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The U.S. Nuclear Regulatory Commission (NRC) and its 
contractor, the Center for Nuclear Waste Regulatory 
Analyses (CNWRA®), are developing analytic methods to 
identify effective and efficient regulatory programs that 
would implement any changes to U.S. policy on high-level 
nuclear waste disposal. The staff has developed a beta 
version of a Scoping of Options and Analyzing Risk model 
(β-SOAR). β-SOAR is designed to provide timely risk and 
performance insights for a variety of potential high-level 
radioactive waste disposal options. Waste isolation from 
the biosphere is an integral part of any system 
performance evaluation. A simple biosphere model was 
developed to facilitate scoping assessments and insights 
on performance. Specifically, this paper describes the 
simple biosphere model in β-SOAR, presents an analysis 
for community water usage, and includes an assessment 
of the contribution of the drinking water pathway in other 
groundwater contamination models. Related to a simple 
biosphere model, a single risk metric is also proposed for 
comparing natural or engineered components over time. 
Potential future upgrades to the biosphere model in 
β-SOAR are also discussed. 
 
I. INTRODUCTION 
 
 The biosphere is one of five model components in the 
β-SOAR performance assessment model.1 The objective 
of the biosphere component is to provide a simplified, 
generic modeling capability to approximate radiological 
doses to an individual who consumes groundwater 
contaminated with radionuclides released from a 
geological repository. Beginning with radionuclide mass 
arrival rates, the simple model accounts for the fraction of 
arriving mass transferred to the biosphere, annual amount 
of groundwater accessed by a hypothetical community, 
groundwater consumption rate by an individual, and 
radionuclide dose coefficients for ingestion. The 
biosphere model is generic and is not specific to any site. 
Because estimates of drinking water dose alone would 
underestimate the all-pathways dose, results from other 
dose assessments can be used to infer how significant the 
differences are between the drinking water and all-
pathways doses. 

 Relative dose results from β-SOAR can be used to 
evaluate different performance characteristics of potential 
geologic disposal systems. The advantages of a simple 
biosphere model relate to (i) the use of a single, 
system-level metric for generating risk insights; (ii) the 
influence of the biosphere model on relative results; and 
(iii) a flexible framework that would allow additional 
pathways to be included. 
 
II.  DESCRIPTION OF THE BIOSPHERE 

MODEL COMPONENT 
 
 The biosphere model component converts 
radionuclide mass arrival from the far-field model 
component into radiological dose to a person (receptor) in 
the biosphere. The biosphere component in β-SOAR 
computes radiological dose in the following manner:  
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where E  (mrem/yr) is the annual effective dose; im (g/yr) 

is the mass arrival rates from the far-field component for 
radionuclide i; CF (unitless) is the capture fraction; 
Q  (acre-ft/yr) is the water flow rate to the biosphere; 

ia  (Ci/g) is the specific activity for radionuclide i; 

I  (L/yr) is the rate of water consumption by the receptor; 

id (Sv/Bq) is the dose coefficient for ingestion of 

radionuclide i; and *C is the product of unit conversions 
for volume (acre-ft/L), activity (Bq/Ci), and dose 
equivalent (mrem/Sv). 
 The calculation of radiological dose involves the 
following steps in the model. Several steps include 
internal unit conversions. The mass arrival rates for each 
radionuclide are passed from the far-field component to 
the biosphere component. Radionuclide mass 
concentrations in water (g/L) are calculated by 
multiplying radionuclide mass arrival rates (g/yr) by a 
capture fraction (unitless) and dividing by the annual 
water flow rate to the biosphere (acre-ft/yr). Radionuclide 
mass concentrations in water are converted to 



radionuclide activity concentrations in water (Ci/L). This 
conversion applies internal specific activity definitions for 
individual radionuclide species. Annual radionuclide dose 
to the receptor is calculated by multiplying the 
radionuclide activity concentration in water with the 
product of annual water consumption rate (L/yr) and the 
radionuclide dose coefficient for ingestion (Sv/Bq). The 
total annual dose (mrem/yr) is calculated by summing the 
annual dose contributions from the individual 
radionuclides. Individual radionuclide doses and the total 
dose from all radionuclides are computed. Effective 
whole body doses are considered; doses to individual 
organs are not calculated. 
 Parameter distributions for sampling the water flow 
rate to the biosphere, Q , and amount of contaminated 
water consumed by the receptor, I , were selected to 
account for variability and uncertainty in regional 
irrigation practices, community water usage, and 
individual habits regarding water consumption from a 
well or natural surface-water source (e.g., spring). The Q  
parameter represents the water flow rate to the biosphere 
used to calculate radionuclide concentrations in water 
available at the interface between the far field and the 
biosphere. Irrigation practices were used to establish 
groundwater usage for a small farming community, 
consisting of four farms of average size with respect to 
number of acres irrigated by groundwater. The parameter 
distribution accounts for variability in groundwater usage 
based on different water resource regions of the 
contiguous 48 states. The U.S. Department of 
Agriculture2 is the data source for the Q  parameter 
distribution. The analysis performed to determine the 
default parameter distribution for Q  is presented in the 
next section. 
 The I parameter represents the population-averaged 
consumption rate of community water for adults in the 
United States. The data source for this parameter value is 
the U.S. Environmental Protection Agency.3 Because the 
selected source data accounted for both direct (water 
ingested as a beverage) and indirect (water added to foods 
and beverages during final preparation) intake, the 
distribution was based on reported survey data up to the 
95th percentile. 
 The CF parameter modifies the concentration of 
radionuclides in water and accounts for the fraction of 
water accessible to the biosphere that is contaminated 
and/or the fraction of total radionuclide mass from the far 
field that is transferred to the biosphere. There is no 
specific data source. The initial constant value of unity for 
this parameter does not change the concentration 
calculation and implies that all radionuclide mass 
transported to the end of the far field is completely 
transferred to the biosphere. This capture fraction 
parameter adds flexibility in the biosphere for calculating 
radionuclide concentrations in water that are 

representative of the annual intake of contamination by an 
average member of a critical group. The parameter can be 
used to account for the situation where water access and 
usage by a nearby community include water from other 
sources that is not contaminated with radionuclides. The 
parameter can also account for the incomplete transfer of 
radionuclides from the far field to the biosphere (e.g., if 
plume dimensions exceed well capture zones). 
 The id parameter provides the radiological dose to an 

adult from the ingestion of a unit activity of 
radionuclide i. The data source for the id  parameter 

values is the International Commission on Radiological 
Protection.4 Consideration of a single pathway in the 
biosphere model can underestimate the magnitude of total 
dose from all pathways. Conservatism in the default 
parameter values of the simple model, however, could 
offset the underestimation. For example, the capture 
fraction default of unity applies a worst case assumption 
that all contamination at the end of the far-field transport 
legs is transferred into the community drinking water and 
no noncontaminated water is used for drinking. Because 
the top radionuclide contributors for the drinking water 
pathway could differ from those for other pathways, 
relative risk results might change if other pathways were 
considered. Although the effect of unmodeled pathways 
on either estimated doses or relative risks has not been 
quantified in this paper, it is expected that the effects of 
relative risks in a future analysis would rely on the extent 
to which (i) another pathway contributed significantly to 
the total dose and (ii) different radionuclides dominated in 
the other significant pathway(s) compared to those for 
drinking water. 
 
III. COMMUNITY WELL WATER  
 USAGE ANALYSIS 
 
 Irrigation practices were used to establish well water 
use by a hypothetical, small farming community. This 
section summarizes the analysis performed to determine 
the default Q parameter distribution in the β-SOAR model 
as shown in Eq (1). The U.S. Department of Agriculture2 
indicated the following contributions to the total acre-feet 
water were applied in 2008: 
 

• 53 percent from groundwater (wells) 
(48,491,704 acre-feet/91,235,036 acre-feet) 

• 15 percent from on-farm surface waters 
(13,773,706 acre-feet/91,235,036 acre-feet) 

• 32 percent from off-farm surface water suppliers 
(28,969,626 acre-feet/91,235,036 acre-feet). 
 

 When farms irrigated with groundwater (from wells), 
each farm irrigated 370 acres with well water on average 
in the United States2 (36,181,006 acres/97,690 farms), 
and 1.34 acre-feet per acre was applied on average in the 



United States2 (48,491,704 acre-feet/36,181,006 acres). A 
small farming community was assumed to consist of four 
farms of average size in the United States with respect to 
the acres irrigated by groundwater. For this size, the 
annual groundwater irrigation for the 
small farming community would be 1,480 acres 
(4 farms × 370 acres/farm). Irrigation practices vary by 
water resource region in terms of the quantity of 
groundwater applied from wells per acre irrigated. Table I 
provides a comparison for the 48 contiguous states (i.e., 
data from regions for Alaska and Hawaii were not 
included). The range for the quantity of groundwater 
applied was obtained by accounting for variability in 
irrigation practices by water resource region in the 
contiguous 48 states. From Table I, the minimum and 
maximum acre-feet water applied per acre are 0.466 and 
3.90 acre-feet per acre. The mode for the distribution was 
selected as the U.S. national average for groundwater 
irrigation. A triangular distribution was selected for the Q 
parameter with the following default values: 
 

• Minimum = 370 acre-feet per year (0.466 acre-
feet per acre × 1,480 acres irrigated) 

• Mode = 1,980 acre-feet per year (1.34 acre-feet 
per acre × 1,480 acres irrigated) 

• Maximum = 5,770 acre-feet per year (3.90 acre-
feet per acre × 1,480 acres irrigated). 

 
 
 
 
 

IV. DRINKING WATER PATHWAY ASSESSMENT 
 
 In the current version of β-SOAR, biosphere 
considerations were simplified to address only the 
drinking water pathway. Although no other dose 
pathways were considered, the drinking water pathway 
provides a reasonable first estimate of radiological dose 
from potential groundwater contamination. Past analyses 
have shown that the drinking water pathway is a 
significant pathway for exposure to 
groundwater contamination.5,6 In particular, the drinking 
water pathway can account for roughly half of the total 
dose from all pathways with a varying contribution to 
total dose at different simulation times.5 This general 
insight is also supported by an older analysis,6 in which 
the drinking water pathway contributed about half of the 
total dose due to groundwater contamination for a 
majority of the radionuclides considered in the β-SOAR 
model. For other radionuclides, the drinking water 
pathway contributed about one-quarter to one-third of the 
radionuclide all-pathways dose for a modeled biosphere 
that included a long-term transition to a cooler and wet 
climate. Prior to this transition at early simulation times, 
the drinking water pathway contributed slightly less. On a 
per-radionuclide basis, the drinking water pathway 
contributed less than half but more than a third of the total 
dose6 for a majority of the radionuclides considered in the 
β-SOAR model. This insight is also supported by a more 
recent analysis,5 in which the drinking water pathway 
provided a similar contribution at early times to the 
calculated total dose from all modeled radionuclides. 
 

 
TABLE I. Comparison of groundwater irrigation by water resource region. 

Water Resource Region Acre feet Applied* Acres Irrigated* Calculated Acre-feet per Acre 

Region 01 New England 5,318 9,942  0.535 
Region 02 Mid-Atlantic 142,699 205,393  0.695 
Region 03 South Atlantic-Gulf 1,681,447 1,545,696  1.09 
Region 04 Great Lakes 311,046 519,101  0.599 
Region 05 Ohio 119,998 257,400  0.466 
Region 06 Tennessee 5,087 10,459  0.486 
Region 07 Upper Mississippi 737,127 1,238,826  0.595 
Region 08 Lower Mississippi 9,049,885 6,657,405  1.36 
Region 09 Souris-Red-Rainy 89,395 130,428  0.685 
Region 10 Missouri 8,183,108 9,868,085  0.829 
Region 11 Arkansas-White-Red 6,525,974 4,909,361  1.33 
Region 12 Texas-Gulf 3,172,724 2,951,242  1.08 
Region 13 Rio Grande 1,346,281 612,632  2.20 
Region 14 Upper Colorado 24,167 27,363  0.88 
Region 15 Lower Colorado 1,372,134 351,848  3.90 
Region 16 Great Basin 1,212,823 500,021  2.43 
Region 17 Pacific Northwest 3,633,106 1,959,888  1.85 
Region 18 California 10,770,207 4,372,391  2.46 
*Data source is Table 11 of the U.S. Department of Agriculture.2 



 Olyslaegers et al.7 compared the pathway 
contribution from five European biosphere systems for 
assessing potential groundwater contamination from 
hypothetical radioactive waste disposal. The drinking 
water pathway was the most important pathway for 
almost all radionuclides considered. For most models, the 
drinking water pathway contributed more than half of the 
total dose. 
 Primarily used for non-high-level-waste 
determinations, the BDOSE™ Version 2.0 software8 was 
developed to be representative of the southeastern 
United States. Because BDOSE includes nearly all of the 
radionuclides in the β-SOAR model, the expanded set of 
exposure pathways in BDOSE can also provide insights 
on the importance of the drinking water pathway. For a 
unit concentration of an individual radionuclide in 
groundwater, the drinking water pathway is significant 
and generally provides a contribution of about half or 
more to the total all-pathways dose. Technetium-99 is an 
exception in BDOSE for which the drinking water 
pathway can contribute less than half of the total dose. 
 
V. ADVANTAGE OF A SIMPLE BIOSPHERE 

MODEL IN ASSESSING RELATIVE RISK 
 
 Relative mean annual doses from β-SOAR can be 
used to compare different disposal options. Because the 
performance of individual components can vary with time 
and the radionuclide release rates from individual 
components do not clearly indicate the potential 
radiological risk to an individual from the releases, a 
metric that addresses these two aspects in the context of 
evaluating different disposal options is valuable. Due to 
the current, simple formulation of the biosphere model, its 
influence on system-level results reduces to the coupled 
effect of the radionuclide dose coefficients and specific 
activities with radionuclide-specific differences in the 
other modeling components. The previous statement 
implies that the same set of non-site-specific biosphere 
parameter values is used for the different disposal options. 
If biosphere parameter values changed with the different 
disposal options, then additional biosphere influences 
would be present and could be accounted for in the 
model. Because of its focus on scoping and 
non-site-specific performance assessments for which a 
generic biosphere treatment is appropriate, this paper does 
not address the case in which biosphere parameters differ 
among the disposal options. 
 Potential risk contributions due to radionuclide 
releases from performance assessment components can be 
calculated as a weighted sum of radionuclide 
concentrations or release rates. As described in the 
previous section, the current biosphere model is not time 
dependent. For relative risk comparisons using β-SOAR, 
the weighting factor is time independent. The Relative 

Risk Influence (RRI) metric for individual component 
performance is computed in the following manner: 
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where )(tRRI  (unitless) is the relative risk influence from 
the performance assessment component; iw

(Sv-Ci per Bq-g) is the time-independent dose weighting 
factor for radionuclide i; ( )tC id ,2  (g/yr or g/L) is the 

component release rate (or concentration) for radionuclide 
i in Disposal Option 2; and ( )tC id ,1  (g/yr or g/L) is the 

component release rate (or concentration) for radionuclide 
i in Disposal Option 1. Because only radionuclide 
ingestion is considered in the current β-SOAR biosphere 
model, iw  is the product of the ingestion dose coefficient 

and specific activity for radionuclide i. For a more 
complex biosphere model, derivation of the weighting 
factor would be more complicated and could include 
time-dependent terms. For example, the weighting factors 
would become time dependent if the biosphere model 
contained time-dependent parameters. 
 Application of the RRI approach would produce a 
family of curves for the individual components 
(e.g., waste form, waste package, near field, and far field); 
but has not been pursued here because testing of the 
β-SOAR model has not been completed. When compared 
for individual components of the performance assessment, 
RRI values greater than 1 indicate greater relative risk 
contributions from Disposal Option 2 and a relative 
performance advantage for Disposal Option 1. RRI values 
less than 1 indicate smaller relative risk contributions 
from Disposal Option 2 and a relative performance 
advantage for Disposal Option 2. 
 
VI. FUTURE DEVELOPMENT  
 
 Potential future upgrades to the non-site-specific 
biosphere model include adding other pathways for 
exposure to radionuclides in the biosphere and computing 
organ doses. If candidate disposal regions are identified, 
representative characteristics could be developed for 
communities within the region. Variability among 
different communities (e.g., farming practices) within a 
region could be propagated into the performance 
assessment model by developing multiple representative 
communities and/or using parametric sampling. If 
individual candidate disposal sites were identified, 
conventional characterization of local practices could 
support the modeling of a more extensive set of biosphere 
pathways in addition to the drinking water pathway. 
Additional information regarding candidate disposal 



media and local communities could be used to develop a 
technical basis for correlating the parameters for capture 
fraction and water flow to the identified biosphere.  
 
VII. CONCLUSION 
 
 A description was provided of the simple biosphere 
model in a beta version of the Scoping of Options and 
Analyzing Risk model, β-SOAR. An analysis of 
community water usage in the United State was presented 
for determining the default parameter distribution 
specified in β-SOAR. The contribution of the drinking 
water pathway was also assessed in the context of 
potential doses to individuals from groundwater 
contamination and was found to contribute about half of 
the total all-pathways dose in other models for most 
radionuclides. A single risk metric, RRI, was proposed for 
comparing the performance of individual natural or 
engineered components for different disposal options over 
time. Potential future upgrades to the non-site-specific 
β-SOAR were discussed. In support of regulatory 
program development for implementing any changes in 
U.S. policy on high-level waste disposal, β-SOAR could 
be used to evaluate disposal options. 
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