 

Table 9. Comparison of VegetariOn, dairy, and beef parametexs used by 
MEPAS vs those used in the ORNUESD formulation 

Parameter MEPAS ORNL 

Irrigation flux, L m.2 year-' 
Direct deposition 
Root uptake 

Veg. weathering constant, d-' 

Soil leaching constant, d-' 

Growing period, d 

Fraction of deposition retained 

Translocation factor (surface to edible) 

on edible portion of plant 

Leafy vegetable 
Other vegetable 

Crop yield, kg/m2 
Leafy vegetable 
Nonleafy vegetable 
Pasture 

Soil density, kg/m2 

Time from harvest to consumption, d 
Leafy vegetable 
Pasture 
Other vegetable 

Fraction of 3H in plants 

Fraction of feed contaminated 

Fraction of water contaminated 

Fraction of feed that is leafy 

Fraction of feed that is nonleafy 

Fraction of feed that is pasture 

Milk consumption 
Cow feed consumption rate, kg/d 
Cow water consumption rate, Wd 
Time between harvest and consumption, d 
Fraction of 'H in animal product 
Fraction of 'H in feed plant 

Cow feed consumption rate, kg/d 
Cow water consumption rate, L/d 
Time between harvest and consumption, d 
Fraction of 'H in animal product 
Fraction of 'H in feed plant 

Beef consumption 

1200 
1200 

0.0495 

60 

0.25 

1 
0.1 

2 
2 

240 

2 

60 

0.1 

1 
1 
1 
0 

55" 
60 
4 
0.11 
0.1 

68" 
50 
20 
0.1 
0.068 

243.3 
243.3 

0.0495 

2.7 x lo-' 
60 

0.25 

1 
1 

2 
2 
0.12 

200 

1 
1 

1 
1 

1 

16b 
60 
2 

12b 
50 
7 

"Wet. 
bDly. 
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Table 10. ComparisoB of usage factors used by MEPAS vs 
those used in the ORNUESD fornulation 

Usage MEPAS ORNL 

Exposure duration, years 70 30 

Exposure 
Boating, hiyear 12 200 
Swimming, hiyear 12 300 
Fishing, wear 12 12 
Shoreline, wear 12 2000 
Ground from irrigation, wear 2000 

Drinking water, wear 730 800 

Beef, kaear  94.9 100 
Milk, L,&ear 109.5 300 

Nonleafy vegetable, kg/year 189.8 45 

Human mnsumption, kgEyear 

Fish, k&ear 2.4 11.5 

Leafy vegetable, kgSear 29.9 18 

Fraction of watef 0.33 

"Fraction of body water originating from contaminated 
water system. Used in calculation of risk associated with 
exposure to 3H. 
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Table 11. Idsting of pathways in order of importance in estimating health risks 

MEPAS MEPAS 
(time weighting) (no time weighting) Rank ORNL/ESD 

1 Shoreline Vegetable consumption Vegetable consumption 

2 Fish consumption Fish consumption Fish consumption 

3 Beef consumption Drinking water Drinking water 

4 Milk consumption Beef consumption Beef consumption 

5 Drinking water Milk consumption Milk consumption 

6 Vegetable consumption Shoreline exposure Shoreline exposure 

7 Soil irrigation" Water ingestionb Water ingestionb 

8 Water ingestionb Swimming Swimming 

9 Swimming Boating Boating 

10 Boating Bathing Bathing 

11 Bathing 

contaminated water. This pathway is not considered in MEPAS. 
"Soil irrigation refers to the health risk associated with workers in fields irrigated with 

bInadvertent water ingestion during bathing. 
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Pathway Irradiation u7cs 6oco PDsr 3H Total 

I;d#ain sediments ( b u r  et a,? 1987) 

1.6 x 1W2 5.6 x lo4 2 7  x 1.8 x lo4 1.93 x 
3.77 x lo2 1 5  x 5.27 x lo2 

1.6 x lo2 5.6 X 10" 2.7 x 1O-j 1.93 x 10' 

Working Over P 
sediments ? 

Handling fishing P 
gear over .p 3.77 x 10-3 1.5 x 10'3 5.27 x 103 
sediments 

8.0 x 2.7 x io4 1.36 x io-3 9 x 10" 9.63 x 10-3 
1.89 x 10'2 7.7 x 10-3 266 x 10-2 

Shoreline activity 1.48 x lo4 0 7.59 x 10" o 1.48 x lo4 

Sun bathing on P 
sediments 4 

ORNLIESD a d  expixwe 

Irrigated soif 6.26 x lo4 0 3.22 X 10" 0 6.29 x lo4 
ORNLIESD -etmal qwsurd 

Shoreline activity 2.33 x 104 3.73 x 104 5.46 x 10-5 o 2.76 x lo3 

Irrigated soif 9.85 X l W 5  1.68 X lo" 2.31 X lo4 0 1.18 x lo4 

"Skin dose rate; no distinction made in O R N W D .  
*Effective whole-body dose rate. 
"Soil irrigation refers to the health risk associated with workers in fields irrigated with cantaminated 

dExposure at WAG 2 from contributions from a11 WAGS. 
water. Thii pathway is not considered in MEPAS. 
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3. PARAMETERUNCERTAINTY 

Because substantial uncertainty is associated with most of the parameters used in risk 
assessment, there is no guarantee of a consistent level of conservatism in calculated risks per 
contaminants and exposure pathways when constant values of parameters are used. This 
uncertainty should be incorporated into risk assessment calculations and propagated through 
the calculations to evaluate if one calculated risk can confidently be ranked higher than 
another . 

3.1 UNCTERTAINTY IN cXNUMI"T CONCENTRATIONS 

Weekly samples were collected from 1949 to 1980 and were composited proportional to 
flow in order to evaluate the annual contaminant discharge from all WAGS into the Clinch 
River (Oakes et  al. 1982). These data indicate that contaminant concentrations in surface 
waters are currently much lower than those measured in the 1950s. In all cases, peaks in 
contaminant concentrations in surface waters appeared to occur prior to 1980 (i-e., peak 137Cs 
in 1956 and peak !%r in 1958). Because dramatic, and nearly constant, decreases in total 
contaminant concentrations at WOD occurred between 1949 and 1980, this data set does not 
accurately represent the expected variability in contaminant concentrations in current 
discharges because the decreases with time appear to be considerably smaller now than those 
in the past- Also, this data set does not reflect differences in the hydrologic conditions at 
each WAG. For instance, discharge contaminant concentrations may have been increasing 
at one WAG while simultaneously decreasing at another WAG. Additional data must be 
examined to better evaluate the transient contaminant concentrations. 

Direct measurements of contaminant fluxes and concentrations from individual WAGS 
are not availablc over long periods of time (years). However, periodic measurements of 
contaminant concentration at WOD and other ORR monitoring stations are available in the 
SAS' database from 1987 to 1990. Between 12 and 54 individual samples were collected per 
year at these stations and their values averaged. Consistent increases or decreases in 
contaminant concentrations cannot be confidently assigned based on this data, in part because 
somc samples may have been collected during stormflow, while others were not. No 
consistent sampling of the surface waters occurred that could provide reliable annual 
discharge data, yet the data can be used to obtain a rough estimate on variability in surface 
water concentrations. Between 1987 and 1990, 137Cs, %r, and 3H concentrations varied 
about their means by +13 to 21%. 

Variabilities of fluxes over short time periods and variations in yearly precipitation and 
discharge over WOD are also investigated to estimate reasonable values for variations in 
yearly fluxes and concentrations from each WAG. Current knowledge of these variabilities 
is used to assist in assigning uncertainty to the modeled concentrations. These variabilities 
are not directly related to uncertainty, yet an understanding of the uncertainty in contaminant 
concentration can be surmised by noting the current variabilities suggested by a variety of data 
sources and estimating future variabilities based on the hydrogeologic conditions on the ORR. 

*SAS is the registered trademark of SAS Institute, Inc., Cary, North Carolina. 
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3.1.1 Measured Contaminant Fluxes 

Several previous studies have demonstrated that fluxes of contaminants are dependent 
on stream discharge (and shallow subsurface recharge), with higher fluxes and lower 
concentrations being observed during high-flow storm events (Huff et al. 1982, Solomon et 
al. 1989, Wickliff et ai. 1989). Contaminants are mobilized during storm events, causing 
increased total fluxes and decreased contaminant concentrations as a result of dilution during 
storm flow periods. Data collected in studies of storm flow discharge included measurements 
of 3H, *Sr, 6oCo, and 137Cs concentrations versus stream discharge at several monitoring points 
in the White Oak Creek and Melton Branch area of the ORR Monitoring of stream 
discharge and contaminant concentration generally began just prior to storm events and 
continued through storm events that lasted a few hours to a few days. The data generally 
include one or two background measurements [more in the case of ?3r in Huff et al. (1982)] 
and several (= 20 to 40) measurements during the storm. These data represent short time 
periods biased toward high discharge and high flux periods. 

Several of these data sets were examined in the current study to determine the expected 
standard deviation in contaminant fluxes over time that can be associated with contaminant 
release fiom particular WAGS during storms. The calculations indicate that variability about 
the mean can be quite large as fluxes (and concentrations and flow rates) change rapidly 
during storm events. The standard deviation about the mean for is about *170%, 
whereas those for 3H, %3r, 137Cs fell in the range of +50 to 80% of the mean value measured 
during storms. Because these reported data are biased toward high flux, high variability, and 
short time periods (storm events), these standard deviations are expected to be unrealistically 
large for periods on the order of years when low flux occurs a higher percentage of the time 
(between storms). Hence, additional calculations are made to determine more realistic 
variability of contaminant fluxes over periods of years and to compare these values with the 
periodic contaminant concentrations reported in the SAS data base. 

3.12 Precipitation and Surface Water Flow 

Records of precipitation and discharge over WOD are used to assist in estimating the 
variability of these parameters over periods of years. Because precipitation, streamflow, 
recharge, and base flow are interrelated, the variability of one process should, in general, 
reflect the variability in the other processes. For instance, in years of low precipitation, flow 
over WOD decreases, and hence, contaminant flux can be expected to decrease (and 
concentrations increase) based on the observations made by Wickliff et al. (1989) and 
Solomon et al. (1989). These data sets, as well as those reported in Huff et al. (1982), 
indicate that an inverse exponential relationship exists between contaminant concentrations 
and discharge rates at surface water monitoring stations. 

Discharge values for WOD are available in the SAS data base since 1985, whereas 
precipitation data from nearby stations (Fig. 1) are available since 1952, in some cases. The 
precipitation records for the following stations are evaluated: Atmospheric Turbulence and 
Diffusion Division (39 years), ETF (10 years), GS5 (13 years), and T49 (5 years). All four 
stations contain data for both wet and dry years, thus providing information on expected 
annual variability in precipitation (and runoff and recharge). Calculations of the mean and 
standard deviation of precipitation at these stations show that precipitation varies about its 
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mean by -f 18 to 27% over periods of 5 to 39 years. As expected, this suggests the possibility 
of a much smaller long-term variability than is calculated based on measured concentrations 
during storm events. 

The 6-year record of discharge over WOD represents wet, dry, and average years with 
respect to precipitation. As expected, yearly discharge increases in wet years and decreases 
in dry years. The variability of discharge over WOD about the mean value calculated from 
1985 to 1990 is about +30% (mean = 21331 L/min; standard deviation = +6577 L/min). 
This value is also much less than that calculated using only storm flow flux data and is similar 
to that obtained with SAS concentration and discharge data. Although a conservative 
estimate of variability in contaminant fluxes over time is desired, the data from storm flow and 
long-term annual variations (Oakes et al. 1982) indicate excessive and unrealistic variability 
when considering future annual variability. Hence, a variability of &30% about the mean in 
annual discharge rates at each receptor is assumed realistic. 

3.13 Uncertainty 

Several factors, dominated by unknowns in the hydrologic conditions associated with each 
WAG, may contribute to uncertainty in contaminant concentrations with time. It is unknown 
if current or future releases will originate from the original waste area (e.g., trenches) or from 
a secondary source, in which case concentrations may increase or decrease. Much of the 
advective transport of contaminants in groundwater occurs through fractures on the ORR, 
yet contaminants may have also diffused into the poorly permeable matrix portions of the 
aquifer over time. The matrix intervals could now behave as secondary sources if the 
concentrations in waste sites and fractures have decreased sufficiently. Evidence for matrix 
diffusion, and hence secondary sources, is currently being acquired (D. K. Solomon, ORNL, 
personal communication with L. Shevenell, 1991). For instance, preliminary studies at 
WAG 5 (Wickliff et  al. 1991) suggest that diffusion, rather than advection, dominates 
contaminant transport in the shallow (0-3 m) subsurface. These researchers also postulate 
that 3H release from WAG 5 to on-site surface streams may continue to increase until the 3H 
source is depleted. Hence, it is currently uncertain if contaminant releases from individual 
WAGs will increase or decrease in the future. 

In the opinion of the authors, matrix diffusion is an important process in controlling 
contaminant mobility in the current conditions at the WAGs. Decades have elapsed since 
waste disposal was initiated, allowing sufficient time for contarninants to diffuse into the 
porous matrix intervals. The extent to which matrix diffusion is currently, or will be, dominant 
at individual WAGs is unknown, and primary sources may remain important at particular 
WAGs €or some time to come. However, it is believed that, in general, release of 
contaminants from the aquifer matrix by diffusion into fractures will begin to dominate 
contaminant transport as time proceeds. The process will have several effects on contaminant 
concentrations discharging to surface waters. First, concentrations will tend to be lower than 
those measured in previous years when primary sources were clearly dominant. Second, 
because contaminant transport will be dominated by diffusion, contaminants will be released 
over longer periods of time (longer than with pure fracture flow) at the r e d u d  
concentrations. Third, a more uniform release is expected, with less variability in the 
maximum and minimum yearly concentrations being observed because the process of rapid 
flushing of high concentration sources and transport through fractures will become less 
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important (Hillel 1980, p. 277). The variability in contaminant concentrations with time is, 
therefore, expected to decrease in the next 30 years. 

As a result of these effects, which are expected to dominate in the coming years, the 
uncertainty associated with assigning long-term contaminant concentrations discharging to 
surface waters is relatively low. The values suggested by the annual variabilities in the 
previous section are expected to bracket the long-term (30-year) uncertainty in contaminant 
concentrations. Long-term contaminant releases from the WAGS are expected to lie within 
the range of the current mean value for each contaminant, +30%. Hence, it is believed that 
the true, yet unknown, values of concentration will lie within the specified range of 
uncertainty for a period of =30 years. As additional hydrogeologic studies are completed, 
uncertainty in long-term contaminant concentrations in surface waters may decrease. 

The uncertainty analysis portion of this work calculates risks based on the expected long- 
term distribution in discharge rates (&30%), which are translated into uncertainty in 
concentrations at receptors (Table 13). 

Uncertainty in the parameters used to estimate exposure and risk are based on 
professional judgment and previously published uncertainty analyses in Hoffman e t  al. (1982). 
Hoffman et al. (1982) investigated the uncertainty in model parameters associated with 
aquatic and terrestrial food chain transport models. produced much lower 
health risks than either 137Cs or ?3r (see Sect. 2, Tables 4 and 7 from the ORNWESD 
formulation of this report), the distributions of parameters associated with M]co are not 
considered in the uncertainty analysis portion of this work and constant values are assumed. 
In this analysis, the uncertainty associated with a model parameter is represented as a 
probability distribution. Each distribution represents subjective degrees of belief that a true, 
but as yet unknown, value will not be exceeded by any given value in the distribution. Table 
14 lists distributions used in the uncertainty analyses for each parameter associated with the 
risk assessment modeling. Note that parameters associated with swimming, boating, and 
exposure from fishing are not included in the table. These pathways are neglected in the 
uncertainty analysis because they were found to contribute to the overall risk by only a minor 
amount (see Sec. 2.2). 

Because 
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Table 13. Distriiution in contaminant mncentrations. Lognormal distriiutions of the 
concentrations are used in the uncertainty awdyxs. 

Contaminant concentrations (Bq/L) Flow rate 

( L b W  u7cs %r 3H 

WAG 1 

(137Csflux = 8.8 x 1d'pCil)ear; "OSrflux = 1.0 X Id'pCibear; 3Hfrux = 1.0 x 1d'pCibear.) 

WAG 2 receptor 
Ave discharge 7.74 x 109 
+30% of discharge 
-30% of discharge 5.42 x io9 

1.01 x 10'O 

Clinch R9.5 receptor 
Ave discharge 4.28 x lon 
+30% of discharge 5.56 x loz 
-30% of discharge 3.0 x 10" 
Standard deviation 

4.2 4.8 4.8 x 102 
3.2 3.7 3.7 x loz 
1.6 6.8 6.8 x 102 

7.6 x lo-' 8.6 x 8.6 x lo-' 
5.85 x ~ O - ~  6.65 x ~ O - ~  6.65 x10-l 
1.09 xlO-' 1.23 xlO-' 1.23 
2.28 ~ 1 0 - 3  2.58 ~ 1 0 - 3  2-58 XIO-1 

WAGS 2,6, and 7 

('37C.~flux = 2.3 x 1d'pCil)ear; "OSrjlux = 1.2 x ld'pCi&ear; 3Hflux = 2.3 x ld'pCi(year.) 

WAG 2 receptor 
Ave discharge 7.74 x 109 
+30% of discharge 
-30% of discharge 5.42 x io9 

1.01 x 10'O 

Clinch R9.5 receptor 
Ave discharge 4.28 x 10" 
+30% of discharge 5.56 x 10'' 
-30% of discharge 3.0 x 10" 
Standard deviation 

3.7 x lo-' 1.9 x lo-' 1.1 x le 
2.8 x lo-' 1.5 x lo-' 8.4 x 102 
5.3 x 10-l 2.7 x 10-l 1.6 x le 

1.98 ~ 1 0 - 3  1.05 ~ 1 0 - 3  1.98 

2.84 ~ 1 0 - 3  1.48 ~ 1 0 - 3  2.84 
5.94 ~ 1 0 - 4  4.5 x 10-4 5.94 XIO-1 

1.53 x10-' 7.99 x ~ O - ~  1.53 

WAG 3 

('"cs flux = 5.9 x 10' pcibear; YSr flux = 7.4 x ]do  pcibear.) 

WAG 2 receptor 
Ave discharge 7.74 x 109 
+30% of discharge 1.01 x 10'O 
-30% of discharge 5.42 x io9 

Clinch R9.5 receptor 
Ave discharge 4.28 x lou 
+30% of discharge 5.56 x 10" 
-30% of discharge 3.0 x lo1* 
Standard deviation 

2.8 x lo-' 3.5 x lo-' 0 
2.2 x 2.7 x 10-l 0 
4.0 x lo-' 5.1 x lo-' 0 

5.1 x 10-5 6.4 x 10-4 o 
3.9 x 10-5 4.9 x 10-~ o 
7.27 ~ 1 0 - 5  9.1 x 10-4 o 
1.53 ~ 1 0 - 5  1.92 ~ 1 0 - 4  - 
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Table 13 (continued) 

Contaminant concentrations (BqL) Flow rate 

War) D'c3i %r 3w 
WAG 4 

(137Csflux = 8.0 x ldopCi&ear; ?SrflUx = 9.0 x Id'pCi&ear; 3H = 67 x ld'pCi&ar.) 

WAG 2 receptor 
Ave discharge 7.74 x 1 0 9  

+30% of discharge 1.01 x 1o'O 
-30% of discharge 5.42 x 109 

Ave discharge 4.28 x 10l2 
Clinch R9.5 receptor 

+30% of discharge 
-30% of discharge 
Standard deviation 

5.56 x 10" 
3.0 x 10" 

3.8 x 10-l 4.3 4.2 x Id 
2.9 x 10-1 3.3 3.2 x Id 
5.5 x 10-l 6.1 5.9 x le 

6.9 x 10-4 7.8 x 10-3 7.5 
5.3 x 1 0 - 4  6.0 x 10-3 5.8 
9.9 x 10-4 1.1 x 10-2 10.7 
2.07 ~ 1 0 - 4  234 ~10-3  225 

WAGsSand9 

(~"CS fhu: = 1.1 x l@'pCi&ear; wSrfrux = Z8 x Id' pCi@ar/ 3Hflux = 2 9  x 1d5pCi&ear.) 

WAG 2 receptor 
Ave discharge 7.74 x 109 
+30% of discharge 1.01 x 1o1O 
-30% of discharge 5.42 x 109 

Ave discharge 4.28 x lo= 
Clinch R9.5 receptor 

+30% of discharge 
-30% of discharge 
Standard deviation - 

5.56 x lo1' 
3.0 x lou 

2.6 x 1.9 1 . 4 ~  104 
2.0 x 10-2 1.4 1.1 x io4 
3.7 x 2.7 2.0 x 104 

9.6 x lo-' 6.8 x 25 

1.4 x 9.6 x 35.8 
7.3 x 10-5 5.2 x 10-3 19.3 

2-88 ~ 1 0 - 5  2.04 ~10-3  7.5 



Table 13 (mntinued) 

Contaminant concentrations (Bq/L) Flow rate 

(L&4 1 3 7 ~ ~  931 'H 

WAG 8 

(3Hj7u = 3.0 x ld3pCi!year) 

WAG 2 receptor 
Ave discharge 7.74 x 109 
+30% discharge 1.01 x 1o'O 
-30% discharge 5.42 x 109 

Ave discharge 4.28 x lo'* 
Clinch R9.5 receptor 

+30% discharge 5.56 x 10" 
-30% discharge 3.0 x lou 
Standard deviation - 

0 0 1.4 x Id. 
1.1 x I d  

- - 2.0 x Id 
- - 

0 0 2.6 x 10-l 
2.0 x 10-1 
3.7 x lo-' 
7.8 x 

- - 
- - 
- - 

Fluxes are calculated based on the fluxes used in the QRNWESD risk calculations 
(J. R. Trabalka, ORNL, personal communication to L. Shevenell, 1991). Contaminant 
concentrations are calculated by dividing the contaminant fluxes of 137G and "Sr for each WAG by 
the discharge rates (Liyear) in this table. In this table, WAGs 2, 6, and 7 are combined to form 
one WAG. If risks from these individual WAGs were desired, the values listed in this table could 
be divided by 3. Also note that the '"(3 and "Sr concentrations for WAGs 5 and 9 are combined, 
and these 2 WAGs are treated as one WAG in the uncertainty analysis. The listed 'H value 
applies only to WAG 5. 
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Tabie 14. Distributiao about risk assessment parametere assumed far unuxtainty anatysis 

Human usage Distribution Geometric Min Mean Max Ref 

Exposure duration, years 
EIcposure, h/year 

Shoreline 
Ground from irrigation, 

w e a r  
Human consumption 

Drinking water, L/yr-' 
Fish, kgiyear 
Beef, kg/year 
Milk, w e a r  
Leafy vegetable, k&ear 
Nonleafy vegetable, kg/year 

Irrigation flux, mm d-' 
Vegetation 

dyegetable weathering constant, 

Leafy 
Nonleafy 
Pasture 

Soil leaching constant, d-l 

90Sr 
' T S  

"'Cs flux to sediments, P/m2/d 
Build-up time in sediments, d 
Growing period, d 

Leafy 
Nonleafy 
Pasture 

r f l ,  m2/kg 
Leafy 
Nonleafy 
Pasture 

Soil density, kg/m2 
Soil-plant transfer factor 

Leafy 
90Sr 

Nonleafy 
90Sr 

Pasture 
POsr 

1 3 7 0  

1370 

1 3 7 ~ ~  

Dairybeef 
Fraction of feed contaminated 
Fraction of water contaminated 

Feed consumption rate, kgfd 
Water consumption rate, L./d 

Dairy cows 

C 

LTR 

LTR 

TR 
LTR 
LN 
LN 

TLN 
TLN 

LN 

LN 
LN 

TLN 

TLN 
TLN 
LTR 
U 

TR 
TR 
TR 

LN 
LN 
TLN 
LN 

TLN 
TLN 

TLN 
TLN 

m 
LN 

c 
C 

TN 
LN 

1.65 
2.23 
1.62 
2.16 

1.6 

1.68 
1.77 
1.54 

7.4 
6.7 

1.82 
2.15 
155 
1.12 

3.3 
4.5 

45 
4.5 

3.42 
3.82 

2.6 
1.6 

25 

100 

91.2 
4 

0 
0 

8.7 x 10-3 

8.7 x 10-3 

1.1 x 10-7 
4 x 10-7 
10 
1.1 x Id 

20 
60 
15 

3.01 x lo-' 

7 x 10-3  
1 x 10-4 

1 x 10-5 
8 x lo-' 

6 x lo-* 

4.0 

30 

100 

1 W  

438 
11 
94 
95 
18 
45 

0.67 

5.7 x 10-2 
3.4 x 10-2 
5.7 x 10-2 

6.7 x 
1.7 x 
100 
6.05 x le 

75 
100 
30 

0.1 
6.02 x 
1.8 
213 

0.33 
5.5 x 10-1 

8.5 x 
53 x 10-3 

1.4 
4.4 x 1 0 - 2  

1' 
1' 

11.0 
6ob 

2Ooo 

8Ooo 

730 
30 

55 
540 

3.5 x10-' 

3.5 x10-' 

12 x10-* 
8 x l o 4  
400 
1.1 x le 
120 
180 
200 

9.97 

2.4 
8 x 

3.4 
1 x 10-1 

46 

25.0 

a 

12 

U 

a 
d 
d 
d 
d 
d 

Q 

d 
d 
d 

d 
d 

a 

d 
d 
d 

a 
a 

d 

il 

(I 

d 
d 

d 
d 

d 
d 

Q 
a 

d 
a 
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Taw 14 (continued) 

Distribution Geometric 
Human usage tvpe std. dev. Min Mean Max Ref 

Veg-milk factor, d/L 
%r 
1 3 7 0  

Beef cows 
Feed consumption rate, kgld 
Water conmmption rate, Wd 
Veg-meat factor, d/kg 
90Sr 

Other 

1 3 7 a  

Shorelide width factor 
Fraction of body water 
made of '€1 contaminated water 

Internal dose conversion factor 
( S V W  
QOSr 
1 3 7 0  

'H dose rate factor, Sv/year 
per Bq/L 

External dose conversion factor, 
Sv d-I Bq-1 m2 
soil contact l3'cs 

Soil contact 90St 
Risk factor, Sv--' 
Fish BAF 

QOSr 
1 3 7 a  

TLN 
LN 

TN 
LN 

TLN 
TLN 

U 

LU 

LN 
LN 
LN 

LN 
LN 
LN 

LN 
LN 

1.62 
1.79 

2.0 
1.6 

3.3 
2.0 

1.32 
1.32 
1.29 

1.2 
1.2 
2.0 

6.0 
236 

2 x 10-4 

1.6 

4 x lo-' 
3 x 10-3 

5 x 10-2 

0.02 

1.2 x 10-3 
6.7 x 10-3 

8.3 
506 

5.8 x 10-4 
2.1 x 10-2 

1.75 x lo-' 

1.38 x 10-8 
1.38 x 10-8 
2.5 x 

4.61 X I O - ' ~ ~  

7.2 x 

11 
400 

4.2 x 10-13~ 

8 x 10-2 

18.0 

4 x 10-3 
2 x 10-1 

3.0 x10-I 

0.33 

d 
d 

d 
a 

d 
d 

a 

a 

d 
d 
a 

a 

a 
a 

d 
d 

"Professional judgment of the authors. 
bMean value assumed equal to value selected in OR-D formulation. 
"Mode. 
'%offman et al. 1982. 
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4, u"Ty ANALYSIS 

In the uncertainty analyses, risk assessment parameters and contaminant concentrations 
were allowed to vary according to the distributions described in Sects. 3.1 and 3.2. Each 
distribution was specified in a spreadsheet type of program (@RISK 191E(8), which uses the 
Latin Hypercube method to vary parameter values throughout their distributions over 
100 iterations. The purpose of conducting the uncertainty analyses was to determine if 
conclusive rankings of the waste sites could be made, and if so, to determine the rankings of 
the WAGS. 

In the uncertainty analysis portion ofthis work, selected contaminant concentrations were 
redistributed among particular WAGs. For instance, during the deterministic calculations, it 
was assumed that one-third of the WOD flux minus the X14 and X13 fluxes could be 
attributed to each of the three WAGS, WAGS 2, 6, and 7. Because it is uncertain what the 
actual contribution of each of these WAGS is to the total measured flux, the WAGS 2,6, and 
7 were grouped to form one hypothetical WAG contributing 3 times their previous individual 
fluxes. Similarly, the 137Cs and wSr fluxes of WAGS 5 and 9 were combined because greater 
than 50% of the X13 minus the WAG 8 flux may originate from either WAG 5 or 9. Hence 
the total measured flux of X13 minus WAG 8 is attributed to both WAGS 5 and 9. 

Note on Table 14 that the exposure duration is assumed to be constant. In a preliminary 
uncertainty analysis, the exposure duration was assumed to have a logtriangular distribution 
with a minimum of 5 years, a maximum of 70 years, and a mean of 9 years (Hoffinan et al. 
1982). When the exposure duration was allowed to vary in this manner, it accounted for the 
majority of the uncertainty in calculated risks and uncertainty in ranking of the WAGS. 
Hence, this parameter was made constant (30 years) in all subsequent uncertainty analysis 
calculations to allow evaluation of uncertainty in calculated risk resulting from uncertainty in 
the other model parameters. 

Results of the uncertainty analyses were used to investigate the correlation between 
calculated risks and pathways and contaminants. The uncertainty analysis indicates that the 
dominant contaminant contributing to potential health risks over all pathways is 137Cs, with 
the greatest 137Cs contribution to risk acquired through fsh  ingestion. The two pathways 
contributing most to ?Sr  attributable risks are the fish and water ingestion pathways. 

A large portion of the uncertainty of calculated risk at any given WAG can be attributed 
to variables in the drinking water pathway and uncertainty in the assumed value of the risk 
factor (cancer potency factor). A lesser amount of the total WAG risk is associated with the 
milk consumption pathway and shoreline exposure pathway. 

The importance of each parameter in the drinking water pathway is investigated to 
evaluate pathway sensitivity to parameter uncertainty. The analysis indicates that the risk 
associated with drinking contaminated water is best correlated with the risk factor compared 
with risk associated with other model parameters. 

Other pathways were also investigated, including milk consumption, shoreline exposure, 
and fBh consumption. The risk factor is important in determining the overall risk associated 
with the shoreline exposure and fish consumption pathways but is less important in the milk 
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consumption pathway, which is a function of a greater number of parameters than are the 
shoreline and fish consumption pathways. Uncertainty in contaminant concentration in 
general produces little uncertainty in risks calculated €or any pathway, yet the magnitude of 
concentration associated with each WAG tends to dictate the ultimate rankings @e., a WAG 
with a higher contaminant concentration generally ranks above a WAG associated with lower 
contaminant concentrations). 
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5. R A " G  OF ORNL WAGS 

To rank each WAG for its contribution to total risk associated with the Clinch R9.5 
off-site receptor, the total health risk attributed to each WAG was calculated for the 5th, 
mean, and 95th percentile (Table 15). The range between the 5th and 95th percentile of a 
WAG with a higher mean value was compared with the range between the 5th and the 95th 
percentile of the WAG with a lower mean value to distinguish between the overall ranking 
of the WAGS. Based on the comparisons from Table 15 and Fig. 2, two distinct groups can 
be identified, and one group, consisting of WAGS 1 through 7 and 9, can be confidently 
ranked above WAG 8. There is no overlap in the confidence intervals between the two 
groups, suggesting that the two groups can be confidently distinguished. Figure 3 presents 
an alternative graphical approach which cau be used to determine if the error bounds on the 
individual WAG risks overlap. Because WAG 8 has a substantially lower risk associated with 
it, WAG 8 results are not included on the plot. 

The results of the uncertainty analysis conducted by allowing all model parameters to vary 
indicate that W A G  2, 6, and 7 (combined) and WAG 4 are indistinguishable, as are 
WAGS 3, 5, and 9, which appear to contribute lower risks than do W A G  2, 6, and 7 
(combined) and WAG 4. WAG 1 may also be ranked slightly above WAGS 2, 6, and 7 
(combined) and WAG 4. 

Although there is significant overlap in the error bounds among the WAGS, it may be 
possible to distinguish between them. Most parameters contributing to the uncertainty in the 
total risk at each WAG are common among all WAGS. Most notable among these 
parameters is the risk conversion factor for exposure to radionuclides. Holding these 
parameters constant to account for only the uncertainty in parameters unique to the risk 
assessment for a particular WAG would reduce the overall relative uncertainty for each WAG 
and thus decrease the extent to which the error bounds between WAGS would overlap. 

The uncertainty in the rankings shown in Fig. 2 can be reduced in the current model 
because the same pathways and contaminants were modeled at all WAGS. Hence, the 
uncertainty in calculated risks resulting from these factors should be the same among all 
WACS. In the method in which the ranking was conducted, it may be reasonable to rank the 
WAGS based only on the uncertainty in contaminant concentrations. 

In order to elucidate the rankings, additional calculations were made while holding model 
parameter values constant and allowing only the contaminant concentrations to vary through 
their distributions. The results of this new simulation are plotted in Fig. 4, where the error 
bars are located at the value of risk calculated for the 5th and 95th percentiles. WAG 8 is 
not included on this plot because it is clearly associated with a much lower risk than the other 
WAGS; hence, the vertical scales of Figs. 2 and 4 differ. These results suggest that the 
WAGS can be confidently ranked in the following order: (1) WAG 1; (2) WAGS 2, 6, and 
7(combined)and WAG 4;(3) WAG 5;(4) WAG 9;(5)WAG 3; and (6) WAG8. 

If different contaminants were associated with each WAG, the uncertainty in parameter 
values would be different for different WAGS @e., uncertainty in the dose conversion factor 
for 137Cs is different from that for PCBs). In this situation, the rankings would need to be 
based on the uncertainty bounds of model parameters rather than only on the uncertainty in 
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contaminant concentrations. Therefore, rankings in this case would be less definitive than 
they would if all WAGS were associated with the same contaminants and pathways. 

It should also be noted that the uncertainty about all model parameter values must be 
included when the goal is to evaluate the cost effectiveness of remediation at individual 
WAGS. The larger uncertainty bounds should be used in this situation because the goal is 
to decrease the risk to a predetermined level, and uncertainty in the value of the risk must 
be known if the cost for a particular level of decrease in the overall risk is to be determined. 

In this report, the contribution of PCBs from WAG 1 was not considered. 
Reconsideration of this contaminant, however, would not affect the relative ranking of the 
WAG since WAG 1 would continue to rank highest in importance. For PCBs, the dominant 
exposure pathway would be fish ingestion. 
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Table 15. Total WAG health risk for the Sth, mean, and 95th percentile 
values of calculated risk 

95th 
percentile Mean 5th 

percentile WAG 

1 7.05 x 10-7 3.14 x 1.37 x 

2, 6, 7 1.55 x 10-7 7.55 x 10-7 3.28 x 

2.38 x lo-' 8.73 x lo-' 2.81 x 10-7 

1.39 x 10-7 5.44 x 10-7 1.62 x 

5.11 x lo-' 2.38 x 10-7 1.02 x 10-6 

8 1.18 x 10-l0 9.54 x 10-10 6.69 x 10-9 

9 3.45 x 10-8 1.15 x 10-7 3.92 x 10-7 
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Fig- 2 Plot showing the total health risk attributable to each WAG and the assoCiated 
uncertainty (error bars) about the calculated risks when all parameter values are allowed to 
vary. The plotted points are based on the 5th and 95th percentile values listed in Table 15. 
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Fig. 3. Plot of individual WAG risks between the 1st and 99th percentile values. 
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Fig. 4. Plot showing the total health risk attriiutable to each WAG and the assoCiated 
uncertainty (error bars) about the calculated risks when only the concentration is a l l d  to 
vary. The plotted points are based on the 5th and 95th percentile values calculated in the 
Simulation. 
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6. RESULTS AND RECOMMENDATIONS 

The ranking of WAGS using the different methods (prior to uncertainty analyses) yields 
disparate rankings. The only agreement among the methods was found for WAGS 1 and 4, 
which were consistently ranked high. However, it is noted that these calculations are for risks 
associated with surface water contaminants only. If floodplain and lake sediments were 
considered in the risk assessment, the risk associated with WAG 2 would be much greater to 
potential on-site users. Roodplain 137Cs at WAG 2 is likely to pose the dominant risk. 
Potential of€-site transport of these sediments during flood events would also serve to increase 
the calculated risk. Other sources of potential risk were not considered as a result of 
assuming surface water contaminants were the only source of risk. For instance, future, as 
yet unknown, releases caused by leakage from tanks at WAGS 1 and 5 could increase the 
potential risks associated with these sites. Also, if a homesteader were to reside (build a 
house, drill a water well, etc.) on WAGS 3 through 7, a greater risk would be attributed to 
the WAGS because of direct contact of the homesteader with the buried contaminants. 
Because the current work ranks the WAGS based on concentrations in releases to surface 
water, this type of scenario is not considered. Additional research and assessments would be 
required to evaluate risks to potential homesteaders if this scenario is considered realistic. 

To obtain maximum individual risks associated with each WAG, on-site surface water 
concentrations must be considered. Use of this approach and the ORNLJESD formulation 
and screening parameters will yield results that indicate which WAGS pose a potential risk 
to human health and should be investigated further. For instance, Tables 2 through 4 indicate 
no significant off-site health risks at Clinch River Mile 9.5 and, hence, no need for site 
(WAG) remediation based on surface water concentrations @e., all calculated risks are c lo4, 
which is not distinguishable from a background cancer risk of lo3). However, Tables 5 
through 7 suggest a possible health risk to potential on-site water users and, hence, the 
possible need for remediation if access to these WAGS by the public Is ever permitted or if 
current institutional controls are lost. However, if population, rather than individual, risks 
are calculated, off-site risks may be greater than those on-site because several thousand 
individuals may be exposed off-site whereas the number of hypothetical on-site users is 
expected to be small. 

As seen from the early results of this work, a reliable ranking of the ORNL WAGS will 
not result from deterministic calculations that assume all parameters are constant. Both 
absolute and relative values of risk will depend on the models, parameters, and assumptions 
adopted (i.e., maximum exposure as an intruder enters a WAG when no fences are erected 
to surround the WAG), a l  of which are subjectively determined Hence, ranking of ORNL 
WAGS is best, and most reliably, accomplished using uncertainty analyses for key 
radionuclides and exposure pathways. 



40 

6.2 UNCERTAINTY ANALYSIS RESULTS 

This work demonstrates that deterministic approaches to risk assessments can yield a 
variety of results depending on the models, pathways, and parameter values selected. 
Differing amounts of uncertainty are associated with each model parameter. Hence, an 
uncertainty analysis must be used in conjunction with risk assessment and ranking to 
determine if distinctions can be made between calculated risks. 

The uncertainty analyses discussed in Sect. 4 were used to assist in the ranking of health 
risks attributed to individual WAGS. Table 16 lists the rankings of the WAGS for the original 
MEPAS formulation, the revised MEPAS formulation without time weighting, the 
ORNWESD screening model, and the risk assessment model with uncertainty analysis 
conducted by allowing only conccntration to vary. All rankings subsequent to the original 
MEPAS calculations are substantially different from the original rankings. However, all 
subsequent calculations consistently indicate that WAG 1 poses the greatest potential risks 
to human health, especially if institutional controls were to be lost and surface water used to 
irrigate crops. Inclusion of the potential exposure to currently contaminated floodplain soil 
and lake sediment due to 137Cs may result in WAG 2 being ranked much higher in 
importance. The current analysis, however, was restricted to releases to surface water and 
the potential risks resulting from possible exposure pathways originating from human use of 
this water. Uncertainty analysis was used to confidently rank the WAGS in the following 
order: (1) WAG 1; (2) WAGS 2, 6, and 7 and WAG 4; (3) WAG 5; (4) WAG 9; 
(5) WAG 3; (6) WAG 8. The uncertainty analysis also indicates that the f sh  consumption 
pathway is the most important in the calculation of risks at ORM, and that this pathway is 
most sensitive to uncertainty in the risk factor. 

6 3  R E C O M M E " S  

The evaluation of the original MEPAS rankings and the determination of new rankings 
based on surface water concentrations and use of an uncertainty analysis lead to 
recommendations for future work. First, a similar, yet more thorough, procedure should be 
applied to all waste areas and potential contaminant sources (i.e., WAGS) on the ORR in 
order to include all potential contaminant sources and rank them appropriately. Current 
contaminant concentrations should be used in the analysis to identify which sites currently 
pose a potential threat to human health. 

Although the uncertainties in risks calculated for particular pathways are relatively 
insensitive to the uncertainty in contaminant concentration and generally more sensitive to 
such parameters as risk factor, the total risks and final rankings associated with different 
WAGS are highly dependent on contaminant concentration. The same pathways and 
uncertainties about parameter values were modeled for each WAG, yet they rank differently 
as a result of varying contaminant concentrations in surface waters to which the WAGS 
discharge, indicating the importance of acquiring realistic concentration data for each waste 
area. Also, because it is believed that much of the contaminant discharge from groundwater 
is to on-site surface streams, rather than by deep groundwater flow to off-site locations, 
increased efforts in surface water monitoring should be made. Relatively frequent sampling 
(once or twice per week) of surface waters down-gradient of each waste 
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Table 16 Ranking of ORNL WAGs 

Current rankings" at WAGs 

Original MEPAS without ORNWESD ORNLBD- 
MEPAS time weighting No.) uncert, analysis 

Rank 
Number 

(WAG No.) (WAG No.) (WAG No.) 

I 

I1 

111 

IV 

V 

VI 

VI1 

VI11 

IX 

1 

4 

5 

9 

3 

2b 

Sb 

7b 

8 

1 1 

4 2, 6, 7Zd 

5 4d 

Zb 5 

Sb 9 

7b 3 

9 8 

3 

8 

"Rankings are receptor independent. 
bWAGs 2 ,6 ,  and 7 have the same calculated health risks associated with them because the 
same surface water concentrations are assigned to each of these WAGs. 

%is represents the combined contribution from WAGS 2, 6, and 7. 
dWAGs 2,6,7 and WAG 4 cannot be confidently distinguished. 
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site would help in identifying more realistic contaminant concentrations associated with 
each site, as well as the variability and trend in concentrations with time. This information 
could help reduce the long-term uncertainty associated with the concentrations used in the 
current work. Additional monitoring stations should also be established to help 
differentiate between the risks associated with WAGs 2, 6, and 7, and between WAGs 5 
and 9. 
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7. CONCLUSIONS 

Risk assessment results are very user-specific and depend on the user’s selection of 
models, parameter values, and uncertainty about important parameters. Thus the same 
modeling results cannot be guaranteed when different individuals conduct risk assessments, 
even when the same, or similar, models are used. In the absence of site-specific data 
obtained from an appropriate experimental design, subjectivity will always be associated 
with selection of parameter values and their uncertainties. Because risk assessment 
modeling represents a highly inexact methodology, uncertainty analyses should always be 
conducted. Any use of deterministic approaches beyond that of simple screening analysis 
cannot be considered reliable because the relative differences in uncertainty associated 
with specific exposure pathways and contaminants are obscured behind the deterministic 
estimates. This problem is particularly pronounced when model predictions rely on default 
values applied in the absence of site-specific data. 

When different contaminants are associated with individual waste sites, the 
uncertainty in parameter values differs among the waste sites; the overall rankings would, 
therefore, need to be based on the uncertainty bounds of model parameters rather than 
only on the uncertainty in contaminant concentrations. A full uncertainty analysis is also 
required when the objective of the work is to evaluate the cost effectiveness of 
remediation of particular waste sites. 

Diverging rankings of the ORNL WAG using deterministic approaches were 
demonstrated in this work, giving the false impression that one WAG could be confidently 
ranked above another. Through the use of uncertainty analyses, however, it was possible 
to rank the ORNL WAGS in a more reliable manner. Risk assessment conducted with 
uncertainty analyses indicate that ORNL WAGS can be ranked in the following order: 
(1) WAG 1; (2) WAG 2,6, and 7 (combined) and WAG 4; (3) WAG 5; (4) WAG 9; 
(5) WAG 3; and (6) WAG 8. Additional surface water concentration data should be 
collected to help distinguish among the contributions of WAG 2, 6, and 7, and between 
WAGS 5 and 9. 
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Calculated Yearly Doses (Svbear) for Each WAG and 
Exposure Pathway for Both the Clinch River Mile 9.5 

Receptor and the WAG 2 Receptor 
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Table Al. calcalated yearly doses (Svpyea) for each WAG and exposare pathway 
for the Clinch River Mile 95 receptor 

Exposure pathway 6oco '37cs %r 3Er Total 

Fish consumption 
Milk consumption 
Beef consumption 
Deer consumption 
Vegetable consumption 
Drinking water 
Bathing 
Swimming 
Boating 
Shoreline activity 
Irrigated soil 

Soil ingestion 
Water ingestion 

Total 

Fish consumption 
Milk consumption 
Beef consumption 
Vegetable consumption 
Drinking water 
Bathing 
Swimming 
Boating 
Shoreline activity 
Irrigated soil 

Soil ingestion 
Water ingestion 

Totai 

Fish consumption 
Milk consumption 
Beef consumption 
Deer consumption 
Vegetable consumption 
Drinking water 
Bathing 
Swimming 
Boating 
Shoreline activity 

8.26E-08 
2.93E-08 
1.19E-07 

0 
7.67E-09 
1.m-08 
6.6E-14 
8.78E- 10 
5.85E-10 
1-7ZE-06 
7.74E-08 

0 
7.18E- 10 
2.06E-3-06 

4.6E-08 
1.63E-08 
6.64E-08 
4.28E-09 
1.07E-08 
3.68E-14 
4.89E-10 
3.26E-10 
9.58E-07 
4.31E-08 

0 
4.E-10 
1.15E-06 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

All WAGS 
8.26B-06 
1.81E-06 
2.96E-06 

0 
1.15E-07 
287E-07 
1.22E-11 
1.51E-09 
1 .O 1E-09 
1.07E-05 
4.54E-07 

0 
1.08E-08 
2.46E-05 

WAG 1 

1.32E-06 
2.16E-06 

2.1 E-07 

l.lE-09 

6.02E-06 

8.4E-08 

8.91E-12 

7.338-10 
7.818-06 
3.31E-07 

0 
7.86E-09 
1.8E-05 

WAG 2 
5.25E-07 
1.15E-07 
1.88E-07 

0 
7.32E-09 
1.83E-08 
7.77E-13 
9.59E-11 
6.39E 11 
6.81E-07 

1.65E-06 
2.99E-06 
4.06E-06 

0 
7.93E-07 
1.92E-06 
6.85E- 12 
6.67E- 12 
4.45E-12 
2.51E-07 
1.06E-08 

0 
7.19E-08 
1.18E-05 

5.75E-07 
1.04E3-06 
1.41E-06 
2.76E-07 
6.67E-07 
2.38E-12 
2.32E-12 
1.55E-12 
8.75E-08 
3.7E-09 

0 
2.5E-08 
4.09E-06 

23E3-08 
4.16E-08 
5.66E-08 

0 
l.lE-08 
2.67E-08 
9.53E-14 
9.29E-14 
6.19E-14 
3.5E-09 

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

7.89E-07 

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

1.91E-08 

1.OE-05 
4.83E-06 
7.15E-06 

0 
9.16E-07 
2.22E-06 
1.91E-11 
239E-09 
1.6E-09 
1.27E-05 
5.42E-07 

0 
8.33E-08 
3.84E-05 

6.64E-06 
2.38E3-06 
3.64E-06 
3.64E-07 
8.87E-07 
1.13E-11 
1.59E-09 
1.06E-09 
8.86E-06 
3.78E-07 

0 
3.33E-08 
2.32E-05 

0 5.48E-07 
0 1.57E-07 
0 2.45E-07 
0 0 
0 1.84E-08 
0 4.49E-08 
0 8.72E- 13 
0 9.6E- 11 
0 6.4E- 1 1 
0 6.84E-07 
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Tab& A1 (continued) 

Exposure pathway 137cs %r 'W Total 

Irrigated soil 
Soil ingestion 
Water ingestion 

Total 

Fish consumption 
Milk consumption 
Beef consumption 
Vegetable consumption 
Drinking water 
Bathing 
Swimming 
Boating 
Shoreline activity 
Irrigated soil 

Soil ingestion 
Water ingestion 

Total 

Fish consumption 
Milk consumption 
Beef consumption 
Vegetable consumption 
Drinking water 
Bathing 
Swimming 
Boating 
Shoreline activity 
Irrigated soil 

Soil ingestion 
Water ingestion 

Total 

Fish consumption 
Milk consumption 
Beef consumption 
Vegetable consumption 
Drinking water 
Bathing 
Swimming 
Boating 
Shoreline activity 
Irrigated soil 

0 
0 
0 
0 

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

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

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

2.88E-08 
0 

6.85E-10 
1.56E-06 

WAG 3 
4.04E-08 

1.45E-08 

1.4E-09 

8.86E-09 

5.63E-10 

5.98E- 14 
7.38E-12 
4.92E-12 
5.24E-08 
2.22E-09 

0 
5.27E-11 
1.2E-07 

WAG 4 
5.48E-07 
1.2E-07 
l.%E-(n 
7.63E-09 
1.9E-08 
8.1E-13 
1E-10 
6.67E-11 
7.1E-07 
3.01E-08 

0 
7.14E-10 
1.63E-M 

WAG 5 

8.26E-09 
1.358-08 

1.31E-09 

3.76E-08 

5.25E-10 

5.57E-14 
6.88E-12 
4.58E-12 
4.88E-08 
2.07E-09 

1.48E-10 
0 

1E-09 
1.64E-07 

4.26E-08 
7.m-08 
1.05E-07 
2.04E-08 
4.93E-08 
1.76E- 13 
1.72E-13 
1.15E-13 
6.47E-09 
2.74E-10 

0 
1.85E-09 
3.03E-07 

5.18E-07 
9.36E-07 
1.27E-06 
2.48E-07 
6E-07 
2.14E- 12 
2.09E-12 
1.39E-12 
7.87E-08 
3.33E-09 

0 
2.25E-08 
3.68E-06 

2.24E-07 
4.06E-07 
5.52E-07 
1.08E-07 
2.6E-07 
9.29E- 13 
9.05E-13 
6.04E-13 
3.41E-08 
1.44E-09 

0 2.9E-08 
0 0 
0 1.68E-09 

1.46E-08 1.73E-06 

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

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

1.66E-07 

8.29E-08 
8.59E-08 
1.19E-07 
2.1E-08 
5.07E-08 
2.36E-13 
7.55E-12 
5.03E- 12 
5.88E-08 
2.49E-09 

0 
1.9E-09 
4.23E-07 

1.07E-06 
1.06E-06 
1.47E-06 
2.56E-07 
6.19E-07 
2.95E-12 
1.02E-10 
6.81E-11 
7.89E-07 
3.34E-08 

0 
2.32E-08 
5.31E-06 

0 2.62E-07 
0 4.14E-07 
0 5.65E-07 
0 1.08E-07 
0 2.61E-07 
0 9.85E- 13 
0 7.78E-12 
0 5.19E-12 
0 8.29E-08 
0 3.51E-09 
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Table A1 (continued) 

-sure pathway 6oco "0 %r Total 

Soil ingestion 
Water ingestion 

Total 

Fish consumption 
Milk consumption 
Beef consumption 
Vegetable consumption 
Drinking water 
Bathing 
Swimming 
Boating 
Shoreline activity 
Irrigated soil 

Soil ingestion 
Water ingestion 

Total 

Fish consumption 
Milk consumption 
Beef consumption 
Vegetable consumption 
Drinking water 
Bathing 
Swimming 
Boating 
Shoreline activity 
Irrigated soil 

Soil ingestion 
Water ingestion 

Total 

Fish consumption 
Milk consumption 
Beef consumption 
Vegetable consumption 
Drinking water 
Bathing 
Swimming 
Boating 
Shoreline activity 
Irrigated soil 

Soil ingestion 

0 
0 
0 

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

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

3.66E-08 
1.3E-08 
5.28E-08 
3.4E-09 
8.48E-09 
2.92E-14 
3.89E-10 
2.59E- 10 
7.62E-07 
3.43E-08 

0 

0 
4.91E- 11 
1.12E-07 

WAG 6 
5.25847 
1.15E-07 
1.88E-07 
7.32E-09 
1.83E-08 
7.77E-13 
9.59E-11 
6.39E- 11 
6.8 1E-07 
2.88E-08 

0 
6.85E-10 
1.56E-06 

WAG 7 
5.25E-07 
1.1SE-07 
1.88E-07 
7.32E-09 
1.83E-OS 
7.77E-13 
9.59E- 1 1 
6.39E-11 
6.81847 
2.88E-08 

0 
6.85E-10 
1.56E-06 

WAG 8 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0 
9.7SE-09 
1.59E-06 

23E-08 
4.16E-08 
5.66E-08 
l.lE-08 
2.67E-08 
933E-14 
9.29E-14 
6.19E-14 
3.5E-09 
1.48E-10 

0 
1E-09 
1.64E-07 

23E-08 
4.16E-08 
5.66E-08 
1.1E-08 
2.67E-08 
9.53E- 14 
9.29E-14 
6.19E-14 
3SE-09 
1.48E-10 

0 
1E-09 
1.64E-07 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 

5S4E-07 

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

1.46E-08 

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

1.46E-08 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

0 
9.8E-09 
1.7lE-06 

5.48E-07 
1.57E-07 
2.45B-07 
1.84E-08 
4.49E-08 
8.72E-13 
9.6E- 1 1 
6.4E-11 
6.84E-07 
29E-08 

0 
1.68E-09 
1.73E-06 

5.48E-07 
1.57E-07 
245E-07 

4.49E-08 
1.84E-08 

8.72E-13 
9.6E- 11 
6.4E- 1 1 
6.84E-07 
2.9E-08 

0 
1.68E-09 
1.73E-06 

3.66E-08 
1.3E-08 

3.4E-09 
8.48E-09 

5.28E-08 

2.92E-14 
3.89E-10 
2.59E-10 
7.62E-07 
3.43E-08 

0 
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Table A1 (continued) 

EKposure pathwav 6oco wcs 90Sr 3H" Total 

Water ingestion 
Total 

Fish consumption 
Milk consumption 
Beef consumption 
Vegetable consumption 
Drinking water 
Bathing 
Swimming 
Boating 
Shoreline activity 
Irrigated soil 
Soil ingestion 
Water ingestion 

Total 

3.18E-10 
9.12E-07 

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

0 
0 

WAG 9 
3.76E-08 
8.26E-09 
1.35E-08 
5.25E-10 
1.31E-09 
5.57E-14 
6.88E-12 
4.58E-12 
4.88E-08 
2.07E-09 

0 
4.91E-11 
1.12E-07 

0 0 3.18E-10 
0 5.73E-09 9.12E-07 

2.24E-07 
4.06E-07 

1.08E-07 
5.52E-07 

2.6E-07 
9.29E-13 
9.05E-13 
6.04E-13 
3.41E-08 
1.44E-09 

0 
9.75E-09 
1.59E-06 

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

2.62E-07 
4.14E-07 
5.65E-07 
1.08E-07 
2.61E-07 
9.85E-13 
7.78E-12 
5.19E-12 
8.29E-08 
3.51E-09 

0 
9.8E-09 
1.71E-06 

_ _ _ ~  

T h e  'H exposure in the ORNL,/ESD method is simplified. It is assumed that one- 
third of the body water in a human receptor is derived from surface water at the 
location of interest @e., WAG 2 or Clinch River Mile 9.5). Hence, no pathway-specific 
doses are reported here. 
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Table A 2  Calculated yearly dases (Svfyear) for each WAG and 
expure pathwag for the WAG 2 receptor 

Exposure pathway 66co *'a POSr w Total 

Fish consumption 
Milk consumption 
Beef consumption 
Deer consumption 
Vegetable consumption 
Drinking water 
Bathing 

Boating 
Shoreline activity 
Irrigated soil 

Soil ingestion 
Water ingestion 

swimming 

Total 

Fish consumption 
Milk consumption 
Beef consumption 
Vegetable consumption 
Drinking water 
Bathing 
Swimming 
Boating 
Shoreline activity 
Irrigated soil 
Soil ingestion 
Water ingestion 

Total 

Fish mnsumption 
Milk consumption 
Beef consumption 
Deer consumption 
Vegetable consumption 
Drinking water 
Bathing 

Boating 
swimming 

1.79E-05 
6.36E-06 
2.59E-05 
O.OOE+OO 
1.67E-06 
4.16E-M 
1.43E-11 
1.91E-07 
1.27E-07 
3.73E-04 
1.68E-05 
O.OOE+OO 
1.56E-07 
4.47E-04 

9.99E-06 
3.54E-06 
1.44E-05 

232E-06 
9.28E-07 

7.98E-12 
1.06E-07 
7.08E-3-08 
2.08E-OQ 
9.34E-06 
O.OOE+OO 
8.69E-08 
2.49E-04 

O.OOE+OO 

O.OOE+OO 
O.OOE+OO 

O.OOE+OO 

O.OOE+OO 
O.oOE+OO 
O.OOE+OO 
O.OOE+OO 
0.00E+oO 

M WACS 
1.79E-03 
3.94E-04 
6.43E-04 
O.OOE+OO 

6.24E-05 
2.6sE-09 

25OE-05 

3.27E-07 
2 18E-07 
233E-03 
9.8%-05 
O.OOE+OO 
2.34E-06 
5.34E-03 

WAG 1 
1.31E-03 
2.878-04 
4.69E-04 
1.82E-05 
4.55E-05 
1.93E-09 
2.39E-07 
1.59E-07 
1.7OE-03 
7. BE-05 
O.OOE+OO 
1.7lE-06 
3.XIE-03 

WAG 2 
1.14E-04 
2.50E-05 
4.09E-05 
O.OOE+OO 
1.59E-06 
3.%E-06 
1.69E-10 
2.08E-08 
1.39E-08 

3.59E-04 
6.49E-04 
8.82E-04 
O.OOE+OO 
1.72E-04 
4.16E-04 
1.49E-09 
1.458-09 
9.65E-10 
5.46E-05 
2.31E-06 
O.OOE+OO 
1.56E-05 
255E-03 

1.25E-04 
2.26E-04 
3.07E-04 
5.99E-05 
1.45E-04 
5.17E-10 
5.04E-10 
3.36E-10 
1.9OE-05 
8.04E-07 
O.OOE+OO 
5.43E-06 
8.87E-04 

4.99E-06 
9.03E-06 
1.23E-05 
0.00E+00 
24OE-06 
5.79E-06 
2.07E-11 
2.02E- 1 1 
1.34E- 1 1 

O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
0.OOE+00 
0.00E+00 
O.OOE+OO 
O.OOE+OO 
0.00E+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OoE+OO 
O.OOE+OO 
1.71xlW 

O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
0.00E+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
0.OOE-l-00 
4.14E-06 

0.00E+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+oO 
O.OOE+OO 
O.oOE+OO 

2.17E-03 
LOSE-03 
1.558-03 
O.OOE+OO 
1.99E-04 
4.82E-04 
4.15E-09 

3.46E-M 
275E-03 
1.18E-04 
O.OOE+OO 
1.81E-05 
8.34E-03 

5.20E-07 

1.44E-03 
5.16E-O4 
7.9oE-04 
7.9OE-05 
1.92E-04 
2.46E-09 
3.45E-07 
230E-07 
1.92E-03 

O.OOE+OO 
8.19E-05 

7.22E-06 
5.04E-03 

1.19E-04 

5.32E-05 

3.98E-06 

3.4OE-05 

O.OOE+OO 

9.75E-M 
1.89E-10 
2.08E-08 
1.39E-08 

Shoreline activity O.OOE+OO 1.48E-04 7.59E-07 O.OOE+OO 1.49E-04 
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Exposure pathway 

Irrigated soil 
Soil ingestion 
Water ingestion 

Total 

Fish consumption 
Milk sonsumption 
Beef consumption 
Vegetable consumption 
Drinking water 
Bathing 
Swimming 
Boating 
Shoreline activity 
Irrigated soil 

Soil ingestion 
Water ingestion 

TotaL 

Fish consumption 
Milk consumption 
Beef consumption 
Vegetable consumption 
Drinking water 
Bathing 
Swimming 
Boating 
Shoreline activity 
Irrigated soil 

Soil ingestion 
Water ingestion 

Total 

Fish consumption 
Milk consumption 
Beef consumption 
Vegetable consumption 
Drinking water 
Bathing 
Swimming 
Boating 
Shoreline activity 
Irrigated soil 

Table A2 (continued) 

@Co u7cs %r w Total 

O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 

O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 

O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
0.OOE+00 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 

O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 

6.26E-06 

1.49E-07 
3.40E-04 

WAG 3 

O.OOE+OO 

8.77E-06 
1.92E-06 
3.14E-06 
1.228-07 
3.05E-07 
1.30E- 11 
1.60E-09 
1.07E-09 
1.14E-05 
4.81E-07 
O.OOE+OO 
1.14E-08 
2.61E-05 

WAG 4 

2.61E-05 

1.66E-06 
4.13E-06 

2.17E-08 

1.19E-04 

4.26E-05 

1.76E-10 

1.45E-08 
1.54E-04 
6.53E-06 
O.OOE+OO 
1 S5E-07 
3.54E-04 

WAG 5 

1.79E-06 
2.BE-06 

2.84E-07 

8.17E-06 

1.14E-07 

1.2lE-11 
1.49E-09 
9.95E-10 
1.06E-05 
4.49E-07 

3.22E-08 
O.OOE+OO 
2.17E-07 
3.55E-05 

~~ 

O.OOE+OO 
O.OOE+OO 

3.18E-06 
0.00E+OO 

6.29E-06 
O.OOE+OO 
3.66E-07 
3.78E-04 

9.24E-06 
1.67E-05 
2.27E-05 
4.43E-06 
1.W-05 
3.83E-11 
3.73E-11 
2.49E-11 
1.4OE-06 
5.95E-08 
O.OOE+OO 
4.02E-07 
6.57E-05 

1.12E-04 
2.03E-04 
2.76E-04 
5.39E-05 
1.30E-04 
4.65E-10 
4.53E-10 
3.02E- 10 
1.71E-05 
7.23E-07 
O.OOE+OO 
4.88E-06 
7.99E-04 

4.87E-05 
8.8 1E-05 
1.20E-04 
234E-05 
5.64E-05 
2.02E-10 
1.97E-10 
1.3 1E- 10 
7.40E-06 
3.13E-07 

O.OOE+OO 
O.OOE+OO 

O.WE+OO 
O.OOE+O 

O.OOE+OO 

O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 

O.OOE+OO 

O.OOE+OO 

O.OOE+OO 

O.OOE+OO 
O.WE+OO 

O.OOE+OO 
O.OOE+OO 
O.OOE+OO 

O.OOE+OO 
O.OOE+OO 
O.OOE +OO 
O.OOE +OO 
O.OOE +OO 

O.OOE+OO 

0.00E+OO 

3.60E-05 

O.OOE+OO 
O.OOE +OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 

O.OOE+OO 
O.OOE+OO 

O.OOE+OO 

1.80E-05 
1.86E-05 
2.59E-05 
4.55E3-06 
1.10E-05 
5.12E- 1 1 
1.64E-09 
1.09E-09 
1.28E-05 
5.41E-07 
0.OOE-tOO 
4.13E-07 
9.18E-05 

2.31E-04 
2.29E-04 
3.19E-04 
5.55E-05 
1.34E-04 
6.41E-10 
2.22E-08 
1.48E-08 
1.71E-04 
7.25E-06 
O.OOE+OO 
5.04E-06 
1.19E-03 

5.68E-05 
8.99E-05 
1.23E-04 

5.67E-05 
2.35E-05 

2.14E-10 
1.69E-09 
1.13E-09 
1.80E-05 
7.62E-07 
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Table A2 (mntinued) 

5 r  w Total Exposure pathway 6dco 1 3 7 ~ ~  

Soil ingestion 
Water ingestion 

Total 

Fish consumption 
Milk consumption 
Beef consumption 
Vegetable consumption 
Drinking water 
Bathing 
Swimming 
Boating 
Shoreline activity 
Irrigated soil 
Soil ingestion 
Water ingestion 

Total 

Fish consumption 
Milk consumption 
Beef consumption 
Vegetable consumption 
Drinking water 
Bathihg 

Boating 
Shoreline activity 
Irrigated soil 

Soil ingestion 
Water ingestion 

swimming 

Total 

Fish consumption 
Milk consumption 
Beef consumption 
Vegetable consumption 
Drinking water 
Bathing 
swimming 
Boating 
Shoreline activity 
Irrigated soil 

Soil ingestion 

O.OOE+# 
O.OOE+OO 
O.OOE+OO 

O.OOE+OO 
O.OOE+OO 
O.OOE+DO 

O.OOE+OO 
O.OOE+OO 

O.#E+OO 
0.00E+00 
O.OOE+OO 
O.OOE+OO 

O.OOE+OO 

O.OOE+OO 

O.OOE+OO 

O.OOE+OO 

O.OOE+OO 

O.OOE+OO 
O.OOE+OO 

O.OOE+OO 
O.OOE+OO 
0.00E+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 

7.94E-06 
282E-06 
1.15E-05 
7.38E-07 
1.84E-06 
6.35E-12 
8.44E-OS 
5.63E-08 
1.65E-04 
7.44E-06 
O.OOE+W 

O.OOE+OO 
1.07E-08 
244E-05 

WAG 6 
1.14E-04 

4.09E-05 
1.59E-06 
3.%E-06 

2.08E-W 
139E-08 

6.26E-06 

1.49E-07 

2.5OE-05 

1.69E-10 

1.48E-04 

O.OOE+OO 

3.4OE-04 

WAG 7 
1.14E-04 
2.50E-05 
4.09E-05 
1.59E-06 
3.m-06 
1.69E-10 
2.08E-08 
1.39E-08 
1.48E-04 
6.26E-06 
O.OOE+OO 
1.49847 
3.40E-04 

WAG 8 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 

O.OOE+OO 
212E-06 
3 . 4 0 4  

4.99E-06 
9.03E-06 
1.23E-05 
2.4OE-06 
5.79E-06 
2.07E-11 
2.02E-11 
1.34E-11 
7.59E-07 
3.22E-08 
O.OOE+OO 
2.17E-07 
3J5E-05 

4.99E-06 
9.03E-06 
1.23E-05 
2.40E-06 
5.79E-06 
2.07E-11 
2.02E-11 
1.34E-11 
7.59E-07 
3.22E-08 
O.OOE+OO 
2.17E-07 
3.5sE-05 

O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 

O.OOE+OO 
O.OOE+UO 
O.OOE+OO 

O.OOE+OO 

O.OOE+OO O.OOE+# 
O.OOE+OO 2.13E-06 
1.2OE-04 4.91E-04 

O.OOE+W 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
0.00E+00 
0.OOE +OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
0.00E-t-00 
O.OOE+OO 
3.18E-O(i 

O.aOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+# 
O.OOE+OO 
O.M)E+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
3.18E-06 

O.OOE +00 
O.OOE+OO 
O.OOE+W 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 
O.OOE+OO 

1.19E-04 

5.32E-05 
3.98E-06 
9.75E-06 

208E-08 
1.39E-M 
1.49E-04 

3.4OE-05 

1.89E-10 

6.29E-06 
O.OE+OO 
3.66E-07 
3.78E-04 

1.19E-04 
3.40E-05 

3.98E-06 
9.75E-06 

5.32E-05 

1.89E-10 
2.08E-08 
1.39E-08 
1.49E-04 
6.293306 
O.OOE+OO 
3.66E-07 
3.78E-04 

7.94E-06 
2.82E-06 
1.15E-05 
7.38E-07 
1.84E-06 

8.44E-08 
6.35E-12 

5.63E-08 
1.65E-04 
7.44E-06 
O.OOE+OO 
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Table A2 (continued) 

Exposure pathway @Co "'cs %r 3H" Total 

Water ingestion 6.91E-08 0.00E+00 0.00E+00 0.00E+00 6.91E-08 
Total 1.93E-04 O.OOE+OO 0.00E+00 1.24E-06 1.99E-04 

Fish consumption 
Milk consumption 
Beef consumption 
Vegetable consumption 
Drinking water 
Bathing 
Swimming 
Boating 
Shoreline activity 
Irrigated soil 

Soil ingestion 
Water ingestion 

Total 

WAG 9 
8.17E-06 
1.79E-06 
2.93E-06 
1.14E-07 
2.84E-07 
1.21E- 1 1 
1.49E-09 

1.06E-05 
4.49E-07 
O.OOE+OO 
1.07E-08 
2.44E-05 

9.95E-10 

4.87E-05 
8.81E-05 
1.20E-04 
2.34E-05 
5.64E-05 
2.02E-10 
1.m-10 
1.31E-10 
7.4OE-06 
3.13E-07 
0.00E+00 
2.12E-06 
3.46E-04 

5.68E-05 
8.99E-05 
1.23E-04 
235E-05 
5.67E-05 
2 14E- 10 
1.69E-09 
1.13E-09 
1.8OE-05 
7.62E-07 
O.OOE+OO 
2.13E-06 
3.70E-04 

The 'H exposure in the ORNL/ESD method is simplified. It is assumed that one- 
third of the body water in a human receptor is derived from surface water at the location 
of interest (Le., WAG 2 or Clinch River Mile 9.5). Hence, no pathway-specific doses are 
reported here. 



ORNL/ER-53 

DISTRIBUTION 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 

16-18. 
19. 
20. 
21. 
22. 
23. 

24-25. 

57. 

58. 
59. 
60. 

61. 

62. 

63-64. 

65-68. 

69. 

70. 

71-72. 

73-74. 
75-76. 

L. V. Asplund/N. W. Durfee 
L. Barnthouse 
L. D. Bates 
R. B. Clapp 
K W. Cook 
J. H. Cushman 
M. F. P. Delozier 
C Easterly 
M. P. Farrell 
D. E. Fowler 
S. B. Garland 
C. W. Gehrs 
C. D. Goins 
J. k Greene 
S. G. Hildebrand 
E 0. Hoffman 
L. D. Hyde 
D. C. Kocher 
A. J. Kuhaida 
v- 
K L. Michel 
P. T. Owen 

26. 
27. 
28. 

29-31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 

42-46. 
47. 

48-52. 
53. 
54. 
55. 
56. 

D. E. Reichle 
G. E. Rymer 
P. A. Schrandt 
L A. Shevenell 
D. S. Shriner 
D. K. Solomon 
S. H. Stow 
G. W. Suter 
D. W. Swindle 
J. R. Trabalka 
C. C. Travis 
R. I. Van Hook 
D. R. Watkins 
R K. White 
ER Document Management Center 
Central Research Library 
ESD Library 
O W L  Y-12 Technical Library 
Laboratory Records Dept. 
Laboratory Records, ORNL-RC 
ORNL Patent Section 

Ofice of Assistant Manager for Energy Research and Development, DOE Oak Ridge 
Field Office, P.O. Box 2001, Oak Ridge, TN 37831-8600 
J. G. Droppo, Battelle Northwest, P.O. Box 999, Richland, WA 99352 
P. H. Edmonds, Radian Corporation, 120 South Jefferson Circle, Oak Ridge, TN 37830 
J. E Franklin, Bloedel Professor of Ecosystem Analysis, College of Forest Resources, 
University of Washington, Anderson Hall (AR-lo), Seattie, WA 98195 
G. M. Hornberger, Professor, Department of Environmental Sciences, University of 
Virginia, Charlottesville, VA 22903 
G. Y. Jordy, Director, Office of Program Analysis, Ofice of Energy Research, ER-30, 
G-226, U.S. Department of Energy, Washington, DC 20545 
J. R. Kannard, Program Manager, Bechtel National, Inc., P.O. Box 350, Oak Ridge 
Corporate Center, 151 Lafayette Drive, Oak Ridge, TN 37830 
W. E. Murphie, Department of Energy, Office of Environmental Restoration, Eastern 
Area D&D Branch, EM423 (GTN), Washington, DC 20545 
R. H. Olsen, Vice President for Research, University of Michigan, -3 Medical Science 
Building 11, Ann Arbor, MI 48109-0620 
A. Patrinos, Acting Director, Environmental Sciences Division, Office of Health and 
Environmental Research, ER-74, U.S. Department of Energy, Washington, DC 20585 
S. S. Perkins, DOE Oak Ridge Field Office, Information Resource Center, 105 Broadway, 
Oak Ridge, TN 37830 
S. P. Riddle, DOE Oak Ridge Field Office, P.O. Box 2001, Oak Ridge, TN 37831-8541 
R. C. Sleeman, DOE Oak Ridge Field Office, P.O. Box 2001, Oak Ridge, TN 37831-8541 



77. E J. Wobber, Environmental Sciences Division, Office of Health and Environmental 
Research, Office of Energy Research, ER-74, U.S. Department of Energy, Washington, 
DC 20584 

78-79. Office of Scientific and Technical Information, P.O. Box 62, Oak Ridge, TN 37831 




