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ABSTRACT 

The CRRIS la a £omputerized Radiological £isk Inves t igat ion System 
cons i s t ing of eight f o l l y integrated computer codes which ca lculate 
environmental transport of atmospheric re leases of radionuclides and 
resul t ing doses and health r isks to individuals or populations. Each 
code may also be used alone for various assessment appl icat ions . 
Radionuclides are handled by the CRRIS e i ther in terms of the released 
radionuolies or the exposure radionuclides which consist of both the 
released nuclides and decay products that grow in during environmental 
transport. The CRRIS i s not designed to simulate short-term e f f e c t s . 

The capabi l i ty of the CRRIS codes to handle radionuclide chains i s 
accomplished through the PRJMUS code, which accesses r l ibrary of 
radionuclide decay data and sets up the matrices which are used by the 
other CRRIS codes in a l l ca lculat ions involving transport and decay. 
The DECAY package of subroutines performs the decay computations in most 
of the CRRIS codes. 

Atmospheric dispersion calculat ions are performed by the ANEMOS 
computer code for distances .£100 km and by the RETADD-II computer code 
for regional-scale d is tances . Both codes estimate annual-average a ir 
concentrations and ground deposition rates by locat ion. ANEMOS employs 
a Gaussian plume atmospheric dispersion model. RETADD-II i s based on 
long-range trajectory estimates using upper-air wind data. Output from 
ANEMOS i s produced on a 16-sector polar grid. Output from RETADD-II i s 
produced on a rectangular grid. Both RETADD-II and ANEMOS process a 
s ingle source. Multiple output f i l e s from ANEMOS for sources separated 
by r e l a t i v e l y small distances nay be summed using the SDMIT code. 

The TERRA and MLSOIL codes ca lculate t erre s t r ia l transport of 
radionuclides from the ground deposit ion rates written by e i ther ANEMOS. 
SDMIT, or RETADD-II. TERRA computes radionuclide concentrations in 
t o i l , several categories of produce, beef , and cow's milk. The code 
accesses the SITE data base, which i s a data base of agr icu l tura l , 
c l imatologieal • land use, and demographic parameters for each Y» by V» 
degree longi tude- lat i tude c e l l in the conterminous United States . A 
second data base of parameters for soi l -water d i s tr ibut ion , plant 
uptake, and transport to beef and milk i s a lso accesaed by TERRA. 

ix 



MLSOIL calculates an effective ground surface concentration for 
computation of external doses. This effective ground surface 
concentration is equal to the ratio of (the computed dose in air from 
the concentration profile In the soil layers) to (the dose factor for 
computing dose in air from the plane concentration). MLSOIL usej a 
five-layer linear-transfer model to calculate the concentrations of 
radionuclides in the soil following deposition on the ground surface 
from the atmosphere. DFSOIL calculates the dose factors used in MLSOIL 
to compote don in air per an1t concentration at 1 m above the ground 
from each of the five soil layers and the dose per unit concentration 
from an infinite plane source. 

Finally, the ANDROS code is used to calculate individual or 
popnlation effects via pathways of immersion in the plume, standing on 
contaminated ground, and inhalation and ingestion of radionuclides. The 
radionuclide concentrations may be from any of the CRRIS codes. ANDROS 
accesses the SITE data base and the RADRISK dosimetric acd health risk 
factor file. ANDROS calculates individual or population effects and 
tabulates them according to the user's needs. 

The CRRIS provides an alternative to assessment code* which 
incorporate all calculations into a single program. Because of its 
modular structure, the CRRIS allows assessments to be tailored to the 
user's needs. Each code of the CRRIS contains well-documented default 
parameters for ease of operation, but all default parameters may be 
easily overridden via NAMELIST input. Numerous options exist for the 
transport and health effects calculations and for the detail of output 
in all codes, making the CRRIS a very versatile system for performing 
nuclear assessments. 

x 



1. INTRODUCTION 

The funding for thia project was provided by the U.S. Environmental 
Protection Agency (EPA), which, upon assuming regulatory authority of 
nuclear effluents covered by the Clean Air Act amendments of 1977, 
launched an extensive review and revision of models that simulate 
transport of radionuclides through environmental pathways to man and 
calculate resulting health impacts. The results of the first phase of 
this work undertaken by the Health and Safety Research Division (HASRD) 
of the Oak Ridge National Laboratory (ORNL) are published in two 
reports: AIRDOS-EPA (Moore et al., 1979) and DARTAB (Begovich et al., 
1981). 

The AIRDOS-EPA computer code employs a Gaussian plume model and an 
implementation of tbe U.S. Nuclear Regulatory Commission (NRC) 
Regulatory Guide 1.109 (USNRC, 1977a) terrestrial transport models to 
calculate dispersion c/ radioactive pollutants from point or area source 
releases through the surrounding atmospheric and terrestrial 
environment. The code uses meteorological and agricultural information 
to calculate radionuclide concentrations in air* water, surface and 
root-zone soil* meat, milk, and vegetables at downwind receptor sites. 
Exposures to individuals and populations from immersion in air and 
water; standing on the ground surface; ingestion of meat, milk, and 
vegetables; and inhalation of air are calculated from the environmental 
concentrations using various parameters and scenarios pertaining to 
human activities and intake rates. The creation of AIRDOS-EPA input 
data sets baa been simplified by PREPAR (Sjoreen and Miller. 19S4). 
PREPAR is a computer code that provides default values for all AIRDOS-
EPA input parameters and uses NAMELIST and variable format input for 
user-selected data. 

The computer code DARTAB reads a dosimetric data file, compiled 
through nuaerous runs of the RADRISK computer code (Dunning, Leggett, 
and Yalcintas, 1980) and combines the dose and risk factors for a 
particular nuclide with exposure and intake rate estimates from AIRDOS-
EPA. DARTAB tabulates doaes end health effecta by cancer, expoaure 
pathway, and/or nuclide. 

1 
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Although the AIRDOS-EPA and DARTAB computer codes have provided an 
interim methodology for performing nuclear assessments, work has 
continued st ORNL on an integrated set of computer codes and data basec 
which serves as a jtate-of-the-art radiological risk assessment 
methodology. This Computerized Radiological Risk Investigation System, 
CRRIS, is based on a review and evaluation of the AIRDOS-EPA/DARTAB 
system. This report provides an overview and introduction to the CRRIS. 

The interrelationship of the codes of the CRRIS is shown in 
Fig. 1.1. PRIMUS (Hermann et al., 19B4) is a preprocessing code which 
accesses a data base of decay data (Kocher. 1981a) and determines the 
members of each decay chain which mast be considered in transport, dose, 
and risk calculations by the other codes of the CRRIS. RETADD-II 
(Murphy, Ohr, and Begovich, 1984) is a long-range (>50 km) trajectory 
atmospheric dispersion code which calculates radionuclide air 
concentrations and ground deposition rates as grid cell averages on a 
regional- or continental-scale rectangular grid. ANEMOS (Miller et al., 
in press) is a short-range (i.100 km) Gaussian plume atmospheric 
dispersion code which calculates radionuclide air concentrations and 
ground deposition rates on a circular grid. Output from ANEMOS may be 
specific for successive downwind distances or averaged over the sector 
segments. Multiple runs of ANEMOS within a relatively small area may be 
summed on a master grid by the SUMIT code (Begovich et al., 1984). 
SUMIT intei^olates ANEMOS output onto a user-specified polar or 
rectangular grid or a user-specified list of specific locations. The 
TERRA code (Baes et al., 1984a) uses the ground deposition rates 
computed by either ANEMOS, SUMIT, or RETADD-II and calculates ingrowth 
in surface soils and transport to vegetables, beef, and cow's milk. 
TERRA makes use of both an element-specific data base of environmental 
and foodchain transport parameters and the SITE data base of location-
dependent agricultural, land use, climatological, and miscellaneous 
parameters (Baes et al., 1984b). Output from TERRA is in the form of 
ground surface and food concentrations on the same grid specified by 
either ANEMOS, SUMIT, or RETADD-II. MLSOIL (Sjoreen et al.. 1984) can 
either replace TERRA or accept input from that code. MLSOIL reads 
deposition rstes from ANEMOS. SUMIT. or RETADD-II and computes an 
effective ground surface concentration. MLSOIL will merge its ground 
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RETADD-l l ANEMOS > SUMIT 

DFSOIL 

i 
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1 
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ANDROS 

DOSES AND RISKS 

Fig. 1.1. The six computer codes which comprise the CRRIS 
and the various pathways of interaction among them. 



surface concentrations with the other environmental concentrations 
computed in TERRA, if requested. ANDROS (Begovich et al., in press) 
receives environmental concentrations from the othor CRRIS codes and 
combines them with population estimates (from the SITE data base), food 
and air intake rates, and dose and health effect factors to calculate 
population and individual doses and health effects from the source terms 
used. 

As indicated by Fig. 1.1, various combinations of tbe CRRIS codes 
may be used to tailor the assessment to the user's needs. For example, 
if inhalation and air immersion doses and health effects only are to be 
calculated, then the user may elect to eliminate TERRA and MLSOIL from 
the assessment. On the other hand, if ground deposition rates and air 
concentrations are known for a given location, then the user may 
complete the assessment using PRIMUS. TERRA, MLSOIL, and ANDROS. 



2. THE I'RIMUS CODE 

The PRIMUS code (Hermann ct al., 19B4) is generally the first code 
run each time a new set of released radionuclides (source term) is 
evaluated using CRRIS. This is a program for the preparation of 
Radionuclide Ingrowth Matrices from User-specified Sources. These 
matrices are written by PRIMUS and serve as part of the data for any of 
the other codes in the CRRIS except ANEMOS. RETADD-II, and DFSOIL. If 
requested, ANEMOS can produce these dccay matrices. 

2.1 Creation of Data Sets 

Based on the radionuclides in the source term supplied by the user, 
the PRIMU" code sets up matrices of decay constants .nd branching 
fractions for the calculation of decay and ingrowth. PRIMUS accesses a 
radionuclide decay data base (Kocher, 1981a). PRIMUS then creates 
arrays of released radionuclides and their associated daughter products 
for use by other codes in the CRRIS. 

2.2 Radiological Decay and Depletion Calculations 

The radionuclide decay and buildup calculations are performed by 
the other CRRIS codes using the PRIMUS file via the DECAY package of 
subroutines. The calculations include radiological decay coupled with 
other required depletion processes. The general solution is given as 
implemented in TERRA. ANEMOS. and ANDROS. The approach used is to set 
up the rate-of-change balance equation for the decay chains of all 
released radionuclides. The set of differential equations is then cast 
in matrix notation and solved by an established technique (Lee, 1976). 

The rate of change of a radionuclide in a system depends on its 
rate of input to the system, its production rate from parents, and its 
depletion rate from both decay and removal processes. Writing the 
activity rate-of-change balance equation gives. 

5 
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d Q i ( t ) (2 1) 
- - i + / H ^ v 0 - w i ) - k

 x k i V > • 

where 

Qj (t) - the activity of nuclide i at time t (Ci 
or Bq), 

Oj(t) » the activity of nuclide j , parent to 
nuclide i, at time t (Ci or Bq), 

• £ • the Input rate (source term) of nuclide 
i (Ci/s or Bq/s, 

X^ «= the radiological decay constant of 
nuclide i (s 1), 

b ^ - the branching fraction of nuclide j to 
nnclide i (unities*), and 

X. . = type-k removal (e.g., dry deposition) 
-1 rate factor of nr.clide i (s ). 

The set of linear differential equations given by Eq. (2.1) for the 
m nuclides of a chain can be written in matrix notation as 

( 2 . 2 ) 

where 

fi(t) - 5 + Afi(t) 

fl(t) " the vector of elements q^, i = 1, m, 
£ » the vector of elements s^, i = 1, m, 
A • the m z m matrix of elements a ^ , such 

that 

aii " - Xi " k
Xki a n d 

aij " Xibij* 

However, since Eq. (2.2) is not directly integrable, it is multiplied by 
-At . e to give. 
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e~AtQ(t) - e~AtAQ(t) - e~Atfi . 

The left-hand member can alao be produced by the derivative. 

•£[e"Atft(t)] - e A tQ - e A tAQU> . 

Integrating equal members for Eqs. (2.3) and (2.4) 

/d[e"AtQ(t)] - /e"Atfidt (2.5) 

yields the solution. 

e " A t a ( t ) - -e"AtA_1£ + g , ( 2 .6 ) 

where the constant of integration, is determined from the boundary 
condition that fi(t) = fi(0) at t •= 0 and hence 

R = Q(0) + A-1£ . (2.7) 

Or, Eq. (2.6) becomes 

fi(t) « eAtS(0) + A *(eAt - I)£ , (2.8) 

where I is the identity matrix. 
Two alternative forms of Eq. (2.8) are used in the CRRIS codes. In 

ANEM0S, fl(0) is the vector that includes the activity emission ratea (in 
Bq/a or Ci/s) for all radionuclides at the point of release, (that is. 
ft(0) is the unmodified aource term). Then, g(t) ia the modification of 
fl(0) after transport time t. Since fi • 0 in ANEHOS, Eq. (2.8) is 
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reduced to 

fi(t) - eAtQ<0). (2.9) 

Equation (2.9) may alao be used in ANDROS and in TERRA and MLSOIL when 
the total sssessment time it greater than the period of source activity. 
In TERRA and MLSOIL. however, it is necessary to compute decay and 
depletion processes that depend on only a constant source Then for 
g(0) = 0, Eq. (2.8) becomes 

& = A _ 1( e
A t - I)£ . (2.10) 

Lee (1976) has shown that equations in the form of Eq. (2.9) may be 
recast as 

fi - Q(0) + At(At)-1(eAt - I)Q(O) = Q(0) + AtD(At)Q(0) , (2.11) 

and, similarly, for Eq. (2.10), 

2(t) = (At)"1(eAt - I)fit = D(At)£t . (2.12) 

where, 

D(At) = (At)-1 (eAt - I) . (2.13) 

Then, Lee applies a matrix operator technique based on the calculus of 
Volterra involving the multiplicative integral, which avoids the usual 

At 
difficulties of evaluating e resulting from large values for the 
elements in the matrix At. In the CRRIS this operation is carried out 
in the DECAY package of subroutines. The method is unaffected by 
eigenvalues of A which have a multiplicity greater than 1. The 
theoretical derivation of the above matrix operator method is presented 
by Lee (1976). 



3. THE ANEMOS CODE 

Releases of radionuclides to the atmosphere result in health 
effects to man from inhalation of and immersion in contaminated air, 
exposure to contaminated ground sources, and ingestion of food 
contaminated by deposited radionuclides. The purpose of the ANEMOS code 
(Miller et al., in press) is to estimate concentrations in air and 
gronnd deposition rates for Atmospheric Nuclides Emitted from Multiple 
Operating Sources. These concentrations and deposition rates are used 
in subsequent portions cf the CRRIS for estimating doses and health 
risks to man. 

3 .1 The Baltic Model 

A schematic representation of the ANEMOS code is shown in Fig. 3.1. 
The purpose of ANEMOS is :o calculate the average concentrations aronnd 
a sonrce for releases that occur over an extended period of time such as 
a year. The caleolations made in ANEMOS are based on the use of a 
modified straight-line Gaussian plume atmospheric dispersion model 
(Slide, 1968). Baoed on long-term meteorological data, a 22.5° sector-
averaged air concentration is calculated: 

Np NrN q' (x) (3.1) 
is . 4 2 n x D e p p*=l r=l r * 

where 

C^a(x) » ground-level air concentration of 
radionuclide i in wind direction s 
'(1 £ a 1 N ) at downwind distance x 
(activity/m3); 

• 
Q. (x) » effective emission rate for radionuclide iprs 

i in stability clasa p, wind speed 
class r, and wind direction s at 
downwind distance x (activity/s); 

9 
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Fig. 3.1. A schematic representation of the ANEMOS compnter code. 
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Ug, « wind speed associated with wind speed 
category r (m/'s); 

Np •= number of atmospheric stability classes 
8; unit.less); 

•= number of wind speed classes <1 8; 
unitless); 

Ng > number of wind directions in a standard 
data set = 16 (unitless); 

^p E depth of the atmospheric mixing layer 
associated with stability class p 
(m); 

h0 •= effective height of the plume (m); and 
z 10 the height of the receptor above ground 

(m). 

The method of computing G(z, h^, z) depends on the relationship 
between z, h , and L . In the most coauron case of z < h < L , and e p e p 
accounting for multiple reflections of the pltuae between the ground and 
the top of the mizing layer. 

t 
1 ® r2mL + h - zl' 

v v - - S T ^ c t t , ^ - i H ^ r V - J 

I r 2 n L n + he + Z12 

" 2 I ®Z<P. x) J 

I p ( m + L
p ~ h e ~ z~\2 

~ 2 [ ^(p.T)" "J 

, r2(m + 1) L - h + zi2 

• - - 1 f — " - ^ - v r - ' H • 

+ ezp 

(3.2) 

where 
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°z(p> *) "" vertical dlipertlon parameter for 
stability category p and downwind 
distance z (m). 

As the value of o^ (p, z) becomes appreciably greater than L , the 
radionuclide plume becomes uniformly distributed throughout the mizing 
layer. Under these circumstances 

G(z. h . L , *) - . (3.3) e p Lp 

There are times when the relationship z i. h _< L may not hold in e p 
the atmosphere for a given assessment problem. Jf z < L < h or h < p e e 
L^ < z, then the plume does not penetrate the lid and 

G(z, h , L , z) = 0 . (3.4) e p 

Also, if L < z and L_ < h , the plome reflects from only a lower p - P e 7 

surface and 

i i [ l2 

<;rv, " p • * k ( p - " J 
G(z, h , L , z) « — 

e P 2no (p z
 2 ,r-2L + h +zi (3.5) 

ANEMOS selects the appropriate formula for G(z, h L x) for a given e, p, 
calculation accordingly 
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3.2 Area Source Calculations 

Equation (3.1) is for a point source. However, the emission source 
for an ANEMOS calculation can be a finite area with the computational 
grid centered on the centroid of the assumed area source. Then, air 
concentrations and ground deposition rates for the area source are 
calculated uaing the principle of reciprocity by interchanging the 
source and tbe receptor points and approximating the effect of a point 
aource (receptor) on a sector (area source). The method used in ANEMOS 
was adapted from the methodology used in the computer code ATM 
(Culkowski and Patterson, 1976). 

3.3 Release Rate Specification 

For a point or aree source, the radiologicdl source term is 
specified in terms of the name of each radionuclide, the fraction of the 
releaae in each specified particle size category, the fraction of the 
release in each lung clearance class, and the total rate of release 
(activity/s). For a windblown source, tbe specific activity 
(activity/g) and tbe fraction of the time that the windblown source 
remains dry are input inatead of a release rate for each radionuclide to 
be conaidered. A model developed by Mills, Dahlman, and Olson (1975) is 
then used to calculate the actual radionuclide release rates. 

3.4 Model Parameter Specification 

ANEMOS requires as basic meteorological input a joint frequency 
distribution of wind direction, wind speed class, and atmoapheric 
stability class over the time period of interest. Suoh information is 
available for many locations in the United States from the National 
Climatic Data Center in Asheville, North Carolina. The meteorological 
data set used in ANEMOS should be selected on tbe baais of completeneas 
from all of the sets available for use near the location(s) of releaae. 
The wind speeds associated with each wind speed claaa are often measured 
at a relatively low height; for example, 10 m. These wind speeds can be 
adjusted by ANEMOS for effective stack heights above 10 m using a wind-
profile power law which ia a function of atmoapheric stability claaa and 
surface roughness length (Irwin, 1979). 
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At mig; • be expected from examining Eq. (3.1), tfz(p. x) it an 
important meter in calculations of the Gaussian plume atmospheric 
dispersion model. The formulation used in ANEMOS is that developed by 
Smith (1972) and modified by Dosker (1974). Values of u^p, x) are 
computed as a function of atmospheric stability, downwind distance, and 
surface roughness length. The basic values may be modified at the 
option of the user to account for building wake effects (Huber and 
Snyder, 1976). 

The physical height of the release location above plant grade is an 
input parameter for ANEMOS calculations. However, there are often times 
when the actual effective stack height which is used in Eq. (3.1) will 
be different from the physical stack height, due to the nature of the 
plume. Rise of the plume due to momentum and/or thermal buoyancy is 
calculated using Briggs' (1971, 1973) plume-rise equations. The user 
may request either calculation jf plume rise as a function of downwind 
distanoe or that the final plume rise be used at all downwind distances. 
Stack-tip downwash may also be considered (Briggs, 1973). For large 
particlea with a significant gravitational fall, the plume may be 
''tilted" by subtracting from the effective stack height the product of 
the gravitational fall velocity and the travel time to the downwind 
location of interest (Van der Hoven, 1968). Terrain effects may also be 
accounted for by subtracting from the effective plume height the maximum 
terrain height above ttit stack base between the release point and the 
location for which the calculation is being made (USNRC, 1977b). 

In ANEMOS, the height of the top of the tropospheric mixing layer 
above ground is considered to be a function of stability class. The 
user may enter a specific mixing height for each of the stability 
categoriea being uaed. Alternatively the user may enter only the 
average morning and afternoon mixing heights for the time period of 
interest and allow the code to calculate the stability class-dependent 
mixing height values according to an algorithm adapted from the COM 
computer code (Busse and Zimmerman, 1973). 
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3.5 Deposition and Radiological Decay 

As indicated in Sect. 2, released radionuclides may decay as they 
travel downwind to form new radionuclides in the plume. In addition, 
both parent and daughter radionuclides may be removed from the p1ume 
during transport by dry and wet deposition processes. ANEMOS accounts 
for these effects by using a modified source term in Eq. (3.1). This 
revised source term of re1eased radionuclides is given by 

x X* <x') (3.6) 
ft*iprs<*> " V P r . " p ( - ; u d*'>' O r 

where 

Q'^prs(x) » effective emission rate for radionuclide 
i in stability class p, wind speed 
class r, and wind direction s at 
downwind distance x (Bq/s or Ci/s); 

Qj " initial emission rate from the source 
for radionuclide i (Bq/s or Ci/s); 

fprs « frequency with which the wind blows 
toward direction s in stability 
class p and wind speed class r 
(unitless); 

= effective decay constant for 
radionuclide i in stability class p 
and wind speed class r at downwind 
distance x (a"1) 

B - X V xdipr<*> + 

X . = radiological decay constant for 
radionuclide i ( s ) ; 

(x) - effective decay constant for plume ipr 
depletion due to dry deposition 
processes for radionuclide i in 
stability class p and wind speed 
class r at downwind distance x 
(s"1); 



16 

° effective decay constant for pltune 
depletion due to wet deposition 
processes for radionuclide i in 
stability class p Is"1); 

x' " dummy variable of integration. 

Values of a r e based on calculations parameterized in terms of a 
dry deposition velocity which is entered by the user (Van der Hoven, 
196B) or calculated using the model of Sehmel and Hodgson (1964). The 
values of used in ANEMOS are based on the methods presented by 
Engelmann (196B) . The precipitation rate u»ed to choose m ay be 
entered, or it may be calculated fro.n the amount of rainfall during the 
assessment period and the assumptior that rain occurs only during 
stability categories C and D. The rate at which material is deposited 
on the ground by dry and wet deposition processes is also parameterized 
in terms of the dry deposition velocity and respectively (Van der 
Hoven. 196B; Engelmann, 1968). Values of A.1̂  are derived in ANEMOS 
using the PRIMUS methodology as described in Sect. 2. 

3.6 Doses from Finite Gamma Plumes 

In the CRRIS, the dose to man as a result of an exposure to 
radionuclide i from one or more pathways is estimated in the ANDROS 
computer code (Begovich et al., in press). In ANDROS, the external dose 
at downwind distance x in wind direction s due to immersion in air 
containing a gamma- or x-ray-emitting radionuclide, D. (x) (Sv/y or lgs 
rem/y), is given by 

Di..(«} " DRF, , (3.7) igs is ig 

where 
DRF^ = the photon dose-equivalent rate per unit 

concentration of radionuclide i 
3 3 (Sv/y per Bq/m or rem/y per Ci/m ). 

Values of DRF^ derived assuming a semi-infinite cloud of photon 



17 

emitters (Healy and Baker, 196B) have been tabulated (Ko her, 1981b), 
and are used in ANDROS. There are times, however, especially near the 
release point for elevated releases, when the assumption of a semi-
infinite cloud at ground level cannot be justified. Instead, the photon 
dose must be calculated from a finite cloud passing over the ground. 
Failure to account for this overhead plume dose can lead to an 
underestimation of the near-in dose for an elevated release (Lahti, 
Hubner, and Golden, 1981). 

The user may request a calculation of a finite cloud dose in 
ANEMOS. This calculation is made on the basis of the methodology 
presented by Healy and Baker (1968) and incorporated into D. S. Nuclear 
Regulatory Commission Regulatory Guide 1.109 (USNRC, 1977a) for use with 
noble gas releases from stacks greater than 80 m in height. Once the 
finite plume dose has been calculated in ANEMOS, it is divided by the 
appropriate DRI!

ig» based on the semi-infinite model, to get an 
"effective" air concentration, for example, the air concentration one 
must have to get the same dose using a dose conversion factor based on 
the semi-infinite cloud model. It is this effective air concentration 
which is transmitted to ANDROS for subsequent dose and health risk 
calculations. 

3.7 ANEMOS Output 

The output of ANEMOS is nuclide-specific air concentrations and 
ground deposition rates for 16 sectors of a circular grid. ANEMOS can 
calculate both the sector-average concentrations and deposition rates at 
a given set of downwind distances in each sector, and the average of 
these quantities over an area within each sector bounded by two 
successive downwind distances. This information, along with a user-
supplied description of the source and pertinent information on the 
parsmeters used to make the run, may be printed and may be written to a 
file for cse by other CRRIS codes. 



4. TOE SUMIT CODE 

ANEMOS calculates air concentrations and ground deposition rates 
from a single release point and does not account for contributions from 
other nearby sources. The purpose of SUMIT (Begovich et al., 1984) is 
to provide for the Systematic Unification of Multiple Input Tables that 
have been generated by individual runs of ANEMOS. SUMIT combines the 
results of these individual runs onto a master grid. The output from 
SUMIT is identical to ANEMOS output; therefore, the programs TERRA, 
MLSOIL, and ANDROS. which follow in the CRRIS. treat the SUMIT output 
file as a standard file. 

The grid system used in ANEMOS is established for computational 
convenience. This may not, however, be the desired grid for the 
assessment. As a result, provision has been uade in SUMIT to 
interpolate or transpose an ANEMOS outpnt to other grid systems. These 
other grids may be (1) a rectangular grid of specified dimensions, (2) a 
different circular grid of specified dimensions, or (3) specific 
locations within the original assessment area as designated by the user, 
for example, a set of locations along a site boundary. 

For the interpolation, air concentrations output by ANEMOS are 
presumed to vary as a power function between successive grid radii. The 
angular interpolation can be selected by the user to be linear or a 
symmetrical polynomial function. The SUMIT grid locations must lie 
within the limits of the original ANEMOS grid. SUMIT can also be nsed 
to scale the releases of the original ANEMOS run. 
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5. THE RETADD-II CODE 

ANEMOS is most appropriately applied within 50 km of the locatior 
of the source term. For downwind distances on a legior.al or continental 
scale, a REgional Jrajectory And giffusion-fiepositlon model, RETADD-II, 
(Murphy, Ohr, and Begovich, 19B4) has been incorporated into CRRIS. 
RETADD-II is intended for the estimation of average dispersion over a 
time period not shorter than about a month, for example, assessment 
applications where long-ttrm aversge values of exposure are of interest. 

RETADD-II operates by calculating tropospheric wind trajectories 
which advect material away from the source of emission. Superimposed on 
these trajectories are the vertical and horizontal diffusion rates of 
advested material which are a function of travel time. Loss of material 
by deposition on the ground is also accounted for in RETADD-II, as is 
radioactive decay and ingrowth of daughter species. Also, both wet and 
dry plune depletion effects may be considered. The source of emission 
can be either at ground level or elevated. This option allows for a 
more realistic treatment of plume depletion from elevated sources dnring 
the initial part of the advection and diffusion process. 

The calculation of wind trajectories is effected by accessing a 
data base of historical upper-air wind data. The premise behind this 
approach is that a climatology which is typical for the assessment run 
is chosen from the historical record and used in the simulation. For 
instance, to predict dispersion patterns during a given time period with 
RETADD-II, one would use upper-air wind data for that month or season. 
RETADD-II can also be used to examine individual trajectories. 

Four wind trajectories are calculated for each day of a RETADD-II 
simulation. These are the trajectories which pass through the source of 
emission at 0, 6, 12, and IB hours Universal Time. The user chooses a 
rectangular grid area to include the assessment area, and the 
trajectories are calculated by the code until they exit the grid. The 
grid may encompass a regional area the size of a state or the entire 
conterminous U.S. Historical upper-air wind data for the U.S., Canada, 
and Mexico from 1974 to 1978 are included in the CRRIS for nse with 
RETADD-II. 
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The code subdivides the assessment area into a grid with 21 eas t -
west snd 15 north-south d i v i s i o n s , that i s , 315 c e l l s . Having 
calculated the locat ions of s l l t ra jec tor ie s for the sveraging period of 
in teres t ( in terais of their constituent three-hoar segment*), RETADD-II 
ca l cu la te s vert ica l and horizontal d i f f u s i o n , deposit ion loss to the 
ground, and decay and subsequent ingrowth of radionuclide daughter 
products. Thus, average ground-level air concentration and ground 
deposi t ion rate for a l l members of a radionuclide chain are calculated. 
Tbeae quant i t ies for each of the 315 c e l l s are written by the KETADD-II 
code for nas in TERRA, MLSOIL, and ANDROS. 

Radioactive daughter product ingrowth and decay matrices for 
radionuclide chains considered by RETADD-II should be genersted through 
PRIMUS before running RETADD-II so th.it the RETADD-II output may be 
input properly to e i ther TERRA or ANDROS. While codes run af ter 
RETADD-II in the CRRIS require a PRIMUS f i l e , RETADD-II does not. The 
user of RETADD-II simply needs to provide the code with a l i s t of the 
radionuclides in the chain to be considered (by ZAS number) and the 
radioact ive decay constants and branching fract ions for each chain 
member. 



6. THE TERRA CODE 

The computer code TERRA (Baes et al., 1984a) ia used to -alculate 
the Jranaport of Environmentally fieleased £adionuclides through 
Agriculture. TERRA calculates the buildup of radionuclides on the 
ground surface and in the root zone of irrigated and nonirrigated 
agricultural soils. Prom root zone soil concentrations, TERRA 
calculates root uptake of radionuclides into food and feed crops. 
Deposition of radionuclides on ezposed surfaces of food and feed crops 
is calculated by using the ground deposition rate and vegetation-
apecifio interception fractions. Finally, the transport of nuclides to 
beef and oow's milk from ingested feeds is calculated from feed 
concentrations. During transport, consideration is taken of leaching of 
nuclides from root zone soil, vsriation in plant physiology and 
structure, site-specific cattle management practice, snd resuspension of 
ground surface-deposited material. The code does not, however, 
calculate intakes or ezposnres of contaminated food by humans. That 
calculation is made in the ANDROS code. 

Groond deposition rates may be entered directly into TERRA or they 
may be obtained from ANEMOS, SUMIT, or RETADD-II. Also, TERRA 
calculations may be made for either a circular or rectangular grid or 
point locations, depending on the grid defined. Using input from 
PRIMUS, radionuclide parent decay and daughter buildup are ezplicitly 
calculated during environmental transport. Site-specific default 
parameters are incorporated into the concentration calculations via a 
data base of default location-dependent parameters, called the SITE data 
base. Transport calculations are made using a set of default element-
specific transport parameters describing root uptake, plant surface and 
interior removal constants, feed-to-milk and feed-to-beef transfers, 
metabolic removal rates from beef and milk, and partitioning between 
soil and water (Baes et al., 1984b). Also, TERRA contains other default 
parameters snch as time constants, forage and grain requirements by 
cattle, etc. TERRA incorporates these default parameters into its 
calculations unless the user elects to override them via NANELIST input. 
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In the TERRA code ell produce end feed crop* have been assigned to 
•even categories baaed on their phenotypic and agricultural transport 
characteristics (Shor, Baes, and Sharp. 1982). These categories are 
leafy vegetablea. exposed produce, protected produce, grains, pasture, 
hay, and silage (Fig. 6.1). The first three are classified as human 
foods and the last three as livestock feeds. Grains are classed as 
both. All, except protected produce and grains, are assumed to 
intercept atmospherically depositing material on edible surfaces. Root 
uptake is considered for all categories, but uptake is considered 
separately for vegetative portions (leaves and stems) and for 
reproductive portions (fruits, seeds, and tubers) of plants. Each plant 
category in TERRA is associated with specific interception fractions and 
residence times in the field, based on analyses of the individual crops 
and their importance in the category. Therefore, transport calculations 
in TERRA are "tailored" to the specific food and feed categories 
modeled. 

In TERRA milk is assumed to come from milk cows, but beef is 
derived from three cattle types: milk cows, feedlot cattle, and "other" 
cattle. Each cattle type it assumed to consume forage and grain 
consistent with the feeding regime specific to the category. 
Radionuclide concentrations in forage are a composite of the 
concentrations calculated for pasture. silage, and hay. The 
contribution of each to the forage composite is based on the number and 
type of cattle at a given location, their forage requirements, and the 
quantity of silage and hay harvested at the location. (The cattle 
inventories and silage and hay production are derived from the SITE data 
base.). Beef concentrationa computed by TERRA are a composite of beef 
from the three cattle typea. Beef and milk radionuclide concentrations 
are calculated for each cattle type via a single compsrtment model which 
includes both metabolic turnover and nuclide decay. This approach is 
different from the NRC Regulatory Guide 1.109 (USNRC, 1977a) approach in 
that isotopes of the same element will have beef concentrations 
consistent with their radiological half-lives. The compsrtmental input 
rates, however, are based on the traditional element-specific feed-to-
milk (F ) and feed-to-beef (F-) transfer coefficients (Baes et al.. m i 
19B4). 
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Fig. 6.1. The categorization of all vegetable crops and 
animal feeds in the TERRA code based on radionuclide 
transport and agricultural pathway characteristics. 
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6.1 Parent Decay and Daughter Buildup in TERRA 

Parent decay and daughter buildup in TERRA it incorporated into all 
transport calculations via the DECAY package of subroutines which 
combine the PRIMUS file of decay matrices with other radionuclide input 
find removal processes. The protocols of the DECAY package require that 
decay and removal rate constants be added to form a single removal 
constant. Thus, processes such as root uptake, atmospheric deposition, 
weathering removal, leaching from soil, and ingestion of contaminated 
feed by cattle are all be considered as linear rates in TERRA. The 
decay calculations are performed as described in Sect. 2.2. 

Because of the DECAY protocols, the traditional NRC Regulatory 
Guide 1.109 (USNRC, 1977a) equation for plant contamination has been 
modified in TERRA. The process of root uptake of radionuclides in soil 
is not simply the product of the soil concentration at a given time and 
a soil-plant bioaccumulation factor. Instead, a root uptake rate is 
derived according to 

C B 
R ^ soil plant (6.1) 

where 

the root uptake rate (Bq/kg/s or Ci/kg/s), 
the root zone soil concentration (Bq or Ci/kg), 
the soil-plant bioaccumulation factor (unitless), and 
the time to harvest (s). 

This root uptake rate, Rr> is incorporated into the decay equations in 
TERRA for internal plant concentrations of radionuclides. All other 
input rates (deposition on plant surfaces and ingestion of contaminated 
feed by cattle) are directly derived from the NRC Regulatory Guide 1.109 
models (USNRC, 1977a). 

R 

B 
soil 

plant 
t. 
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6.2 Element-specific Parameters 

Quantification of nuclide transport through agricultural systems in 
TERRA involves the parameters describing soil-to-plant uptake for 
vegetative growth (leaves and stems), B^; and nonvegetative growth 
(fruits, seeds, and tubers), B ; ingest ion-to-milk transfer, F ; r m 
ingestion-to-meat transfer for beef cattle, F a n d the soil-water 
distribution coefficient, K^. Ideally, these transport parameters 
should be nuclide-specific. However, because of the lack of available 
information, an element-specific determination for these parameters has 
been made. 

Boot uptake of radionuclides incorporated into surface horizons of 
soil is parameterized by the transfer coefficients B^ and Br, 
representing the ratio of elemental concentrations in plant and soil at 
harvestable maturity. The parameters B y and B^ are given by 

n St (6.2) Bv - c a n d 
s 

B - ^ ( 6' 3 ) 
r C ' s 

where 

•= soil-to-plant elemental transfer coeffi-
cient for vegetative portions of 
food crops and feed plants, 

Bf «= soil-to-plant elemental transfer coeffi-
cient for nonvegetative (reproduc-
tive) portions of food crops and 
feed plants, 

Cv •= elemental concentration in vegetative 
portions of food crops and feed 
plants (dry weight) at edible matu-
rity. 
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c
r
 m elemental concentration in nonvegetative 

(reproductive) portions of food 
crops and feed plants (dry weight) 
at edible maturity, and 

Cs • elemental concentration in root zone 
soil (dry weight). 

The parameter Bv is uaed for calculations involving leafy vegetables, 
pasture, silage, and hay. For exposed and protected produce and grains, 
B f ii the transport parameter used. 

This approach to concentration ratios is significantly different 
from the B i vj a n d Bj v2 *PPzo*cl> used by Moore et al. (1979) in the 
AIRDOS-EFA computer code. In AIRDOS-EPA B i v l values were calculated 
from dry plant/dry soil concentration ratios for livestock feeds, and 

values were calculated from fresh weight plant/dry soil 
concentration ratios f c food crops because Information on feed and food 
crops is reported in dry and fresh-weights, respectively. However, this 
methodology resulted in some inconsistencies between the resultant 
and B^^j values for the same element. That is, a n d ®iv2 * e r e 

appropriate with respect to the references used to generate them, but 
were not directly comparable with each other. In TERRA, classification 
of references is based on physiologic plant characteristics, and not, 
artifically, upon ultimate fate of the plant in the human food chain. 
Furthermore, statistical analysis of the parameter values is facilitated 
because original literature values have not been converted from dry to 
wet weight as in the AIRDOS-EPA approach. 

Adoption of B^ and B^ over an<1 ba,*d on an evaluation 
of literature references for root uptake and distribution of elements in 
plants. Nonuniform elemental distributions in food and feed crops has 
been widely observed, and typically, nonnutritional elemental 
concentrations in agricultural plants are generally ordered as roots > 
leaves 2 stems > tubers 2 fruits 2 seeds (Baes et al., 1984b). 
Variations in the relative distribution of elements among plant parts 
occur with species, variety, growth conditions, and element, but in 
general f~>r most elements, C > C . • v r 



29 

All estimates of B^ and Bf are based on any combination of 
(1) analysis of literature references, (2) correlations with other 
parameters, (3) elemental systematica, or (4) comparisons of observed 
and predicted elemental concentrations in foods. If a reference were 
judged appropriate, analysis of the reported values was done in a manner 
similar to that of Moore et al. (1979) with several modifications. 
First, all reported values were divided into those for vegetative growth 
(leaves, stems, straws) or nonvegetative growth (reproductive and 
storage parts such as fruits, seeds, and tubers). Plant concentrations 
for the former were used in calculation of B^ and the latter for B^. 
Al so, if C and C were reported for a single plant type (e.g., wheat 
straw and grain or carrot top and root), the ratio was 
calculated. The geometric mean of all reported values applied to B^, 
Br> or (Cr/Cy) ratio was calculated for each reference. The geometric 
means for each reference were used to constrnct a distribution for B v 
and B f. The geometric means of these (inter-reference) distributions 
were taken to be the best estimates of the parameters because reported 
values often spanned more than an order of magnitude and because B^ and 

appear to be lognormally distributed. 
Vhen only a few literature references were available, alternatives 

or supplements to tbe geometric means of distributions method were 
employed. For example, it was found that B^ was correlated with C^ for 
several elements. That is, entry of the element into the plant appeared 
to be regulated by, rather than a constant fraction of, the soil 
concentration. Therefore, studies employing highly enriched soil 
concentrations might yield inappropriate concentration factors for model 
calculationa. Such correlations were combined with average or typically 
observed soil concentrations to generate appropriate concentration 
factors. 

Another approach to determination of concentration factors was to 
compare plant concentrations surveyed in the literature with those 
generated by the equations 
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B C* v s and (6.4) 

B C1 
r 8 (6.5) 

where C* ia an average or typical soil concentration reported in the 
literature. If predicted plant concentrations were clearly atypical of 
reported values, the concentration factors were revised accordingly. In 
general, this method served as a critique of, or supplement to, other 
methods because of the uncertainties in values for "average" soil and 
plant concentrations. Typically, these valnes ranged over two orders of 
magnitude. 

Finally, for rare elements and elements with little or no 
experimental information available, elemental systematica were used to 
derive best estimates when no other method or information was available. 
That is, relationships established between concentration factors for an 
element and those for other elements of the same or adjacent periods or 
gronps in the Periodic Chart of the Elements were examined for trends. 
Snch trenda were extrapolated to the element in question, with the 
implication that chemically similar elements act similarly in the soil-
plant environment. This elemental analog approach was extremely nseful 
when support information for B was unavailable or meager. Systematic 
trends in observed (C /C ) ratios were often used to predict B from B r v x v 
when the support data for the former was lacking, but relatively good 
for the latter. 

Selection of values used as default in the TERRA code involved all 
of the above procedures. The final value selected as default was 
estimated to two aignificant digits rounded off to the nearest 0.5 
decimal place. 

The ingestion-to-milk transfer coefficients for milk cows used in 
TERRA are representative of the fraction of the daily elemental intake 
in feed which is transferred to 1 kg of milk. The elemental values for 
this parameter were taken from extensive review by Ng and his associates 
(Ng et al., 1977; Ng, Colsher, and Thompson, 1979a and 1979b). 
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The ingest ion-to-beef parameters in TERRA are representative of the 
fraction of the daily elemental intake in feed which is transferred to 
and remains in a kilogram of beef until slaughter. The elemental values 
for thia parameter were either taken from several reviews published by 
Ng and hia coworkers (Ng et al., 1968; Ng, Colsher, and Thompson, 1979a 
and 1979b) or determined from elemental systematic assumptions. 

The distribution coefficient, K., is the ratio of elemental o 
concentration in soil to that in water in a soil-water system at 
equilibrium. In general, K^ is measured in terms of gram weights of 
soil and milliliter volumes of water. In TERRA the distribution 
coefficient is used to determine a site-specific leaching constant, X. 
(y ) for removal from a given soil depth according to 

1. = P + I ^ , (6.6) 
Gdtl • (jKd)J 

where 

P •= annual average total precipitation (cm), 
E = annual average evapotranspiration (cm). 
I = annual average irrigation (cm). 
d = depth of soil layer from which leaching occurs (cm), 

3 p - soil bulk density (g/cm ), 
3 

0 " volumetric water content of the soil (ml/cm ), and 
Kd = the distribution coefficient (ml/g). 

Default estimates of used in the TERRA code were determined by a 
review of the literature or are based on an empirical relationship 
between K^ and B^ given by 

K. = 10.8B~0,89 . (6.7) d v 
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6.3 The SITE Data Base 

The environmental transport codes used in the CRRIS rely heavily on 
a variety of transfer factors for estimating the movement of 
radionuclides between various environmental compartments. It is 
preferable to have site-specific empirical data for these parameters, 
but i'. is realizid that this is seldom possible. As a result, a major 
effort has been made to acquire a data base of location-dependent 
default parameters describing agricultural production and productivity, 
climate, and other considerations across the conterminous U.S. These 
parameters are available on a V» x Va degree longitude-latitude basis and 
are part of a data base of .Specific Information on the Terrestrial 
Environment, called SITE. For a given location, as specified by a 
longitude-latitude coordinate (X, Y), TERRA simulates terrestrial 
transport by incorporating 20 of the SITE parameters into its 
calculations. The remaining 15 parameters not used by the TERRA code 
are either used by or are available for use by the other codes of the 
CRRIS. Table 6.1 lists the parameters which compose the SITE data base. 

The agricultural SITE parameters were derived from the United 
States county-averaged values given in the report by Shor, Baes, and 
Sharp (1982) which analyzes the 1974 Census of Agriculture. 
CIimatological parameters were interpolated from long-term averages 
recorded by United States weather stations. Demographic parameters 
describing the fraction of the population in various urbanization 
categories were available from the 1970 U.S. Census and the population 
estimate was taken from the 1980 U.S. Census. 

Two methods were needed to convert county data to half-degree cell 
data because some data were stored per unit area and others were stored 
as a total count. The data stored as a total count (head of cattle, 
kilograms of produce, etc.) were redistributed Trom county to cell basis 
according to the fraction of each county included in the individual 
cell. The assumption in effect is that number distribution is uniform 
throughout the county. The proportion of the county total within the 
cell is proportional to the area of the county within the cell. The 
data stored per unit area (e.g., crop productivities) were redistributed 
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Table 6.1. Default site-specific information available for use in the 
CRRIS with a resolution of Va by Va degree longitude-latitude 

Information type 

Demograpt ic 

Agricultural 

CIimatologicel 

Miscellaneous 

Parameters 

population (1980 census estimate) 
urban population fraction 
rural-farm population fraction 
rural-nonfarm population fraction 

Irrigation 
Pasture 
Production and yields of food crops 
Production and yields of feed crops 
Cattle (milk, feedlot, other) and sheep 

Precipitation 
Estimated evapotranspiration 
Morning and afternoon mixing heights 
Absolute humidity 
Frost-free days (Growing season) 

Dominant land feature 
Caution flags 
Total land area 

aIndicates cell contains large bodies of water, Mexican and 
Canadian territory, etc. 
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according to the fraction of each cell included in the appropriate 
counties. The effective assumption here is that the contribution from 
the county to the cell is proportional to the fraction of th« cell which 
coincides with the county. Both of these transformation fractions were 
determined for each SITE cell and each U.S. county using a program 
which calculates polygon-polygon intersections, unions, and relative 
differences. 

CIimatological parameters were determined on a half degree cell 
basis by selecting the three U.S. weather stations nearest the centroid 
of the cell. The three parameter values for the weather stations were 
weighted according to distance from the weather station to the cell 
centroid. 



7. THE MLSOIL CODE 

The MLSOIL (Multiple Layer SOIL model) (Sjoreen et al., 1894) code 
is used to calculate an equivalent ground surface concentration to b 
used in computation of external doses. This effective ground surface 
concentration is equal to (the computed dose in air from the 
concentration in the soil layers) divided by (the dose-rate factor for 
computing dose in air from a plane concentration). MLSOIL uses a five-
compartment linear-transfer model to calculate the concentrations of 
radionuclides in the soil resulting from depositing cu the ground 
surface. The model considers leaching through the soil as well as 
radioactive decay and build-up. The element-specific transfer 
coefficients used in this model are a function of the K, and d 
environmental parameters. The OFSOIL code calculates dose-rate factors 
to determine the dose in air per unit concentration at 1 m above the 
ground from each of the five soil layers used in MLSOIL and the dose per 
unit concentration from a surface plane source. 

Estimates of external dose from radionuclides deposited on the 
ground surface are often based on the assumption that the activity 
remains on the surface until removal by radioactive decay (USNRC, 
1977a). For radionuclides deposited on soils, this assumption provides 
conservative overestimates of external dose to exposed individuals above 
ground. Radionuclides will normally be transported downward in soil, 
for example, by water infiltration and plowing of agricultural lands, 
and the presence of sell between the source and receptor locations will 
usually provide much greater shielding than air alone. The method of 
computing surface soil activities used in TERRA assumes that there is no 
contribution to total concentration from radionuclides which have 
leached below the top 1 cm of soil. Therefore the external dose 
compnted from the TERRA surface soil concentrations in ANDROS is usually 
underestimated. MLSOIL computes an effective ground surface 
concentration that considers leaching into the top 100 cm of soil. 
MLSOIL and DFSOIL used together produce a soil concentration that can be 
used in ANDROS as an alternative to the soil concentration computed in 
TERRA. 
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7.1 Soil Model 

Migration into soil. together with radioactive decay, are the 
principal meohaniams by which radionuclidea may be removed from the 
gronnd anrface following initial deposition from the atmoaphere. The 
rate at which thii migration tikei place is dependent upon several 
factors, including the chemical form of the radionuclide, soil 
composition, climste, snd rainfall (Simmonds, Linaley, and Jones, 1979). 

Pigure 7.1 shows a schematic of a model to represent migration 
through undisturbed sgricultural land such as permanent pasture. The 
movement of radionuclides through the soil column is represented in the 
model by a series of transfers between compartments of vsrious sizes; 
within each compartment the radionuclides are assumed to be nniformly 
mixed. Note that there is no upward tn nfer. The rates of trsnsfer 
between the various compartments are determined by the transfer 
coefficients k ^ . As incorporsted into MLSOIL this model is a 
modification of the model presented by Siaunonds, Linsley, and Jones 
(1979) and used by the Commission of the European Communities (1979). 

The time-dependent concentration of radionuclide i, C^, (Bq/kg or 
Ci/kg), in box 1 is given by 

d Ci (7 1) - ^ . p 1 ( t ) - x 1 c . - k 1 2 c i + j b j l c 1 . 

w!i«re i\(t) is the tine-dependent rate at which radionuclide i enters 
box 1, is the radiological decay constant for nuclide i, and bj^ is 
the branching fraction of nuclide j to nuclide i. Analagous equations 
can be written for tbe remaining layers of the model illusrated in 
Figure 7.1. The time variation of the Inventories of radionuclide i in 
each layer are obtained in MLSOIL by solution to the set of simultsneous 
equations represented by Eq. (7.1). 

7.2 Transfer Coefficients 

Migration of radionuclides in soil has been studied only for a 
limited number of elements, primarily cesium, strontium, and plutonium 



LAYER 1 

LAYER 2 

LAYER 3 

LAYER A 

LAYER 5 

Fig. 7.3. The so i l model used in MLSOIL. 
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(Simmonds, Linslay, and Jones, 1979). As a result, there is only a very 
llailted empirical data base from which to derive values of the Inter-
layer tranafer coefficients in MLSOIL. Therefore, a leaching removal 
conatant model (Baes and Sharp, 19B3) has been adapted from tha TERRA 
code (Baes et al.. in press) to calculate these coefficients. This 
coefficient is computed using Eq. (6.7) with the aniiual average 
irrigation set to zero. The default parameters are the same as those 
used in TERRA. The traaafer coefficients may be entered by the user 
rather than being computed by Eq. (6.7). 



8. niE DFSOIL CODE 

The DFSOIL (fiose conversion factors for radionuclides in SOIL 
layers) code calculates the external dose-rate conversion factors in air 
for photons sources in soil and for photon sources on the ground plane 
(Sjoreen et al., 1984). The dose'-rate factors for soil layers have been 
computed for specific soil layer thicknesses and specific nuclides. 
These dose-rate factors are intended to be used in environmental dose 
assessments, particularly in MLSOIL. The soil calculations represent an 
extension of previous calculations for photon sources which are confined 
to the ground snrfaco (Kocber, 1980; Kocher, 1981b; Kocher, 1983b), in 
that the source concentration at a given depth in soil is assumed to be 
uniform over an infinite plane surface parallel to the ground. The 
concept of the external dose-rate conversion factor is discussed in more 
detail elsewhere (Eocher, 1980; Kocher, 1981b; Kocher, 1983b; Kocher, 
1983a). For the purposes of this computation, we note only that the 
dose-rate factor for external exposure to photon emitters on the ground 
surface depends on the height of the receptor location above ground, 
which is usually assumed to be 1 m. For photon emitters in soil, 
however, the dose-rate factor depends on the depth in soil but is 
usually insensitive to the height of the receptor location above ground. 

External dose from electron emitters in soil is not considered 
here. For electrons produced by radioactive decay, the electron range 
in soil is usually less than 2 cm and never exceeds 4 cm (NAS, 1964). 
Therefore, a nominal penetration of radionuclides into soil will provide 
complete shielding from all electron radiations. 

Ve have previously derived an equation for the dose-rate factor in 
air for monoenergetic photon sources which are confined to the ground 
snrface (Kocher. 1980; Kocher, 1981a; Kocher, 1983b). The resnlt is 

(B.l) 

Here, DBF* is the photon (y> dose-rate factor in air in units of Gy/s 
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2 per Bq/m ; z i» the height of the receptor location above ground in cm; 
B ia the photon energy in NeV; K ia a constant equal to the product of 

-10 4 2 2 1.6 x 10 g-Gy/MeV and 10 cm /m ; and (|i J p ) and u are the mass 
OH ft ft 

energy-absorption and linear attenuation coefficients in air in units of 
2 -i cm /g and cm , respectively, for energy E . C and D are the Y a a 

coefficients in the Berger form of the energy-absorption buildup factor 
in air for energy E given by (Trubey, 1966) 

Kn • 1 + V a r ' 

where r is the distance from any point in the source region to the 
receptor position and E^ is the first-order exponential integral 

• -C dr . (8.3) X ft Z I A 

For an exposed individual standing on the ground, the dose-rate factor 
ia usually calculated for the single height z = 1 m above ground. 

The dose-rate factors for monoenergetic sources are applied to 
radionuclides by assnaing that the spectrum of photons from radioactive 
decay consists of discrete y *°d X rays. Therefore, the dose-rate 
factor for gronnd-snrface exposure to a particular radionnclide DRF^ is 
given by 

DRFP(z) £ f. DRFa(z, E. ) t. iy v lv IT (8.4) 

where f^ is the intensity of the ith photon of energy E ^ in number per 
decay and the summation includes all photons in the decay spectrum. 

Radionuclides in soil will usually be distributed throughout a 
volume rather than confined to a plane surface. The dose rate in air 
above gronnd from a volume source can be obtained by an integration of 
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the plane-source dose-rate faotor and the radionuclide concentration 
over the source volume. For most distributions of sources with depth in 
soil, this integration must be performed numerically. The dose-rate 
factor for a slab source is obtained by integrating over the vertical 
extent of the slab. The result is 

DRFNXJ. X2. EY> - J*Ey V W " V W ( 8' 5 ) 

3 

where the dose-rate factor is in units of Gy/s per Bq/m and the 
second-order exponential integral is given by (Gautschi and Cahill, 
1965) 

E2(g») =• exp(-w) - wEj (w) . (8.6) 

The variables x'j and x'2 are equal to Xj + xa and Xj + xa» 
respectively, where x^ and x2 are the upper and lower boundaries of the 
source region and x is the thickness of a layer of 

soil that would 
produce the same shielding as 1 m of air. The correction introduced by 
x^ is usually small. The nuclide-specific dose conversion factor for 
slab sources DFR* is computed by summing these monoenergetic factors 
analogously to Eq. (8.4), as 

D R F? ( xl' x2 ) =
 i

 f i Y
D R I Y ( V x2' V ' ( 8' 7 ) 

DFSOIL reads a file containing the photon enegies and intensities 
for each nuclide that was compiled by Eocher (1981). The energy depen-
dent data are included in DATA statements. Equation (8.7) is evaluated 
for tbe layers 0-1 cm, 1-5 cm, 5-15 cm, 15-30 cm, and 30-100 cm. These 
five dose-rate factors and the plane dose-rate factor computed in Eq. 
(8 . 4 ) are written to a file and printed in a formatted listing. 



9. THE ANDROS CODE 

The ANDROS computer code (Begovich et al., in press) is used for 
the A**e**nent of fluclide £oses and Risks with gption Selection. ANDROS 
reads environmental radionuclide concentrations generated by the other 
codes in the CRRIS and uses these concentrations with intake rates and 
dose and health risk factors to compute individual or collective doses 
and health effects. 

Doses and health risks are calculated for the released 
radionuclides and their daughter products and are tabulated by released 
radionuclides or exposure radionuclides. In a tabluation by released 
nuclides. all daughter effects are summed with the effects of the 
released parent. In a tabulation by exposure nuclides, the effects of 
each radionuclide present are listed. Doses and health effects may be 
calculated for either a selected individual, an average individual, or 
the entire population. Doses and health risks for external pathways may 
be corrected for the tine the exposed people spend indoors. 
Concentrations in the food pathway can be decayed to account for storage 
time. The dosimetric and health effects data base used in ANDROS was 
developed using the RADRISK computer code (Dunning, Leggett, and 
Yalcintas, 19B0; Sullivan et al., 19B1). The basic life-table 
methodology used to derive the health effects data in RADRISK was 
developed by EPA's Office of Radiation Programs. 

ANDROS reads a dosimetric data file that includes dose and health 
risk factors for computing internal effects due to inhalation and 
ingestion of radionuclides and external effects from photons emitted by 
radionuclides in the air and on the ground. The dose factors in this 
file are in terms of organ absorbed dose (rad). For internal emitters, 
both high- and low-LET (linear £.nergy .transfer) radiation associated 
with decay of the nuclide are considered. High-LET radiation includes 
alpha particles and the resultant recoiling nuclei, whereas beta 
particles and gamma rays are considered to be low-LET radiation 
(Begovich et al., 1981). A dose equivalent is calculated in ANDROS for 
each organ or tiasue in the data base using a quality factor (which may 
be entered by the user) that is assumed to be independent of organ, 
tissue, or endpoint (ICRP, 1979). 
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The internal dose faotors (mrad/y per pCi/y) need by ANDROS are 
organ- and pathway- specific. Dose commitment, representing total dose 
over a 70-year period following a unit intake, is tabulated using the 
relationship that dose commitment per unit intake is numerically equal 
to the dose rate in the 70th year of a continuous intake at a unit rate. 
Genetic effects in offspring of exposed parents are estimated on the 
basis of the average total absorbed dose to the gonads assuming a 30-
year exposure period. 

In addition to calculating doses to individual organs, D^, ANDROS 
also calculates a weighted effective whole-body dose, D(, that combines 
doses from various organs according to 

W.D. i 1 
(9.1) 

where is the weighting factor for the contribution from the dose to 
organ i to the total effective dose, chosen such that 

V = Wi (9.2) 

Values of V^ are determined on the basis of the relative risk of somatic 
effects as a result of a dose to organ i and may be entered to ANDROS by 
the user. The default organs and weights used in ANDROS are listed in 
Table 9.1. It should be noted that a similar approach to calculating 
effective dose has been proposed by the International Commission on 
Radiological Protection (ICRP, 1979), but the weighting factors listed 
in Table 9.1 are different from those suggested by that organization. 

ANDROS also requires the values of the food consumption rates for 
the various food types included in the calculations. The values listed 
in Table 9.2 are the defaults used in ANDROS. In calculating the 
ingestion exposure, the user selects the fraction of food consumed that 
is produced in home gardens and that is produced inside the assessment 
area depending on what fractions of the population are classified as 
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rural-farm, rural-nonfarm, or urban. The SITE data base is then 
accessed to determine production, population, and fractions of the 
rural/arban classification. For a population assessment the amount 
ingested from the area is limited to the amount produced. The remainder 
ingested is from outside the area. The user can select concentrations 
for the ingestion of imported food. A second option exists to assume 
that the food produced within the area is totally consumed regardless of 
the area population. All of these data are combined with the 
appropriate TERRA and ANEMOS results to calculate the population doses 
and health risks for each site. 

ANDROS produces summary tables of risk, risk equivalent, and dose 
equivalent. These effects are also summarized by cancer, pathway, and 
nuclide. The user may request other specific tables and tables of 
effects by location. 
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Table 9.1. Organ names and organ dose weighting factors 
aaed in ANDROS (Sullivan et al., 1981) 

Organ Weighting Organ Weighting 
factor factor 

Red marrow 0.156 Bladder wall 0.017 
Endosteal tissue 0.015 Upper large intestine wall 0.017 
Pulmonary tissue 0.291 Small intestine wall 0.008 
Muscle 0.191 Ovaries 0.008 
Liver 0.075 Testes 0.008 
Stomach wall 0.041 Spleen 0.008 
Pancreas 0.058 Uterus 0.008 
Lower large intestine wall 0.034 Thymus 0.008 
Kidneys 0.017 Thyroid 0.040 

Table 9.2. Values of ingestion and 
Item 

Breathing rate, m /year 
Ingestion rate, kg/year 
Meat 
Milk 
Leafy vegetables 
Protected vegetables 
Exposed vegetables 
Grains 

Value 
8035 

63 
113 
14 
55 
31 
73 

inhalation rates used in ANDROS 
Reference 

Guimond et al., 1979 

Nelson and Yang, 1984 
Nelson and Yang, 1984 
Nelson and Yang, 1984 
Nelson and Yang, 1984 
Nelson and Yang, 1984 
Nelson and Yang, 1984 



10. USE OF THE CRRIS CODES IN RADIOLOGICAL ASSESSMENTS 

The CRRIS haa been written to run on an IBM 3033 or IBM 370. 
ANEMOS, one. of the largest of the codes, requires about 900K to run. 
All the codes are written in FORTRAN IV and use NAMELIST input which is 
an IBM extension to FORTRAN. The CRRIS codes are a flexible tool for 
performing risk assessments. The codes should be used to address 
assessment problems involving long-tern releases to the atmosphere and 
chronic exposure conditions. None of the transport codes is intended to 
address accidental or acute releases. The default parameters 
incorporated within each code have been selected with these 
considerations in mind. Furthermore, from the documentation of each 
transport code it is evident that almost all parameters are not 
associated with a single value, but a distribution of values encountered 
in the environment. Often these parameter distributions span an order 
of magnitude or more. The default parameters chosen for the CRRIS are 
mostly median estimates of their distributions and reflect an effort to 
choose reasonable values. 

In using the CRRIS computer codes, it remains the responsibility of 
the user to determine that the input parameters, options, default 
parameter values, and codes selected are representative of the problem 
being addressed. To this end, the documentation of the individual codes 
addresses questions concerning theory, parameter values, and 
applicability of the codes to certain types of problems. 
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