Introduction


A methodology to estimate radiological exposure to two selected ecological receptors (Table 1) for Sandia National Laboratories, New Mexico (SNL/NM) Environmental Restoration (ER) sites.  This methodology was developed by IT Corporation with funding from the SNL/NM ER Project in 1997 and was peer-reviewed by Prof. Ward Whicker of Colorado State University at Fort Collins.  This methodology produces the same order of magnitude of dose rate as the Screening –Level External Dose Coefficient for Terrestrial Biota by David Kocher, ORNL when the same decay energy (MeV) is used.  





Table 1


Exposure Factors for Ecological Receptors for Radiological Exposure


Sandia National Laboratories, New Mexico





Receptor Species�
Class/Order�
Trophic Level�
Body Weight (kg)a�
Food Intake Rate (kg/d)b�
Dietary Compositionc�
Home Range


(ha)d�
�
Deer Mouse


(Peromyscus maniculatus)�
Mammalia/


Rodentia�
Omnivore�
0.0239e�
0.00372�
Plants:  100%


(+ Soil at 2% of intake)�
0.11f�
�
Burrowing owl


(Speotyto cunicularia)�
Aves/


Strigiformes�
Carnivore�
0.155g�
0.0173�
Rodents:  100%


(+ Soil at 2% of intake)�
14h�
�



aBody weights are in kilograms wet weight.


bFood intake rates are estimated from the allometric equations presented in Nagy (1987).  Units are kilograms dry weight per day.


cDietary compositions are generalized for modeling purposes.  Default soil intake value of 2% of food intake.


dHome ranges are in hectares.


eFrom Silva and Downing (1995); average of both sexes for New Mexico.


fFrom EPA (1993), based on the average home range measured in semi-arid shrubland in Idaho.


gFrom Dunning (1993); average of both sexes for North America.


hFrom Haug et al. (1993).





A methodology has been developed to estimate the internal and external radiation dose rates to wildlife receptors that are continuously exposed to radionuclides at SNL/NM ER sites based on their concentrations in the surface and subsurface soil. This section describes the models and parameters used in the radiation dose model.  For screening purposes, this model uses the maximum measured radionuclide concentrations detected in soil at a given SNL/NM ER site from within the 0 to 5 ft. depth interval.  Significant decay products of each parent radionuclide are considered in the dose rate estimates.  Radioactive daughters from parents that contribute significantly to internal dose are considered via radionuclide-specific absorbed energy data available from ICRP 2 (1959).  Baker and Soldat (1992) provide summary tables of these data for ease of use.  This absorbed energy data is highly dependent upon the size of the receptor.  Alpha and beta emitters are assumed to deposit 100% of their energy in body tissues.  Gamma rays are fractionally absorbed in tissues and is a function of the initial gamma ray energy.





The external dose rate a terrestrial receptor receives due to the presence of various radionuclides is calculated by multiplying the maximum radionuclide soil concentration in pCi/g and the average gamma ray energy in MeV by 2.12 and dividing by the soil density in grams per cubic centimeter (Shleien, 1992) to yield rad/h (multiply by 24 to get rad/day).  The factor, 2.12, is explained further in Appendix C.  The average gamma energy per disintegration equals the sum of the probabilities per decay times the gamma energy (in MeV) for each radionuclide considered.  This formula for the external exposure rate is based upon the receptor being surrounded by an infinite medium uniformly contaminated by the gamma emitter.  Beta particles are not considered since strong beta emitters are not anticipated at SNL/NM ER sites.  The doses from each radionuclide from internal and external pathways are summed to yield the total dose rate in rad/day for comparison with the IAEA (1992) dose rate limit of 0.1 rad/day.  





For this model, it was assumed that the geometry of the terrestrial receptor could be approximated by a sphere to simplify the calculation.  The entire activity of the radionuclides present are assumed to be concentrated at the center of the organism and treated as a point source (i.e., the receptor is uniformly irradiated from within and the absorbed dose is not organ specific). The deer mouse residing in the location of the maximum contaminant concentrations is assumed to receive its internal radiation exposure from its diet of plants and ingestion of soil.  The burrowing owl, also resides in the location of the maximum contaminant concentrations and is assumed to receive its internal radiation exposure from its diet of deer mice and ingestion of soil.  Invertebrate intake is currently not considered since soil-to-invertebrate transfer factors for radionuclides are not available in the literature.  Baker and Soldat (1992) provide data on the parameter, Ei, for certain radionuclides, which is the effective absorbed energy based upon the amount of energy the organism, with a certain effective radius, absorbs within its body.  For alpha emitting radionuclides, the effective absorbed energy for any terrestrial receptor is constant for a radius of 10 cm and lower.  This is due to the fact that all of an alpha particle’s energy is absorbed within the organism.  


The basic methodology is summarized below.  A detailed description of the methodology used to compute the internal and external radiation doses can be found in Appendix C.  Radionuclide-specific parameters used in the dose calculations for the SNL/NM ER program sites are presented in Appendix D.  





Internal Total-Body Dose Rate.  


The following equation defines the internal dose rate to a deer mouse in rad/day:





�EMBED Equation.3���





where:


	CSi 	=	the concentration of radionuclide, i, in the soil (Ci/kg),


	PSi  	=	the soil-to-plant conversion factor specific to radionuclide, i, and chemical form in the soil (Baes et al., 1984),


	Qv  	=	the ingestion rate of plant (dry weight) by the mouse assumed to 3.72E-03 kg/day (Nagy, 1987),


	Qs  	=	the ingestion rate of soil by the mouse assumed to be 7.44E-05 kg/day or 2 of plant intake (EPA, 1993),


	FI  	=	the fraction ingested from contaminated source (unitless), given as 1.0 (assumes consumption of plants and soil from contaminated area only),


	EF  	=	the exposure frequency (day/yr), equal to 365,	


	EDm	=	the exposure duration (years), assumed to be equal to 1.0 which approximates the average lifespan of the mouse in which it is exposed to radionuclides,


	FR  	=	the fraction of the radionuclide retained in mouse tissues (unitless) which is chemically specific (ICRP-2, 1959),





Bi is the burden duration factor for radionuclide i (day), which is:





�EMBED Equation.3���





where:


	Tem	=	the period of exposure in days corresponding to the average lifespan of the mouse in which it is exposed to radionuclides (equal to 365 days).





(i    =  (b  +  (r.


where:


	(I	=	the effective decay constant for radioisotope i (day-1),


	(b	=	the biological removal constant (day-1) defined as ln(2)/Tb where Tb is the biological half-life after ingestion of a radioisotope in days (ICRP-2, 1959),


	(r	=	the radiological decay constant (day-1) defined as ln(2)/Tr, where Tr is the half-life of the radioisotope in days (ICRP-2, 1959).





Ei is the effective energy absorbed constant for radionuclide, in (kg-rad-Ci-1-day-1), equal to (ICRP-2, 1959):





�EMBED Equation.3���





where: 


	( I	=	the radionuclide energy for a deer mouse with an assumed effective radius of 2 cm (MeV/dis) (ICRP-2, 1959). 


	BWm	=	the body weight (mass) of the mouse assumed to be 0.0239 kg (Silva and Downing, 1995),


	ATm	=	the averaging time equal to 365 days, corresponding to the average lifespan of the mouse being exposed to radionuclides.





A similar approach is used for the burrowing owl, with appropriate modifications for diet, body weight, exposure frequency, and exposure duration.  The following equation defines the internal dose rate to a burrowing owl in rad/day:





�EMBED Equation.3���





where:


	CSi	=	the concentration of radionuclide, i, in the soil (Ci/kg)


	PSi	=	the soil-to-plant conversion factor specific to radionuclide, i, and chemical form in the soil (Baes et al.,1984),


	(Qm ( TN)/(BWm ( DW) = the number of deer mice consumed per day,


	Qm	=	the ingestion rate of deer mouse (food) by the burrowing owl assumed to be 1.73E-02 kg/day (Nagy, 1987),


	TN	=	proportionality factor equal to 1 day (normalizes mouse consumption by the owl to the number of mice ingested in 1 day),


	BWmouse  = the body weight (mass) of the mouse equal to 0.0239 kg (Silva and Downing, 1995),


	DW	=	the conversion from mouse wet weight to dry weight equal to 0.32 (EPA, 1993),


	Qvm	=	the ingestion rate of plant by the mouse (dry weight) assumed to be 3.72E�03 kg/day (Nagy, 1987),


	Qsm	=	the ingestion rate of soil by the mouse assumed to be 7.44E-05 kg/day or 2% of plant intake rate (EPA, 1993),


	Qsowl =	the ingestion rate of soil by the owl assumed to be 3.46E-04 kg/day or 2% of food intake (EPA, 1993),


	FI	=	the fraction ingested from contaminated source (unitless), given as 1.0 (Assumes consumption of plants and soil from contaminated area only ),


	EF	=	the exposure frequency (day/yr), equal to 365,


	EDowl	=	the exposure duration (years), assumed to be equal to 7, �which approximates the average lifespan of the owl,


	FR	=	the fraction of the radionuclide retained in the mouse and �owl (unitless) which is radioisotope dependent �(ICRP-2, 1959),





Bi is the burden duration factor for nuclide i (day), which is equal to:





�EMBED Equation.3���





where:


	Teowl	=	the period of exposure in days, 365 days.


(i     =  (b  +  (r.


where


	(I	=	the effective decay constant for radioisotope i (day-1),


	(b	=	the biological removal constant (day-1) defined as ln(2)/Tb where Tb is the biological half-life after ingestion of a radioisotope in days (ICRP-2, 1959),


	(r	=	the radiological decay constant (day-1) defined as ln(2)/Tr, where Tr is the half-life of the radioisotope in days (ICRP-2, 1959).





Ei is the effective energy absorbed constant for radionuclide, in (kg-rad-Ci-1-day-1), equal to (ICRP-2, 1959):





�EMBED Equation.3���





where:


	( I	=	the radionuclide energy for a burrowing owl with an assumed effective radius of 5 cm (MeV/dis) (ICRP-2, 1959). 


	BWowl	=	the body weight (mass) of the owl equal to 0.155 kg, (Dunning, 1993)


	ATowl	=	the averaging time equal to 2,555 days (7 years), which approximates the average lifespan of the burrowing owl in which it is exposed to radionuclides.


Inhalation of radionuclides


In some cases, inhalation of radionuclides may be a potentially significant exposure pathway.  This specifically applies to wildlife species using burrows.  The inhalation dose rate model presented here is a simple methodology that provides a conservative estimate of the radiological dose (Sample et al., 1997).





The inhalation dose rate to a deer mouse exposed to radionuclides via inhalation of radiologically-contaminated dust in a burrow is estimated by equation 1 for one radionuclide (this equation can be used to sum up multiple radionuclide contributions):





�EMBED Equation.3���





where:


	Dinh	=	internal dose rate from inhalation of contaminated soil (mrad/day),


	QF	=	quality factor to account for the greater biological effectiveness of alpha particles (equal to 20 for alpha particles and 1 for betas and gammas),


	Fbelow	=	dose reduction factor for the fraction of time receptor spends below the ground assumed to be equal to 1 (unitless),


	Csoil	=	activity concentration of the radionuclide in the soil (pCi/g),


	A	=	mass of respirable dust per volume of air breathed (0.1 g/m3; DOE, 1995),


	AD	=	air density (1200 g/m3; Eckerman and Ryman, 1993),


	(	=	energy for alpha, beta and gamma emissions by radionuclide (MeV/disintegration),


	Cfa	=	conversion factor to go from MeV/disintegration to g-mrad/pCi-day �(5.12 x 10-2),


	AF	=	absorption fraction (unitless) which depends on the size of the receptor and the type of radioactive decay.  This parameter is assumed to be equal to 1 for alphas and betas.  Gamma values depend upon the size of the receptor to determine how much of the gamma’s energy is absorbed by tissues.





This relationship is similar to the ingestion dose rate equation currently used to calculate dose rates due to ingestion of radionuclides via plants and soils and can be applied to any number of radionuclides that are present.  This model assumes there is 0.1 g of radionuclide-contaminated dust particles per cubic meter of air breathed (variable A in the equation above).  This term needs some more research and, possibly, adaptation to the SNL/IT methodology; however, this variable was developed for animals that reside in burrows and should provide a conservative estimate of the amount of contaminated dust inhaled.  This term is conservative because not all of the dust particles have radionuclides adhered to them.  Currently, the variable quality factor (QF) is not used by the internal and external dose rate equations but is a significant part of the inhalation methodology.  The quality factor is considered because alpha particles cause more biological damage per decay than betas or gammas because of their increased kinetic energy.  The variables (, AF and CFa are used to describe the amount of energy absorbed by the receptor and are similar to variables in the internal dose rate relationships for ingestion currently used.  





Sample calculations were performed using radionuclide concentration data obtained from preliminary remediation goals (PRG) for a human health industrial land-use-scenario.  Table 3 summarizes the inputs and outputs from these calculations.





The dose rate is a function of the amount of respirable dust that the air in the burrow can hold.  The model then assumes that the amount of dust outside of the body is the same as the amount of dust in the lungs of the receptor.  It is also assumed that all of the dust particles in the air and lungs contain radionuclides that expose internal tissues to radioactivity.  The dose rate to the mouse via the inhalation pathway is more significant than ingestion, as the calculations show for Th-232, Pu-238, Pu-239, Am-241; with Th-232 about 7 times the ingestion dose rate.  With all the conservative assumption (high dust loading and all particles in the lungs contain radionuclides), a multipiler of 10 will be applied to the ingestion does rate for the estimate of the inhalation dose rate for Th-232, Pu-238, Pu-239, and Am-241.











Table 2


Estimation of the Ratio of Inhalation/Ingestion Dose Rates for the Mouse





�
241Am�
238Pu�
239Pu�
232Th�
238U�
�
PRG Soil Concentration, pCi/ga�
462�
725�
657�
6.35�
644�
�
Calculated Ingestion Dose Rate, rad/dayb�
1.87E(04�
2.36E(04�
2.01E(04�
3.15E(07�
6.30E(03�
�
Inhalation Dose Rate, rad/day�
2.17E(04�
3.41E(04�
2.89E(04�
2.22E(06�
2.36E(04�
�
Ratio of Inhalation to Ingestion�
1.16�
1.44�
1.44�
7.05�
0.040�
�



aValues reported by  Professor Ward Whicker March 16, 1998.


bIngestion related dose rates were calculated using the equation presented in 3.7.1.





External Total Body Dose Rate  


In addition to internal dose, external dose is also evaluated.  The model, below, is based upon exposure to gamma emitting radioisotopes only (DOE, 1995).  The dose is likely an overestimate of a whole-body dose, but is less conservative than a skin dose.  The dose rate equation presented below for gamma radiation absorbed dose is the same relationship for both the owl and the mouse.  This equation is valid for absorbed dose in a receptor’s tissue located in an infinite medium contaminated with the gamma emitter.  Since the owl and mouse are assumed to have the same tissue properties, the equation is valid for both receptors.





The following relationship defines the external dose rate (rad/hr) to a terrestrial receptor exposed to certain radionuclides:





�EMBED Equation.3���





where: 


	D	=	the external dose rate (rad/h).


	Ei	=	the average gamma-ray energy emitted by the radioisotope  per disintegration (MeV).  This value is the sum of probabilities per decay multiplied by the energy of the emitted gamma-ray in MeV.


	Ci	=	the concentration of the radionuclide ((Ci/cm3),


	(soil	=	the density of the soil (grams/cm3) assumed as 1.5.





Final Dose Rate Calculation 





Internal (including inhalation if appropriate) and external dose rates are summed for each radionuclide to determine the total dose to a receptor from a given radionuclide.  These radionuclide-specific totals are then summed to obtain the total dose received by a receptor on a rad/day basis. 





Radiological Benchmark


These calculated dose rates are compared to the International Atomic Energy Agency maximum allowable dose rate of 0.1 rad/day (IAEA, 1992) for terrestrial receptors to evaluate potential risk.  This benchmark dose rate represents the threshold where slight effects from radiation doses may become apparent in terrestrial wildlife populations.  Because plants and insects are less sensitive to radiation than vertebrates (Whicker and Schultz, 1982), the dose of 0.1 rad/day should be protective of a broad range of species and ecosystem processes.  The methodology presented here is used as a screening tool to determine if ecological receptors are impacted even when dose rates to humans are considered negligible.
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Table 3


Radiological Properties for Selected Radionuclides


Sandia National Laboratories, New Mexico











Radionuclide�



Radioactive Half-life (days)a�
Effective Absorbed Energy for Deer Mouse (MeV)a�
Effective Absorbed Energy for Burrowing Owl (MeV)a�



Biological Half-life (day)a�
Fraction of Radionuclide Retained By Receptor (unitless)a�
Average Gamma Energy Per Decay (MeV)b�
�
Am-241�
1.580E+05 �
5.510E+00 �
5.520E+00 �
20000 �
0.001 �
2.810E-02 �
�
Co-60�
1.920E+03 �
2.370E-01 �
4.370E-01 �
9.5 �
0.3 �
2.506E+00 �
�
Cs-137+D�
1.100E+04 �
2.670E-01 �
3.160E-01 �
115 �
1 �
5.978E-01 �
�
H-3�
4.510E+03 �
5.800E-03 �
5.800E-03 �
10 �
1 �
0.000E+00 �
�
Ni-63�
3.500E+04 �
1.760E-02 �
1.760E-02 �
667 �
0.05 �
0.000E+00 �
�
Pu-238�
3.200E+04 �
5.510E+00 �
5.510E+00 �
65000 �
0.001 �
1.600E-03 �
�
Pu-239�
8.780E+06 �
5.150E+00 �
5.150E+00 �
65000 �
0.001 �
6.540E-04 �
�
Pu-240�
2.390E+06 �
5.160E+00 �
5.160E+00 �
65000 �
0.001 �
1.526E-03 �
�
Ra-226�
5.840E+05 �
1.100E+01 �
1.100E+01 �
8100 �
0.2 �
6.748E-03 �
�
Ra-228�
2.100E+03 �
6.000E+00 �
6.000E+00 �
8100 �
0.2 �
6.670E-09 �
�
Sr-90�
1.060E+04 �
1.140E+00 �
1.140E+00 �
4000 �
0.3 �
0.000E+00 �
�
Th-228�
6.980E+02 �
5.600E+00 �
5.600E+00 �
57000 �
2.00E-04 �
3.074E-03 �
�
Th-230�
2.810E+07 �
4.800E+00 �
4.800E+00 �
57000 �
2.00E-04 �
1.405E-03 �
�
Th-232�
5.150E+12 �
4.100E+00 �
4.100E+00 �
57000 �
2.00E-04 �
2.477E+00 �
�
U-234�
8.920E+07 �
4.900E+00 �
4.900E+00 �
100 �
0.05 �
1.477E-03 �
�
U-235+D�
2.570E+11 �
4.600E+00 �
4.600E+00 �
100 �
0.05 �
2.135E-01 �
�
U-238+D�
1.630E+12 �
4.300E+00 �
4.300E+00 �
100 �
0.05 �
2.63E-02 �
�
	      a Baker, D.A., and J.K. Soldat, 1992, Methods for Estimating Doses to Organisms from Radioactive Materials Released into the 


	      Aquatic Environment, PNL-8150, Pacific Northwest Laboratory, Richland, Washington, pp. 12-20.


	      b Grove Engineering, Microshield 3.13 - Decay (DK), 1989.
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