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HIGHLIGHTS

RAGTIME is a FORTRAN IV program that calculates radionuclide con-
centrations in food crops, beef, and milk which are contaminated as a
result of deposition of radioactivity on an agricultural area. Con-
tamination of these foods is assumed to occur as a result of the depo-
sition of radioactivity onto the surface of above-ground food crops,

pasture grass, the soil surface below crops, and the soil surface or

being computed explicitly. The input source of radiocactivity may be
prescribed by the user as a step function for each nuclide in the
chain. The model employs time-dependent interception fractions for
deposition of activity on food crops; the interception fractions for
deposition on pasture grass or pasture soil are at present constants,
but the facility for use of time-dependent values is provided. Season-
al aspects of the transfer of radionuclides between various compart-
ments of the model include the provision for .specifying the dates of
emergence and harvest for various crop categories.

The system of differential equations describing the model is
solved by use of a discrete-variable numerical integration (the GEAR
package), and the accuracy of this solution is monitored by comparing
the total radicactivity in the system as calculated by the numerical
procedure with that calculated by use of an explicit solution of the
Bateman equations.

This report discusses the development of the model which is pres-
ently on-going, and thus, does not represent the final version envi-
sioned for implementation. Output for a sample run of the current
version is provided in this report.






1. INTRODUCTION

A number of terrestrial food-chain transport models have been
developed over the past several years for use in assessing ingestion
dose to man from aerially deposited radionuclides.! Included among
these is a'transport model described in the U. S. Nuclear Regulatory
Commission's (USNRC) Regulatory Guide 1.109, a model which NRC consid-
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ers acceptable for assessing terrestrial transport of ra
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released during normal operation of light-water-cooled nuclear pow
plants.? Limitations of these models with respect to dynamic seasonal
considerations as well as radioactive daughter ingrowth prompted model
development work, the initial progress of which is ‘reported here.

RAGTIME (Radionuclides in AGricultural systems: a TIME-dependent
model) computes radionuclide concentrations in food crops, beef, and
milk which are contaminated by radionuclide deposition. The model
assumes a known rate of deposﬁtion of radioactivity (microcuries per
square meter per day, pCi m~2 day™) at a given environmental Tocation
and uses interception fractions S;, S,, S3, and 54 to calculate radio-
activity input rates to the model compartments representing above-
ground food, the soil surface below the food crop, pasture grass, and
pasture soil or root mat, respectively, at that location. RAGTIME is
basically an adaptation of the previously developed TERMOD coded to
consider both seasonality of agricultural processes and the dynamics of
daughter ingrowth of radionuclides during food-chain transport. Be-
cause the development of RAGTIME is still in progress, some parameters
and concepts believed to be inadequate for the intended use of this
code have been carried over from TERMOD until appropriate revisions can
be made.

The system of linear ordinary differential equations describing
the model accounts explicitly for ingrowth of radioactive daughters and
provides for an input source of each member of a radionuclide chain.
This system is solved by use of the GEAR package? for solution of sys-
tems of ordinary differential equations. A subroutine, CHECK, of RAG-
TIME provides a check on the accuracy of this solution. At each output



time, CHECK makes use of an explicit solution of the Bateman equations
to calculate the total amount of radioactivity in the system; this
value is compared with the total obtained by summing the amounts of
radioactivity in all mode] compartments as computed by the GEAR sub-
routine.

In Sect. 2 of this report, we describe in broad outline the RAG-
TIME methodology and present the equations which describe the model.
Sections 3 and 4 provide details concerning the interception fractions
Sy, Sy, Sz, and 5; and the transfer coefficients of the system. Sec-
tion 5 is devoted to a discussion of - the use of the GEAR package in
solving the system of differential equations of the model and to a
description of the way the Bateman equations are used. Finally, a
description of the RAGTIME computer code is provided in Sect. 6, giving
details regarding input, logical structure, and calls to the GEAR sub-
routines as well as the procedure employed by subroutine CHECK to moni-
tor the accuracy of the numerical solution. -

‘As mentioned previously, there are a number of limitations of the
present version of the RAGTIME model which remain to be addressed.
Principal among planned refinements is the inclusion of the seasonal
cycle in the dairy and beef pathways. Aside from an example run for
the 995r-%9Y chain, this report will not present a data base, the
development of which is presently in progress. The present code uses
an array of output times with a fixed size; whereas the integration
interval may be of 1ndefinite length, this fixed array limits the out-
put density which is possible without recompilation. It may be desir-
able to remove this dependence on a fixed array in a future version.

Among planned revisions is the conversion of the RAGTIME code to
the International System of Units (SI), thus effecting a change in the
expression for radioactivity from curie (Ci) to becquerel (Bg), where

1 Ci = 3.7 x 101%Bq. | (1.1)
The current version of the code uses Ci to represent activity, and the

following documentation is consistent with this convention although the

output may easily be converted to Bg using the relationship given above.



2. DESCRIPTION OF THE‘MODEL

The RAGTIME model is represented schematically in Fig. 2.1. The
subscript i associated with the compartments Ei’ Si’ Pi’ etc. refers to
the itk nuclide of a radionuclide decay chain. Certain of the transfer

coefficients are nuclide-, or element-, dependent; this is also signi-

fied by the use of the subscript i, [e.g., (% b, t) ]. The deposition
source F_i represents the input source of rad10act1v1tj corresponding to
the it#% nuclide of a radionucliide chain. his source strength may var

<

with time and may be represented in the computer code as a step funC*
tion for each nuclide in the chain. The fractions of input radioactiv-
ity which are intercepted by above-ground crops, soil surface below the
food crop, pasture grass, and pasture soil are represented by S;, 55,
S5, and S,, respectively. These fractions may be time-dependent with
respect to growth dynamics of the crop land or pasture. In Sect. 3.1,
we describe models for calculation of time-dependent interception frac-
tions S5y and S,. The present version of the code uses values of S5 and
S4 which are constant with respect to time; however, the same subrou-
tine is used to return values for all interception fractions, so that a
convenient method s available should the user desire to prescribe
time-dependent values for S3 and Sy4.

A general outline of the terrestrial pathways considered in RAG-
TIME follows, along with a brief description of parameters used in
implementing the computer simulation. A more rigorous definition and
the rationale behind the particular quantifications used for each
parameter are given in Sects. 3 and 4 of this report.

2.1 Radioactivity Transfer to Crops

Radioactivity deposited on the surface of the above-ground food
crop passes to the soil surface below the food crop with an environmen-
tal half-time of usually less than 30 days.® We have used 14 days for

this value [te é = 1n 2/(14 days) = 0.0495 day~'].3:®% For transfer
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from the soil surface below the food crop to the subsurface soil pool,
we have assumed a 1000-day environmental half-time, giving rs’p =
In 2/(1000 days) = 6.93 x 107* day~™'. Radioactivity in the subsurface
soil pool is available for uptake by plant roots. The plant interior
compartment Ti simulates radioactivity which is transferred to. the
edible parts of crops as a result of root uptake.

In Sect. 3.2 and Appendix B, we describe a model for calcultion of

a nuclide-and time-dependent rate coefficient (t_ ,). representing this

transfer of activity. We have assumed a loss rgiz ;f 4% per year from
the subsurface soil compartment-Pi to the soil compartment below the
roots, Hi’ giving tp,h = 0.04/(365 days) = 1.096 x 10-* day-! (Refs.
3,7). The dotted lines from compartments Ei (surface of above-ground
food crop) and Ti (plant interior) to (EH)i (crop holdup compartment)
represent harvest of crops.

The level of radioactivity in all compartments associated with
érops at a given time is dependent on the histories of both the deposi-
tion source strength and on the growth of these crops. The effect of
crop growth upon the activity level on crop surfaces (compartment Ei)
is simulated through use-of the time-dependent interception fraction

Sy.  The time-dependent transfer coefficient (x serves this func-

)
tion with regard to the plant interior compaf€£e;t Ti' Before the
emergence of plants, the value of S; is zero, as is that for (tp,t)i'
At harvest time, the entire food crop is assumed to be stored in a
holdup compartment (EH)i, after which time the radioactivity concentra-
tion Tevel in this food is assumed to be affected only by the radio-
activity decay process. Thus, the activity level in the compartments
representing crops in the field (compartments Ei and Ti) is zero except
at times between the emergence and harvest of crops. Harvest of crops
is simulated numerically by reinitialization of the state varijables
representing these compartments at harvest time, [i.e., the compart-
ments Ei and Ti which represent activity associated with crops in the
field are set to zero, and the compartment (EH)i representing harvested
crops is assigned a value (in microcuries per kilogram) to reflect its

receipt of all radioactivity from Ei and Ti]'



2.2 Radioactivity Transfer to Beef and Milk

As in the case of transfer from the surface of the abdve-ground
food crop to the soil surface, we have assumed a 14-day environmental,
or retention, half-time for the loss of radiocactivity from pasture

grass to pasture soil [tg p = In 2/(14 days) = 0.0495 day~1].%:% To

account for uptake of radiocactivity by pasture grass from soil, we have
assumed a transfer rate of 1% per year from Ri to Gi [rr q- 0.01/(365
days) = 2.74 x 10-° day™].2%:7 As in the determination of T b

transfer rate of 4% per year from the pasture soil compartment Ri to
the so0il below the roots Di [T, 4 - 0.04/(365 days) = 1.096 x 107%

s

day~'] was assumed.® 7 The rate coefficient for loss of activity from

a

pasture grass resulting from grass consumption by a cow is denoted by
rg’*. The derivation of a value for this coefficient is discussed in
Sect. 4.1. The beef compartment Bi represents the concentration of
activity in the muscle of a steer and Ci simulates the concentration of
activity in milk in the udder of a cow. It is not assumed that the
total loss from the pasture grass compartment, Gi’ due to a cow's grass
consumption is accounted for by gains to the beef and milk compartments

)

g,c’i
account for only portions of the total activity transferred to the cow

Bi and Ci' Rather, the transfer coefficients (tg b)i -and (t

through consumption of grass, those portions being the activity trans-
ferred to beef (Bi) and milk (Ci)’ respectively. The remainder of the
loss from Gi due to a cow's consumption is considered only for the pur-
pose of allowing a mass-balance check of total radioactivity in the
)

,c’i
with respect to tg x> 1s indicated in Fig. 2.1 as a dashed line drawn

system. This remainder, being the complement of (Ig b)i and (rg

to the compartment’M%. The compartment M% is used only in connection
with the performance of a mass-balance check. Details concerning the
procedure used by the code to perform this check are given in Sects.
5.2 and 6.3. _

The dotted lines from the beef and milk compartments Bi and Ci to
the holdup compartments (BH)i and (CH)i’ respectively, represent the
effect of storage on the radionucltide concentration in these foods. At



each output time, the computer prints, in addition to the activity con-
centrations of beef (Bi) and milk (Ci) at the given time, the concen-
tration Tevels which these foods would reach if stored for a user-.
specified period of time (tg for beef, t2 for milk). Thus, at a given
output time t, (BH)i represents the activity concentration (uCi kg-1)
of nuclide i in beef at time t + tE which was stored from time t to
time t + tg, assuming a concentration level Bi at time t. The defini-
tion of (CH). (uCi Titer-1) dis similar. Since the determination of the
)

[ERY n

b
;
values of (BH). and (CH). from those for B. and C. involves only the
. 1 1 1 7

application ofl the process of radioactive decay (using the Bateman
equations), the system of differential Egs. (2.1) through (2.11) repre-
senting the model depicted in Fig. 2.1 does not contain equations cor-
responding to these holdup compartments. In Sect. 6.2 we present
details concerning calls to a subroutine, RESDNS, which uses an explic-
it solution of the Bateman equations to calculate values for (BH)i and

(CH)i'

2.3 The System of Equations

The following system of equations describes the transfer of de-
posited radiocactivity to food crops, beef, and milk as depicted in Fig.
2.1. As pointed out in Sect. 2.2, the compartments (BH)i and (CH)i are
not represented by differential equations since their values are cal-
culated using only the Bateman equations (see Sect. 6.2). Furthermore,
the differential equation for the compartment M%, which is used only in
connection with a mass-balance check, is not included here but is dis-
cussed in Sect. 6.2. Definitions of the compartments used in the RAG-
TIME model follow the system of equations. Descriptions of all other
quantities used in these equations along with the values used for
certain of those which represent constants (at present) are given in
Table 2.1. Values of nuclide-dependent and crop-specific parameters
for a sample run of RAGTIME are given in Appendix B (Table B.1) along

with a description of how these values are derived from empirical data.
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The RAGTIME compartments are described as fbi]ows:
E. Radioactivity present on the surface of the above-

ground food crop per square meter of surface on
which the crop is grown (uCi m—2)

S. Radioactivity present at the soil surface below
food crops (uCi m™2)

P. Radioactivity present in the subsurface soil pool
associated with one man's food supply (uCi)

G. Radioactivity present in the pasture grass compart-
ment (pCi m™2)

Ri Radioactivity present 1in the pasture soil from
ground surface to the  root depth of the grass
(uCi m™2)

D. Radioactivity present in the pasture soil below the

root depth (uCi m™2)



(BH),

(CH);

10
Concentration of radioactivity in the milk (pCi
liter-1)
Concentration of radioactivity in beef (uCi kg-1)

Radioactivity present 1in the interior of plants
produced for human consumption (uCi)

Radioactivity present in the crop soil below the
root depth (uCi m~2) .

Concentration of radicactivity in food which is
stored following harvest of crops (uCi kg-!)

Concentration of rad.oact1v1ty in the beef holdup
compartment (uCi kg~1)

Concentration of radioactivity in the milk holdup
compartment (uCi liter-1)
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Table 2.1 Description of symbols wused 1in the RAGTIME model

FORTRAN a
Symbol Name Description Type
A A Soil surface area (m2?) required to
furnish food crops for one man
A ASUBG Pasture area per cow (m?)
B; ; B(I,J) Radioactive branching ratio from b
J species j to species i (j < i)
Biy ‘BSUBIV(I) Concentration of nuclide i per b
unit fresh weight -in plant (uCi
kg™') divided by concentration
of nuclide per unit dry weight
in soil (uCi kg-1)
d SMALLD Depth of plow layer (cm)
D DSUBG Dry weight areal grass density
J (kg m=2)
Fi(t) F(I,T) Input rate (uCi m—2 day‘i) for b, ¢
ithnuclide at time t (days)
(Ff)i FSUBF(I) Fraction of the daily intake of b
nuclide i by a beef cow which
appears per kg of flesh at time
of slaughter (day kg~=')
(F ). FSUBM(1) Fraction of the daily intake of b
m’ i . . . -
nuclide i by a dairy cow which
appears per liter of milk at
equilibrium (day liter™1)
A? LAMRR(I) Radioactive decay rate for ith b
nuclide (day™1)
Mb MSUBB Mass of muscle on a steer at time
of slaughter (kg)
p RH@ Densfty of the soil (g cm~3)
Sy S1 Interception fraction for surface e, d

of above-ground food crop
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Table 2.1 (continued)

FORTRAN a
Symbo1 Name Description Type
So S2 Interception fraction for soil e, d
surface below food crop (1 - S;)
Sa S3 Interception fraction for pasture
grass (0.25)
Sy S4 Interception fraction for soil -
surface or root mat below pasture
grass (0.75) .
beef TAUBEF Fraction of the beef herd slaughtered
per day'(day'l)
To s " TAUES Transfer coefficient from E to S
’ (day™)
(texc)i TAUEXC(I) Excretion rate of stable isotope b
of the nuclide from the muscle of
a steer (day-1)
T % Rate coefficient representing_]bss
9s of radioactivity from pasture grass
due to cow's consumption of grass
(day~1); defined to be V /(A D )
(ta b)1 TAUGB(I) Transfer coeff1c1ent from G1 to B b
R (mz kg-—l day'l)
(1t C)1 TAUGC(I) Transfer coefficient from G to C b
9 ' (m?2 Titer-! day-1)
T p TAUGR Transfer coefficient from G to R
9 (day-1)
mi Tk TAUMLK Transfer rate of milk from the udder
(day~1)
Th TAUPH Transfer coefficient from P to H
P, (day—l)
(rprt)i TAUPT(I) Transfer coefficient from P to T b, c,.

(day™)
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Table 2.1 (continued)

FORTRAN '
Symbo1 Name Description Type ¢
Ty g TAURD Transfer coefficient from R, to Di
y . (day_l) 1
T TAURG Transfer coefficient from R. to G.
rg "(day-l) 1 1
Vs,p TAUSP ;ggﬁi § coeffjc1enb from-Si to Pi
tg TIMBH ~ Holdup time for beef (days)
th TIMCH Holdup time for milk (days)
U U Milk capacity of the udder (Titers)
Ve VSUBC Dry weight consumption per day by

~a cow (kg day~1)

“No type specified means parameter is nuclide- and time-independent.
bNuc]ide-dependent.

°Time-dependent.

dCrop specific parameters necessary to derive these quant1t1es are
described and quant1f1ed in Appendix B of this report.






3. PARAMETERS DESCRIBING TRANSFER TO CROPS

Modes of contamination of edible portions of crop plants include
the interception and retention of aerially depositing radionuclides by
crops as well as root uptake following deposition onto crop soils. In
addition, interception and retention by crops of radionuclides resus-
pended from soil may contribute to the contamination of foodstuffs,
although this pathway is not represented in the model at present. The
relative importance of each of these modes of contamination will depend
on many factors including the mobility of the radionuclide in soil, the
availability of the nuclide for root uptake, the radiological half-life
(-Tives) 1nv61Ved; as well as the types of crops being considered.

In developing a model to describe these pathways of contamination,
it is ncessary to consider seasonal cycles of crops (i.e., when the
crops are and are not present during the year) as well as the time
dependency of parameters describing contamination. Much of this time
dependency is due to physiological and morphological changes in plants
due to growth and maturation, and to changes which may be occurring in
the chemical form of the radionuclide which is deposited either on
plant or soil surfaces. Although time dependency due to chemical
transformations has not been considered to date, the present model can
potentially incorporate parameters of this type. At present, the time
dependency of the interception parameters S; and S, (see Fig. 2.1) and

of the root uptake parameter (1 have been studied, and preliminary

)
approaches to characterizing thz’gy;amic nature of these parameters are
discussed below. _

"A holdup compartment, (EH)i, is utilized in this model in order to
account for radioactive decay and daughter buildup that may occur
between harvest of crops and consumption by man (Fig. 2.1). The length

of this interval is left to the user's discretion.

15
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3.1 Time-dependent Aerosol Interception (S; and Sy)

The interception of airborne radionuclides by edible portions of

crop plant will depend on these major factors:

1. the surface area exposed to depositing particles,
2. the shape of the edible portion and its orientation to
depositing particles, and

3. the particle density of the depositing material.

Because some of these parameters are specific for different plant
species, edible crops have been divided into categories representing
p]ant parts with similar morphological characteristics. The following
categories have been recognized:

1. root crops and other crops with protected edible
parts,

2 leafy vegetables,

3 exposed-grain. crops,

4. cylindrical vegetables, and

5 spherical vegetables.

Ideally, empirical data regarding interception of airborne particles
over the growth cycles of crops should be used to represent the time
dependency of this mode of contamination. However, because data of
this type are not readily available, certain simplifying assumptions
were made to account for the factors affecting interception. It is
hoped that the adequacy of these assumptions will be tested at a later
date through validation studies and sensitivity analyses.

At present, we have attempted to model the dynamics of intercep-
tion by assUming that interception is a direct function of the project-
ed surface area of the edible portion, and that interception occurs at
a 90° angle to the plane of the projected surface area. The time
dependency of interception thus relies on the relationship of the pro-
‘jected surface area of the edible portion to the mass of that portion
during plant growth. This relationship may be characterized either
through the use of empirical data — for example, that obtained by the
Stanford Research Institute® for several crops - or by assuming the
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density of the vegetative matter remains constant during growth and
-using geometric procedures to derive projected areas as a function of
plant growth.

The mathematical representation of the crop compartment Ei’ which
intercepts depositing radionuclides, was given in Sect. 2.3 [Eq. (2.1)]
as

i-1
€ R R
— = o RN - 7 - R AN N B. .l“
It SiF. (L) (A5 + Te,s)Ei + Aﬁ E: ]JEJ .
1=
\J BN

The fraction S; of depositing radionuclides intercepted by the edible
portion may be defined in two ways, depending on whether this fraction

represents an empirically derived or theoretical (geometric) relation-

ship with time. An empirical approach is

0 (l-nL)

SE and no= empirical constants,

3
1}

time-dependent mass of the plant part (g dry-
weight), ,

w = number of plant parts per square meter.

An example of a time-dependent curve for m is given in Appendix B.
This representation of §; is adapted from a document prepared by the
Stanford Research Institute,® which supplies values for the empirical
constants S; and n for certain plant species. The empirical constants
were derived for considerations of specific surface area (m? g71)
alone, for a given planting density w, and thus may be appropriate only
for similar planting configurations. A geometric approach for estimat-
ing the relationship of 'S, with time is provided by Miller,® where the
change in projected surface area with time may be calculated by assign-
ing a geometric configuration that best approximates the plant part of
interest.
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The output for a sample run of RAGTIME, which considers grains in
compartment Ei (surface of above-ground crops) and is listed in Appen-
dix B, was obtained by using the empirical approach for estimating the
time dependency of £;. Empirical constants, used in Eg. (3.1), are
also available for edible parts of a few other plant species, including
beans, cabbage, peppers, and squash.® »

The value of S,, shown in Fig. 2.1, representing deposition of
airborne radionuclides onto the soil surface below the food crop (Si)’
is calculated by assuming that

S, =1- 6 . g (3.2)

It is recognized that this approach may overestimate the soil deposi-
tion since inedible parts of food crops will intercept depositing
radionuclides. Radionuclides intercepted by inedible portions may all
eventually reach the soil when the field is plowed following harvest,

less any radioactive decay during retention on plant surfaces.

3.2 Time-dependent Root Uptake (tp,t)i

Time dependence of root uptake is especially important when con-
sidering radioactive daughter ingrowth and soil depletion of a particu-
Jlar radionuclide. It is expected that root uptake will be a function:
of the increase in biomass of a plant or plant part over time as well
as of the physiological stage in the life cycle of the plant. Both
biomass increase and physio]ogic' maturation may involve active and
passive processes by which plant tissues incorporate elements. Many
essential elements are both actively and paséive]y acquired, while
other elements may only be passively acquired. Because many radionu-
clides are radioactive isotopes or chemical analogs of essential ele-
ments, root uptake rates should be described in an element-, as well as
time-, dependent sense.

Literature reviewed to date indicates a paucity of data regarding
time-dependent root uptake of most elements. What is available indi-
cates that the shape of the uptake curve, however, is similar to that
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of the growth curve for some elements and crop species studied.10-16
Therefore, the approach adopted in RAGTIME is either to characterize
uptake rates by edible portions of crops on the basis of éhy empirical
data available, or to assume that the uptake rate follows growth curve
for the edible portion in the absence of empirical uptake data.

The uptake curve obtained via either of these two approaches is
then adjusted such that the concentration in the edible portion for a
chosen harvest time is related to the soil concentration at that time
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is obtained from empirical studies which measure the final crop

concentration with respect to a soil concentration believed to be
approximately constant throughout the growth cycle. Thus, for elements
whose concentrations are significantly decreased in the root zone
either by movement downward into the soil sink or uptake by crops, con-
centration factors derived from initial soil concentrations and final

crop concentrations may not be appropriate.

3.3 Time-independent Parameters (te T and rp h)

s’ “s,p
Retention, both initial and long-term, .of intercepted radionu-

clides will depend on®

1 the surface characteristics of the edible portion,
2 the particle size,

3. the wind velocity, and
4

the retative humidity and amount of rainfall.

The effect each of these will have on retention will vary from site to
site, and thus, the value of re,s’ the retention coefficient, may vary
greatly. For the present, we have assumed an average, time-dependent
value of té,s of 0.0495 day~!, consistent with that provided in TER-
MOD,3 until further research into this parameter can be undertaken.

The movement of radionuclides deposited on surface soil to the
root zone has been characterized in TERMOD as Ts, . The definition and
value of this parameter has been carried over to RAGTIME, pending

future investigation into its appropriateness. It is possible that
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this parameter might best be described 1h a time-dependent sense, with
empirical data being derived from soil distribution coefficients, or
Kd‘s, available in the 1literature. Beczuse these Kd‘s are element-
specific, it may also be necessary to incorporate nuclide-specificity
ihto the definition of ts,p’

The downward movement of radionuclides out of the root zone into
the soil sink is again characterized by a time- and nuc]ide-ihdependent
parameter, Yp,h’ adopted from TERMOD. As with rs,p’ further research
into the appropriateness of the vaiue and interpretation of this param-

eter is pending.



4. PARAMETERS DESCRIBING TRANSFER TO BEEF AND MILK

Contamination of beef and milk may occur as a result of the inter-
ception or root uptake of depositing radionuclides by forage crops, and
the subsequent ingestion by beef or dairy cattle. The RAGTIME code, to

date, considers that this contamination occurs only through grazing of
| exposed pasture grasses by cattle. Thus, the loss and/or buildup of
radionuclides present in stored feeds and hay, upon which cattle may
depend for a large portion of the year, are not considered at this
time. Furthermore, inhalation of radioactivity by cattle is not yet
treated explicitly. '

4.1 Contamination of Pasture Grass

As with food crops (Sect. 3), pasture grass (Gi) may be contami-
nated through interception of depositing radionuclides, including re-
suspended particulatés, and through root uptake of nuclides deposited
on the soil or root mat (Ri) below the pasture grass. At present, a
pasture exposed to depositing radionuclides is assumed to maintain an
approximately constant plant biomass throughout the year, and that the
interception fraction for grasses, Sy, remains constant. The assumed
value of S3, equal to 0.25, is equivalent to the value originally used
in TERMOD,® and falls in the range of empirical measurements reported
by Chamberlain!? for initial retention (where sampling is done immedi-
até]y after contamination) by grasslands. This parameter would be
expected to vary with plant density and other environmental factors,
and thus represents an average value here. The fraction, S35, is
applied directly to the aerosol source term, Fi (see Fig. 2.1), and
thus the model does not explicitly account for interception of radio-
nuclides resuspended from the soil or root mat below the pasture grass.

The fraction 54, in Fig. 2.1, represents the fraction of deposit-
ing activity not initially intercepted by grass leaves and thus the
fraction deposited on the surface soil or root mat below the leaves.
Therefore, this value is assigned a constant value of 0.75, being de-
fined as follows:

21
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Sy =1- 55 . | (4.1) -

The value of the parameter tr,g’ representing additional input
into the pasture grass compartment from surface soil, is consistent
with the TERMOD value® adopted from a paper by Menzel,? which indicates
that an upper 1imit for uptake of radionuclides in the surface soil by
a single crop is 1%. Considered on an annual basis, T, g becomes 2.74
x 107° day~t.

hree aspects of root uptake by pasture grasses have not be

—
®

n con-
sidered at present. First, the element dependency of this parameter,
Ir’g, has been neglected, yet may be quite important when root uptake
is significant with respect to foliar contamination. Second, an addi-
tional mode of root absorption of radionuclides which does not involve
the soil may be quite significant. This latter mode of uptake involves
the radionuclide availability for uptake from the root mat, which is a
"thatch" of dead and decomposing tissues around the plant-base region
in which grasses may root.? Finally, the time dependency of rr,g has
not been investigated. A1l of these aspects will be addressed as work
continues on RAGTIME.

Loss of radionuclides from the grass compartment, Gi (see Fig.
2.1), may occur through ingestion of grass by grazing cattle (Ig’*),
radioactive decay (A?), and by weathering of surface-deposited radio-
nuc]idesA(rg,r). The value of rg,r is assumed to be eqqiva]ent to the
weathering coefficient, re,s’ discussed in Sect. 3, and thus represents
a 14 day half-time for retention of intercepted materials. This value
is consistent with data reported by Chamberlain!? for grasslands,
although it may vary with seasons and climatic factors. In particular,
this weathering coefficient, when measured, will incorporate loss of
surface material due to shedding of the protective leaf cuticle during
plant growth,17 thus suggestihg a seasonal and Species dependency of

T As with 1 is assumed to be time independent until fur-

. , T
g,r e,s g,r
ther research dictates that a different approach should be taken.
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The value of rg’* (day~!) will" depend on the rate of loss of
radionuclides in pasture grass through consumption by grazing beef and
dairy cattle. For this model, an average ingestion rate, Vc’ of 10 kg
day™ dry matter was assumed, consistent with the value used in TER-
MOD.3 Using this ingestion rate and a dry-weight areal grass density,
Dg’ of 0.15 kg m~2 (Ref. 3), we define the value of Ig,* to be

_ ¢ _ 6.67 x 10-! day-! n o
Ig,k - A D - A ). \4-2/
g g , : g
where
A_ = pasture area'per cow (m?).

g

At present, it is assumed that Ig,* is constant throughout the year.
Further work on incorporating seasonal aspects into the model will
modify this approach. . _

The rate of loss of radionuclides from the surface soil (Ri) be-
r.d As with the
’h,_for_crop soil (Sect. 3), an element-

neath pasture grass is represented by the parameter t
similarly defined parameter, tp
independent rate of 1.096 x 107% day™ is used, as given in documenta-
tion of the TERMOD code.® Again, further research may indicate a more

appropriate value or representation of this process.

4.2 Contamination of Beef and Milk

Transfer of radionuclides from pasture grass to beef or milk is

parameterized by (tg bl 1N m2 kg=! day-!, or (v )is in mZ liter-t

day -1, respectively (see Fig. 2.1). These parameéiﬁg represent trans-
fer rates and are assumed to be time independent pending further inves-
tigation into data available regarding their time dependency. Element-
specific values of (tg,b)i and (rg,c)i were calculated from empirically
derived transfer coefficients,18,1° (Ff)i and (Fm)i’ which characterize
the ratios between beef or milk concentrations of an element and the

equilibrium concentration of that element in pasture grass or feed. By

definition
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Ff = the fraction of the daily intake of an element by a
beef cow which appears per kg of f]esh at time of
slaughter (day kg~), and

F = the fraction of the daily intake of an element by a
da1ry cow which appears per 11ter of mitk at equilib-
rium (day 11ter")

Therefore, the empirical coefficients represent the theoretical coeffi-
cients only if pasture grass (or feed) is the only source of the ele-
ment in question in the cow's diet. The parameter (tg,b)i was derived
by assuming that the concentration in beef at time of slaughter approx-
imates an equilibrium concentration, given an equilibrium concentration
in pasture grass. Thus, if (Begw)1 is taken to represent the equilib--
bium concentration of an element, i, in the muscle of a single cow
(uCi kg1), and Geq 15 the equilibrium concentration in grass (uCi

m~2), then from the equ111br1um equation

d(Bcow)i

—qt— = (gp)i6 T (ediBig)s = 0 (4.3)

exc’i‘ cow’i

it follows that

eq
(Bcow)1 - (Igjb)i (4.4)
ced (toyo); '
; exc’1i _
where
(Iexc)i = loss rate of the element, i, from the muscle of a steer
(day™1). Since
(B3 ).
_ ‘cow’i ‘
(Ig,b) = __Eéa-_ (Iexc)i (4.5)

;
and
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(B3 ).
(Ff) = cow’ i (4.6)
(Gi X VC/Dg)
where
VC = dry-weight grass consumption per day by a cow (10 kg
day ™),
Dg = dry-weight areal grass density (0.15 kg m=2),
it follows that the expression for (Ig,b)i is related to (Ff)i by:
' (Fo):(t,, ).V : '
(t ). = f7it"exc’i'c , (4.7)
g,b’i Dg

Assuming the animal's diets to consist solely of pasture grass, the

loss rate of the element from the muscle of a steer, (1 )., may be

interpreted to represent both the element-specific metab;?génkurnover,
as well as the element-independent dilution of the concentration due to
increase in muscle mass during growth. This approach has been adopted
from the TERMOD code3® for the present, but will pfobab]y be revised to
reflect a dynamic, rather than steady-state, approach to modeling this
pathway as model development progresses. In doing so, the dilution due

to growth may be handied explicitiy rather than incorporated into a

term such as (texc)i'
Similarly for (t_. )., representing transfer of element, i, to
g,c’i
milk (Ci)’
(t. ). = Fdi (i Ve ' (4 8)
,c’i D ’ ‘ ’
J g
where
T ... = the element-independent loss rate from the udder
milk

(2 day-1).
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;The value of Thilk in this case correspohds to the frequency of milk-
ing, assumed to be twice daily, and other losses are considered negli-

gible. Equation (4.8) was derived in a manner similar te Eq. (4.7),

from
WCeowi (v, ).689 - ¢ . (c® ) =0 C(4.9)
dt g,c’ii milk*“cow’i ’ ‘
and
ey, ~ |

Again, dynamics related to maturation and milking practiceé for a
single cow have been neglected at this time, but will be considered as
model development progresses.

The equation describing radionuclide concentrations in the beef
compartment as whole [Eq. (2.8)], given in Sect. 2.3 of this report, as

; i-1
. R R «—

ac - (tg,b)iGi A+ Theer * (Texcd 1By #2472 Biij
J=1

~differs from that for é single cow given in Eq. (4.3) due to the pres-
ence of an additional element-independent loss parameter, Theef" The
interpretation of this aspect of the beef compartment has been adopted
here from TERMOD,2® in that the compartmental equation considers losses
from beef in the herd as a whole by including the term, Tpeof? to
account for slaughter of contaminated cattle. This interpretation then
implies instantaneous replacement of the slaughtered portion with un-
contaminated cattle and a subsequent reduction or loss of radioactivity
from the compartment. The uncontaminated cattle then begin to accumu-
late radioactivity at a rate determined by (tg,b)i' If, however, the
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radionuclide concentration in the beef compartment is to be used as an
indication of man's radiation exposure via ingestion of beef, the
present methodology may underestimate concentrations in beef of cattle
being slaughtered. That is, this latter portion of the herd will like-
ly be the more mature segment which has been exposed to contaminated
pasture for the greatest length of time, although the concentration
cé]cu]ated will be an average of all members of the herd. In light of
this .potential deficiency, work is ongoing to revise the homogeneous

herd concept, where uncontaminated and contaminated b

re 1ndiscrim-

[§%

o
<

=

a
inately mixed to produce an average concentration in the beef which may
be lower than that in cattle ready for slaughter.

The milk compartment may also be interpreted to represent concen-
trations in milk obtained ‘from the dairy herd as a whole. In this
case, however, instantaneous replacement of milk removed from the udder
by uncontaminated milk does not result in a reduction in concentration
below that to which man might be exposed, because each lactating cow,
as well as the herd, is subject to this same removal process. That is,
while slaughtering will not affect the radionuclide concentration in
beef of any particular cow, milking will affect the concentration in
milk of each individual lactating cow in the herd, and thus can be con-
sidered when considering the herd as a whole.

For both miTk and beef compartments, radionuclide Toss and buildup
of daughters due to radioactive decay during storage prior to human
consumption is considered. Compartments (CH)i and (BH)i’ representing
concentrations of each nuclide in milk and beef, respectively, follow-

ing storage were devised to provide this information.






5. SOLUTION OF THE SYSTEM OF DIFFERENTIAL EQUATIONS

5.1 Use of the GEAR Subroutine

The system of differential Egs. (2.1) through (2.11) is solved in
the RAGTIME code by use of the GEAR package? for solution of systems of
ordinary differential eqguations. The subroutine CALC of RAGTIME makes
a call .to the subroutine GEAR of the GEAR package at each output time
to determine the values of the state variables,

Ei’ Si’ Pi’ Gi’ Ri’ Di’ Ci’ Bi’ Ti’ Hi’ and (EH)i ,

"where i = 1 to n (the number of nuclides in the chain) at the given

time. In the notation of the GEAR package, the system of differential
Egs. (2.1) through (2.11), with i varying from 1 to n, has the form

dY/dT = F(Y,T)

where Y = [Y(1), Y(2), ..., Y(N)] is the state vector at time T, with N
representing the number of state variables. The present version of
RAGTIME uses N = 12 x n state variables (n = the number of nuclides in
the chain). The correspondence between RAGTIME state variable names
and those used in the GEAR package is shown in Table 5.1.

The user of the GEAR package furnishes a subroutine DIFFUN(N,T,Y,
YD@T) which computes the function YD@T = F(Y,T), the right-hand side of
the system of ordinary differential equations, where N, T, and Y are as
described above. The correspondence indicated above between RAGTIME
‘state variable names and those used by the GEAR package implies a simi-
lar correspondence between the two notations for derivatives (Table
5.2).

The notation used in subroutine CALC of RAGTIME for a call to the
GEAR subroutine for values of the state variables at the time T@UT is

CALL GEAR (DIFFUN, PEDERV, N, TO, HO, YO, T@UT, APS, MF, INDEX)

29
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Table 5.1 Definition of RAGTIME state variables
in terms of GEAR package notation

RAGTIME ‘ GEAR
state variable - - package notation
E; YtlZ(i - 1) +1]
S; Y[12(i - 1) + 2)
P Y[12(i - 1) + 3)
Gi _ Y[12(i - 1) + 4]
R Y[12(i - 1) + 5]
D, Y[12(i - 1) + 6)
. Y{12(i - 1) + 7]
B, Y[12(i - 1) + 8]
(EH)i ' Y[12(i - 1) + 9]
T | Y[12(i - 1) + 10]
H. : Y[12(i - 1) + 11]
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Table 5.2 Definition of RAGTIME derivatives in
terms of GEAR package notation
RAGTIME GEAR
derivatives package notation

dEi/dt YOAT[12(i - 1) + 1]
ds. /dt YOBT[12(i - 1) + 2]
dPi/dt YDAT[12(i - 1) + 3]
dGi/dt YDAT[12(i - 1) + 4]
dRi/dt YDAT[12(i - 1) + 5]
dDi/dt CYD@T[12(i - 1) + 6]
dCi/dt YO@T[12(i - 1) + 7]
dBi/dt - YDAT[12(d - 1) + 8]
d(EH)i/dt YDﬂT[lZ(i - 1) + 9]
dTi/dt YD@T[12(i - 1) + 10]
dHi/dt YD@T[12(i - 1) + 11]
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.parameters have the following meanings:

DIFFUN 1is the name of the subroutine described above,
which is declared external in subroutine CALC.

in CALC. Under certain options available to the user
of the GEAR subroutine, this subroutine is used to de-
fine the N by N Jacobian matrix of partial derivatives.
However, under the option used by RAGTIME, PEDERV is a
dummy subroutine.

N is the number of state variabies (i.e., N= 12 x n in
our case).

TO is the initial value of T, the time variable (used
only on the first call).

HO is the step size for T (used only on the first call).

YO is a vector of length N (= 12 x n) containing the

initial values of Y. This vector is used for input
only on the first call.

TPUT s the value of T at which output is desired.
EPS is the relative error bound (used oh]y on the first
call unless INDEX = -1).

MF is a parameter used to indicate the basic method to
be used for integration (Adams method or vthe stiff
method of GEAR) and the method of iteration. _
INDEX is an integer used to indicate the type of call.
Initié11y, INDEX is set to 1. The value returned for
INDEX is 0 unless the integration was halted for some
reason. For meanings of the values -1, -2, -3, or -4,
for an output value of INDEX, see a listing of the GEAR
package.
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5.2 Use of the Bateman Equations as a Check

‘Since RAGTIME uses a numerical method for solution of the system
of differential Egs. (2.1) through (2.11), it is desirable to have a
procedure for checking the accuracy of this solution. Fortunately, it
is possible to calculate the total amount of radioactivity in the sys-
tem at any given time using an explicit solution of the Bateman equa-
tions. This value can then be compared with the corresponding value
calculated by summing the amounts of radiocactivity in the various com-
partments of the model as caicuiated by use of the GEAR ‘packa age. {(lose
agreement of these two values is a necessary but not suff cient condi-
tion that the numerical solution of the model equations is accurate to
the degree desired. In particular, one should keep in mihd\thétva
large relative error in a compartment whose radioactivity contribution
is small compared to other compartments would be masked by this summing
procedure. Nevertheless, the comparison of total radioactivity as cal-
culated in these two ways provides valuable assistance in evaluating
the numerical method since, as most practitioners of numerical analysis
would admit, the wuse of such methods is still largely an empirical
science. In particular, this comparison can provide guidance for the
selection of appropriate options and parameter values to be used in
calls to the GEAR subroutine.

The Bateman equations describe the decay process of a radionuclide
chain. Consider a chain of radionuclide species indexed i =1, ..., n
in a comparment into which the exogenous inflow rate of the ith species
is given by I. (t)(p"1 day™1) and which 1s subject to first-order re-
moval processes with removal constant, A (day=1). Then the following

system of differential equations descr1bes the decay process in this

compartment:
dA i-1
_1 2 -(AR + AB)A. + AR 2: B..A. + I.(t) i=1 n (5.1)
dt i i’ i 13] i ’ Yot :

=1
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where
Ai(t) = vradioactivity (uCi) of the itk nuclide at time t
(day), :
A? = decay constant (day~!) for the itn nuclide,
A? = removal constant (day~t) for the itZ nuclide,
Bi' = radioactive branching ratio from species j to
J species i, j < i,
I.(t) = exogenous infiow rate for species i (uCi day™1).

For the purpose of checking the total amount of activity in the RAGTIME
compartments against the value as predicted‘using the Bateman equa-
tions, we may regard the total exogenous inflow rate for species i into
the system to be the product of the deposition source Fi(t) (uCi m=2
day™!) and the quantity

SiA + SoA + S Ag + SﬁAg = (5; + 5)A + (55 + 54)Ag ; (5.2)
where
A = so0il surface area (m2) assumed for the above-surface
food crop,
A = soil surface area (m?) assumed for the pasture grass
g compartment.

Subroutine CHECK of RAGTIME makes a call to subroutine TRAFUN for the
purpose of calculation of the total radioactivity in the system at
~various times. TRAFUN requires that the function representing the
exogenous 1input rate be a step function of time, which dictates that
Fi(t) be a step function. Furthermore, TRAFUN requires that the exoge-
nous input rate be prescribed as a doubly dimensioned array rather than
as a FORTRAN function. We ‘thus reserve for Secf. 6.3 an explicit
-description of the call by CHECK to TRAFUN, in order to make use of our
description in Sect. 6.1 of the doubly dimensioned inflow rate matrix
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FF which is defined in subroutine INPUT and whose values are used to
define both the deposition source function Fi(t) [in FORTRAN, F(I,T)]
and the doubly dimensioned exogenous input rate matrix P which is used
as an input parameter to TRAFUN.






6. THE RAGTIME CODE

6.1 Input

The subroutine INPUT reads values for user-supplied data required
by RAGTIME. The first value read is that for NUMNUC, the number of
nuclides in .the chain. Next read are the names of the nuclides
[NAMNUC(I), I =1 to NUMNUC] and the initial ground deposition source
(microcuries per square meter) for each nuclide [FO(I), I =1 to NUM-

NUC]. Following these steps values are read for MP and for the arrays

TIMEP(KP), KP = 1 to MP

and
FF(I,KP), I = 1 to NUMNUC, KP = 1 to MP
where
FF(I,KP) = inflow rate of species I (microcuries m™? day~1)
for the time interval TIMEP(KP) to TIMEP(KP+1)
if KP < MP, '
FF(I,MP) = inflow rate at times subsequent to TIMEP(MP).

The matrix FF defines the exogenous input of radiocactivity into the
system. This matrix is used to define values of the fallout source
function Fi(t) [in FORTRAN, FUNCTI@N F(I,T)]. Also FF is used in sub-
routine CHECK to define the exogenous input rate matrix P as discussed
in Sects. 5.2 and 6.3. Next read are the number (NUMBRA) of and values
for the radioactive branching ratios. The FORTRAN notation B(I,J) is
used to denote the radioactive branching ratio from species J to spe-
cies I(J < I). If NUMBRA = 0, no branching ratios are read. If NUMBRA
> 1, then one card is read for each nonzero branching ratio, the READ
statement and its associated F@RMAT being

READ(RDR,50) PARNUC,DAUNUC,BRATI®
50 F@RMAT(A8,5X,A8,5X,E13.6)

37
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where PARNUC is the name of the "parent" and DAUNUC the name of the
"daughter." For example, the card

BIZ210 Pg210 1.0

4 ? —

col. 1 col. 14 cols. 27-40

is used to input the branching ratio 1.0 from 219Bi to 21%Pg. The in-
put subroutine assigns the value BRATI@ to the element B(I,J) of the
matrix of branching ratios in such a manner that B(I,J) represents the
branching ratio from the nuclide NAMNUC(J) to NAMNUC(I).

Following input of the branching ratios, information regarding
desired output times is read. The entire integration interval is spec-
ified as consisting of a number (NINTVL) of subintervals, with INCR(I)
denoting the interval between successive output times for the subinter-
val indexed by I. The right endpoint of the subinterval indexed by I
is denoted by ENDTIM(I). The READ statement and its associated FORMAT
statement for input of these quantities is '

READ(RDR,90) INCR(I),ENDTIM(I)
90 F@RMAT(E13.6,16)

In subroutine CALCIN, the arrays INCR and ENDTIM are used to define
values for the entire array of output times TIM(I), I = 1 to NTIM.

Values for the radionuclide-dependent parameters listed in Table
6.1 are read next. For definitions of these parameters, see Table 2.1.
One card is read for each of these parameters, the cards being read in
the order indicated in Table 6.1 for each value of I, with I varying
from 1 to NUMNUC. The format for each card is (10X,E13.7).

We now consider the input of nuclide-independent parameters. The
main program of RAGTIME handies any number of radionuclide chains. The
first executable statement of MAIN is

READ(RDR,10) NCHAIN
10 F@RMAT(10X,12)
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Table 6.1 Radionuclide-dependent input
parameters for RAGTIME

Parameter symbol FORTRAN name
R
As LAMRR(I)
(Fm>i FSUBM(I)
(Ff)i FSUBF(I)
B, BSUBIV(I)
(Taye)s TAUEXC(I)

where NCHAIN is the number of chains to be considefed. Following this
read statement, the main program makes calls to the subroutine INPUT,
PUTDAT, CALCIN, HARVST, CALC, and CHECK in this order for each chain
under consideration. In order to avoid the necessity of inputting the
nuclide-independent parameters for each chain, a flag, IFLAG, is set in
MAIN and passed as a parameter in the call to INPUT [CALL INPUT(IFLAG)]
to enable a branch to be made around the input of these parameters for
calls subsequent to the first one. Values are read for the nuclide-
independent parameters listed in Table 6.2. For definitions of these
parameters, see Table 2.1. One card is read for each of these param-
eters, the format being (10X,E13.7). '

The final segment of code in INPUT reads values for certain GEAR
subroutine parameters (see Sect. 5.1).

6.2 Logical Structure of the Code

After calling subroutine INPUT for input of data related to a
given chain, the main program calls @GUTDAT for a printout of these
data. Next a call is made to subroutine CALCIN, which calculates the
values of certain coefficients used in the system of differential Egs.
(2.1) through (2.11). These coefficients, the numbers of the equations
in which they occur, and their FORTRAN designations are as follows:
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Table 6.2 Nuclide-independent input
parameters for RAGTIME

Parameter symbol : FORTRAN name
A A
A ‘ ASUBG
g 1
d SMALLD
D DSUBG
g
M, MSUBB
0 RHO
U cat TAUBEF
T TAUMLK
To s  ThUES
T ~ TAUGR
T TAUPH
T g TAURD
. TAURG
r,g
T o TAUSP
U | U
v, VSUBC
h
t TIMBH
¢h TIMCH
C
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Occurs in FORTRAN

Coefficient equation name
AR+ g 2.1 LAMACT)
1 e,s ) T
AW+ q 2.2 LAMS(T)
1 s,p : J
Mt o+ 2.1 LAMG(T)
L g,r g,* '
MY Tt T g 2.5 LAMR(T)
Ay 2.7 LAMC(I)
i milk ’ '

Subroutine CALCIN also defines values of the array of output times
TIM(I), I =1 to NTIM as discussed in Sect. 6.1. Following the call to
CALCIN, the main program calls subroutine HARVST in which emergence and
harvest times for crop plants are specified. The FORTRAN name for the
number of harvests considered is NHARV. Subroutine HARVST assigns
values to NHARV and to the arrays EMERGE(I), I = 1 to NHARV, and HAR-
TIM(I), I = 1 to NHARV, where

EMERGE(T)

date (days) for Ith emergence time for plants,

HARTIM(I) = date (days) for I¢h harvest time for plants.
After calling HARVST, MAIN calls subroutine CALC which serves the
following functions [(1)-(4)]:

(1) Initializes and prints definitions of compartments

Ec, Si» Pay Goy Roy Cpy By, Toy (EH)L, (BH),, and (CH)..

(2) Assigns values to GEAR subroutine parameters INDEX, TO,
HO, and N (Sect. 5.1).

(3) Assigns values to the arrays TR(INUC), TB(INUC), and
PRORAT (INUC), INUC = 1 to NUMNUC, where
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TR(INUC) = radiocactive hé]f-]ife (days) of
nuclide INUC,

TB(INUC) = biological half-time (days) of
nuclide INUC (a tlarge value is
assigned to approximate a biolog-
ical removal factor of zero),

PRORAT(INUC) = (constant) production rate for

nuclide INUC.

These arrays arevused as input parameters to the sub-
routine RESDNS, which is cailed by CALC for calculation
(using an explicit so]ut1on of the Bateman equations) of
the radioactivity Tevel in the holdup compartments (BH)

and (CH)] as discussed in Sect. 2.2. The array PRﬂRAT
is used to specify the production rate in compartment
(BH)ﬁ and is therefore assigned zero values since no

exogenous input is assumed for this compartment.

(4) Following steps (1) through (3), subroutine CALC executes
a loop,

DF 4 1 = 1,NTIM

in which the values of the state variables defined by
Egs. (2.1) through (2.11) as well as the holdup compart-
ments (BH). and (CH). are computed and printed. At each
time T@UT = TIM(I) a call is made to the GEAR subrou-
tine,

CALL(DIFFUN,PEDERV,N,TO,HO,Y0,T@UT,EPS,MF, INDEX)

for calculation of values of the state var1ab]es E Si’
Ps, Gi, Ry, Dsy Ciy B, Ti’ H. and (EH),, where i =1 to
the number (NUMNUC) of nuc]wdes in the chain. These

values are returned 1in the array Y0, with the same
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correspondence between RAGTIME state variable names and
GEAR package names as indicated in Sect. 5.1; for exam-
ple, the value of Ei is given by YO[12(i - 1) + 1].

At each output time, CALC calculates and saves in the array T@TUCI
the total activity in the system corresponding to each nuclide. We
define

TGTUCI(I,INUC) = total activity (microcuries) in the system

corresponding to nuclide INUC at time
- TIM(I).

- If we assume A square meters of Tand devoted to crop production and Ag
square meters of pasture grass, the appropriate multiplicative factors
for converting the values in the various compartments to microcuries
are given in Table 6.3. The values of these conversion factors are
obvious for all except compartments Ci’ Bi’ and (EH}i‘ For the milk
compartment Ci’ we assume one cow for each Ag square meters of pasture
grass, with an udder capacity of U Titers per cow. Similarly, the con-
version factor for the beef compartment follows from our assumption of
Mb kilograms of muscle per steer, with one steer per Ag square meters
of pasture grass. The conversion factor M?/lOOO for the crop hoidup
compartment (EH)i is based on the definition

M? = total mass (grams) of crop per A m? at harvest time.

The compartment M% is used only in connection with a mass-balance
check. This compartment serves to account for the loss to the system
of activity from the beef and mitk compartments Bi and Ci as well as
the complement of the activity represented by transfer coefficients
(rg,b)i and (rg
for M% is

c)i with respect to tg «. The differential equation

b b
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Table 6.3 Conversion factors used to convert compartmenta1

concentrations to total activity

FORTRAN name

Compartment Units ConVersion factor
E, uCi m-2 YO[12(i - 1) + 1] A
s. uCi m-2 YO[12(i - 1) + 2] A
P. pCii YO[12(i - 1) + 3] 1
G, uCi m-2 YO[12(i - 1) + 4] A (ASUBG)
Ry uCi m-2 YO[12(i - 1) + 5] A (ASUBG)
D. uCi m=2 YO[12(i - 1) + 6] A, (ASUBG)
C, uCi liter-! YO[12(i - 1) + 7] Y
B uCi kgt YO[12(i - 1) + 8] M, (MSUBB)
(EH). uCi kgl YO[12(i - 1) + 9] M0/1,000
T, uCi YO[12(i - 1) + 10] 1
H, uCi m-2 YO[12(i - 1) + 11] A
M. uCi YO[12(i - 1) + 12] 1
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dM!

1= - Ry -

T = TpeefBi * Tl T AMy [Vc/Dg (g, 07 iM |

-(t&C%U}GP (6.1)

where '

Mb = mass of muscle on a steer at time of slaughter (kg),

U = milk capacity of the udder (liters).
The other parameters were defined and discussed in Sects. 2, 3, and 4

~of this report. The first two terms on the right-hand side of this
equation repbesent gains to M% resulting from losses to compartments Bi
and Ci through slaughter of cattle and milking of cows, respectively.
The third term accounts for radiocactive decay in M%. The last term
represents the loss to compartments Gi which is not accounted for by
the terms (Ig,b)iGi and (tg,c)iGi in Egs. (2.7) and (2.8), respective-
ly.

With MFO as the FORTRAN name for M’

£ the FORTRAN statement defin-
ing T@TUCI(I,1) is therefore

1"

TPTUCI(I,1) = YO(L)*A + YO(2)*A + YO(3) + YO(4)*ASUBG

1

+

YO(5)*ASUBG + YO(6)*ASUBG + YO(7)*U + YO(8)*MSUBB
2

“+

YO(9)*(MF0/1000.) + YO(10) + YO(11)*A + YO(13),
(6.2)

the generalization for T@TUCI(I,INUC) being obvious.

After defining values of the array T@TUCI(I,INUC) for a given I
and for INUC = 1 to NUMNUC, calls are made to subroutine RESDNS for the
calculation of values of the beef and milk holdup compartments (BH)i
and (CH)i' The statements executing these calls are

CALL RESDNS(TIMBH,NUMNUC,TR,TB,B,PRORAT,QOBEF,QBEF,QWIGL,IDIM)
CALL RESDNS(TIMCH,NUMNUC,TR,TB,B,PRERAT,QOMLK,QMLK,QWIGL,IDIM)
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where TIMBH, TIMCH, NUMNUC, TR, TB, B (matrix of branching ratios) and
PRERAT are as defined previously. On input, the arrays QOBEF and QOMLK
contain the values in the beef and milk compartments Bi and Cﬁ, respec-
tively, at the current time TIM(I). The concentration Jevels (uCi kg~1)
which beef and milk would reach if stored for the period of time (days)
specified by TIMBH and TIMCH are returned in the arrays QBEF and QMLK,
respectively. The array QWIGL contains residence values (uCi-days) on
output and is not used by RAGTIME. The parameter IDIM specifies the
maximum dimensions for the matrix of branching ratios as defined in
'RESDNS (REAL BRANCH(IDIM,IDIM)). Following these calls to RESDNS,
values of the various compartments, including the holdup compartments
for beef and milk, are printed for the current time.

The final section of code within the I-lToop determines whether or
not the current time, TIM(I), is a harvest time, and if so, reini-
tializes the state variables Ei’ Ti’ and (EH)i to simulate harvest.
First the following call is made to subroutine QUERY:

CALL QUERY(TIM(I),IANS)

This subroutine searches the array of harvest times, HARTIM, and
returns IANS =1 if TIM(I) is a harvest time, IANS =0 if not. If
TIM(I) is a harvest time, the crop holdup compartment (EH)& is reini-
tialized to the value

total activity (pCi) in compartments Ei and Ti AEi + Ti
total mass (kg) of crop at harvest time M? x 0.001

(6.3)

after which the compartments E. and T. are set to zero. After comple-
tion of the I- 1oop, control returns to the main program.

As pointed out in Sect. 5.1, the system of differential Eqs (2.1)
through (2.11) is defined in subroutine DIFFUN. The GEAR package makes
calls to DIFFUN for values of YD@T at various times as described in
Sect. 5.1. The deposition source function Fi(t) of Egs. (2.1), (2.2),
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(2.4), and (2.5) is defined by means of the FORTRAN function F(I,T).
This function is defined in terms of the inflow rate matrix

FF(I,KP), I =1 to NUMNUC, KP = 1 to MP

as. described in Sect. 6.1.

The final subroutine called by MAIN is subroutine CHECK. Details
concerning this subroutine are discussed in the following section.

6.3 Subroutine CHECK

The last subroutine called by MAIN is ‘subroutine CHECK. This sub-
routine calculates and prints values of

total activity (pCi) due to nuclide INUC
at time TIM(ITIM) as calculated in sub-
routine CALC by calls to the GEAR sub-

routine (discussed in Sect. 6.2)

T@TUCI(ITIM,INUC)

ACT(INUC,ITIM)

H

total activity (uCi) due to nuclide INUC
at time TIM(ITIM) as calculated by sub-
routine TRAFUN, using the Bateman equa-

'tions,
and the percentage error
(T@TUCI(ITIM,INUC)) - ACT(INUC,ITIM)*100./ACT(INUC,ITIM)

for times TIM(ITIM), ITIM =1 to NTIM. The call to TRAFUN is as fol-
Tows:

CALL TRAFUN(NUMNUC,TR,TB,B,MP ,TIMEP P NTIM,RTIM,AWIGL ,ACT,IDIM)
The meanings of NUMNUC, TR (radioactive half-lives), TB (biological

half-times), B (matrix of branching ratios), MP (Sect; 6.1), TIMEP
(Sect. 6.1), NTIM (number of output times), and IDIM are as defined
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previously. The array RTIM is a real array whose values are the same
as those for the double precision array TIM of output times. The

matrix
PCINUC,KP), INUC = 1 to NUMNUC, KP =1 to MP

defines the total exogenous 1nput rate of each nuclide to the system

for each of the time intervals TIMEP(KP), KP =1 to MP. From the
definition of the inflow rate matrix FF (Sect. 6.1) and our assumption
of A squére meters of crop production land and Ag square meters of
pasture land, it follows that the correct expression for P(INUC,KP) is

P(INUC,KP) = FF(INUC,KP)*((S1 + S2)*A + (S3 + S4)*ASUBG)

Subroutine TRAFUN returns in the array ACT the total activity levels as
computed using the Bateman equations. After the call to TRAFUN, the
values of the arrays T@TUCI and ACT as well as the percentage errors

are printed.
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LEVEL

1SN

ISN
TSN
ISN
1SN
ISN

1SN
TSN
ISN
1SN
ISN
TSN

TSN
I SN
1SN

1SN
1SN

TSN
TSN
ISN
ISN

ISN
ISN

21.38

0002

0003
0004
0005
00406
0007

0008
Q009
0010
0011
0012
0013

0014
0015
0016

0017
0018

0019
0020
0021
0022

0025
0024

{ JUuN

[aNeleNaNel

[aNeNe]

Cxkk
Cexs
Chax

10
O dox
CxEx
CHxk
Cox%
Chxx
Chkk

74 )

53

0S/560 FORTRAN H

COMPILER OPTINNS ~ NAME= MAIN,OPT=02,LINECNT=60,51ZE=0000K,

SOURCE,ERCDIC,NOLIST,NODECK,LDAD, MAP,NDEDIT, I D,NOXREF
SUBROUTINE INPUT (IFLAG)

SUBROUT INE INPUT INPUTS ALL THE DATA

COMMON /HOLTIM/ TIMBH, TIMCH

COMMON /INFLOW/ MP, TIMEP(30), FF{15,30}

COMMON /BRANCH/ B{15,15)

COMMON /DEP/ LAMRR{15),FSUBM{15), TAUEXC{15),FSUBF(15},BSUBIV(15)

COMMON /INDEP/ A,ASUBG,DSUBG,MSUBB, TAUBEF, TAUMLK, TAUES, TAUGR,

TAUPH, TAURD, TAURG, TAUSP, Uy VSUBC » SMALLD ,RHO
COMMON /NAMES/ NAMNUCI(15)
COMMDON /NUMBRS/ NUMNUC i
COMMON /TIME/ TIM{365),INCR{30)},ENDTIMI{B0I,NINTVL,NTIM
COMMON /SOURCE/ FO(15}
COMMON /GPARAM/ EPS,MF
COMMON. /INDEV / PTR,RDR

v

DOUBLE PRECISION NAMNUC,PARNUC,DAUNUC, TIM,EPS
INTEGER ENDTIM,PTR,RDR
REAL  MsyuBB3, INCR,LAMRR

NUMNUC - THE NUMBER NF NUCLIDES IN THE CHAIN BEING STUDIED

READ (RCR,10) NUMNUC
FORMATY (13)

NAMNUC - ARRAY 0OF THE NAMES OF 'THE NUCLIDES IN THE CHAIN,.

FO - INITTAL GROUND DEPOSITION SOURCE FOR NUCLIDE(I)
WHERE 1 VARIES FROM 1 TO THE NUMBER 0OF NUCLIDES
{MICRDCURIES PER SQUARE METER)

DO 30 1 = 1,NUMNUC
READ (RDR,20} NAMNUC(T),FO(I)
FORMAT (A8,E13.6)

CONTINUE

INFLOW RATES FOR VARIQUS SPECIES
READ VALUES FDR THE ARRAYS

TIMEP{KP}), KP=1 TD MP, AND
FF{I,KP}), I=1 TO NUMNUC, KP=1 TO MP, WHERE

FF{1,KP} = INFLOW RATE OF SPECIES I (UCI/M*%2-DAY) FRQOM
TIMEP(KP) TO TIMEP(KP+1) IF KP .LT. MP
AND FE(TI,MP) IS THE RATE AT TIMES SUBSEQUENT TO
TIMEP(MP),

READ {ROR,200) MP

FORMAT({ I5)



ISN
TSN
TSN
TSN

ISN

1SN
1SN

1SN
1SN
1SN

TSN
©ISN

1SN
ISN
ISN

ISN
TSN
ISN

0025

0026 -

0027
0028

0029
0030
0031
0032

0033
0034
0056
0037
0038

0039
0040
0042
0044
0045
0046
0047

201
202

YOO

40

OO0

| CwEk

ootk
Chkx
CHeder
C o3
Chxk
Cx&x%
CHEk
Caax
Cex

A OOOM

60
70

CHxk
Chokk
Chxk
Cxxx
Crkx
Chk
CHon &

54

DO 201 I=1,NUMNUC

00 201 KP=1,MP

READ (RCR,202) TIMEP(KPY,FF(I,XP)
FORMAT(E13,642Xy F12.6)

MATRTX CONTAINING BRANCHING RATIOS INITUALIZED 7O 2ERN
e kol ok 3 e e ok e ok ok ok o ol o ek ot 3t g ok Xk ok i o ok 3k ok o ol o ek ok Yo ook e v

3 - MATRIX CONTAINING THE BRANCHING RATINS,

D0 40 1 = 1,NUMNUC
DO 40 J = 1,NUMNUC
8{1,J) = 0.0
CONTINUE

BRANCHING RATIOS FILLED TN MATRIX
ool e sk o ol A8 KoK ok ot ok o ok ok O Ok ok X

PARNUC - PAREMT NUCLIDE

NDAUNUC - DAUGHTER MUCLIDE

SRATIO - BRANCHING RATIN

PARNOD ~— INDEX INTQ MATRIX 8

: REPPESENTS PARENT NUCLIDE
DAUMNOD - INDEX INTD MATRIX B
REPRESENTS DAUGHTER NUCLIDE
- NUMBER 0OF NONZERQ BRANCHING RATINS

NUMBRA

READ (RDR,10) NUMBRA

IF (NUMBRAL.EQ.D) 60 T3 160

DO 70 1 = 1,NUMBRA
READ {RDR,.50) PARNUC,DAUNUC,BRATI®
FORMAT {A8,5X,A845X,E13.6)

LONP TO SET APPRNOPRIATE INDICES INTO MATRIX B
e e ok o e o ko ok o e ool 2 ot ol o X e o o B ok e ok K K ook o

DO 60 J = 1,NUMNUC

IF{PARNUC LEQ. NAMNUC(JY) PARNOD = J
IF{DAUNUC .EN< NAMNUC(J)) DAUNOD = J
CONTINUE .
B{DAUNNDD, PARNNDY = BRATIOD
CONT INUE :
CONT INUE
NINTVL - NUMBER 0OF INTERVALS SPECIFYING QUTPUT TIMES
INCR(T) - STEPSIZE FOR INTERVAL I
ENDTIM(I) - RIGHT ENDPOINT OF INTERVAL I (DAY}

NOTE THAT ENDTIM(1) SHOULD BE aM INTEGRAL MULTIPLE OF INCR{1)
AND FOR I GREATER THAN 1, ENDTIM{I) — ENDTIM(I-1) SHOULD BE AN
INTEGRAL MULTIPLE 0OF INMCRI(I). :



1SN
1SN
TSN
ysn
ISN
TSN

TSN
I1SM
I SN
ISN
TSN
ISN
TSN
SN

1SN
ISN

0048
0049
2050
0051
0052
0053

0054
1055
0056
0057
0058
0059
0060
0061

0062
0064
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Ckx . :
160 READ {RLR,10) NINTVL
DO 100 I=1,NINTVL
READ {RDR,90) INCR{IILENDTIM{I)

90 FORMAT {El3.0,18)

100 CONTINUE

110 CONTINUE
.
-

0% de vkt o e i i koo ol ek ook ook o ok ok 3 sl s e sl ok ol Ak o o ol ROK o ok ek ok ek ok e e ok e ok A ol skalok okek

Chkn k%
[0t 2 33 PADIONUCLINDE DEPENDENT PARAMETERS sk &
% #ek ok

% o o ok ol ok e st sk o e ok o 3 o ok e ok ok A e sfelk ol o Xk e ok kxR S e st e ol ok ol ke ke ol ol e K R R ok e s oo ke ok ke e ek ko
Caxy

Ckk%

Cx%%

k%3 BSUBIV — CONCENTRATION NF NUCLIDE PER UNIT FRESH WEIGHT IN PLANT
C¥%x (MICRDCURTES PER KILOGRAM) DIVIDED 8Y CONCENTRATION OF
Cans NUCLIDE PER UMIT DRY WEIGHT IN SOIL (MICROCURIES PER
CHns KILDGRAM}

Cx%+ FSURF - THE FRACTION OF THE ANIMAL'S OAILY INTAKE OF NUCLINE(I}
I 22 WHICH APPFARS IN EACH KILDGRAM 0OF FLESH (DAYS PER KILNGRAM)
Cx%x%x FSURM -~ FRACTION OF THE DAILY INTAKE OF NUCLIDE I BY A COW

Ct WHICH APPEARS OPER LITER OF MILK AT EQUILIBRIUM

Ciowx {DAYS PER LITER).

Cx%% LAMRR - RADIQACTIVE DECAY RATE OF THE NUCLIDE UNDER STUDY

Lo xon " . {PER DAY} ' :

Cx%* TAUEXC — EXCRETION RATE NF A STABLE ISOTOPE OF THE NUCLIDE FROM
€ ook THE MUSCLE OF A STEER ({PER DAY)

Codek

C

o

s

D3 130 1 = 1,NUMNUC

REAC {RDR,120) LAMRR{T)
READ (RDR,120) FSUBM{T)
READ {RDR,120Y FSUBF{I)
READ (RDR,1203) BSUBIVII)
REAG (RDR,120) TAUEXC(1)

120 FORMAT {10X,E13.7)

130 CONTINUE

C
c

IF (IFLAG «FQ. 1) GO T0 140

IFLAG = 1
c
C
0 Bk ook s sk e ok e ok e ofe sk o sl sk ol skoke e ok e e sk ook ol ool ok o o ok gk ek dkok sk ok
Crax FH %
Caxk RADIONUCLIDE INDEPENDENT PARAMETERS Fek
Ckxk ek

€ s ok e o ok e ok et o oot ok Aok 4 ok okl o s ofel o o sk ok ok ook ok o sk kol ok o s ot kol ok skl ok ool X
Gk

Ck%
Ckxk A - SOIL SURFACE AREA REQUIRED T0O FURNISH FODD CROPS FOR GNE
Ck MAN (SQUARE METERS)

Ck¥x* ASUBG - PASTURE AREA PER (COW (SQUARE METERS)



1SN

ISN

ISN
1SN
TSN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
TSN
ISN
ISN
ISN
ISN
ISN

ISN

ISN
ISN

ISN
ISN

ISN
1SN
IsN

0065%
0066

0067

0068
0069
0070
0071
0072
00753
0074
0075
0076
0077
0078
0079
0080
0081
0082

0083

0084
0085

0086
0087

0088

0089
0090

Cx*% SMALLD
C¥%x "RHD
Cx%x%x MSUBB

C*%% TAUBEF
Cxkk  TAUMLK
Cx¥% TAUES
C¥¥x  TAUGR
C¥*%k  TAUPH
C*x%% TAURD
Cx¥%x  TAURG
Cxx%  TAUSP

Cadx U
Ckxx  YSURC
Rk

C¥*x TIMBH
Coxexe TIMCH
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DEPTH OF THE PLOW LAYER (CENTIMETERS).

DENSITY DF THE SDIL  (GRAMS PER CUBIC CENTIMETER).
MASS OF MUSCLE ON A STEEP AT THE TYIME OF SLAUGHTER
{KILDGP AMS PER STEER)

FRACTION OF THE BEEF HERD SLAUGHTERED (PER DAY)
TRANSFER RATE 0OF MILK FROM THE UDDER ({PER DAY)

TRANSFER COEFFICIENT FROM E TO S {(PER DAY)
TRANSFER COEFFICIENT FROM G TO R (PER DAY)
TRANSFER COEFFICIENY FROM P TO H (PER DAY}
TRANSFER COEFFICIENY FROM R TO D (PER DAY)
TRANSFER COEFFICIENT FRCM R TO G {PER DAY)
TRANSFER COEFFICIENT FROM S 7O P (PER DAY)

MILK CAPACITY OF THE UDDER (LITERS])

DRY WEIGHY GRASS CONSUMPTION PER DAY . BY & COW
{KTLOGRAMS PER DAY)

HDLDUP TIME (DAYS) FOR BEEF

HOLDUP TIME (DAYS) FOR MILK

READ (RDR,001) A

READ (RDR,001) ASUBG
READ (RCR,001) SMALLD
READ {RCR,O01} RHO
READ (RDR,001) DSUBG
READ (RDR,001) MSUBS
READ (RCR,001) TAUBEF
REABG (ROR,001) TAUMLK
READ (RCR,001) TAUES
READ (RDR,001) TAUGR
READ {RDR,001) TAUPH
READ {RCP,001) TAURD
READ {RCR,001) TAURG
READ (RDR,001) TAUSP
READ {RDR,001) U

READ {RDR,001) VSUBC
READ (RDR,001) TIMBH
READ (ROR,001) TIMCH

c

001 FORMAT {(10X,E13.7)

c
C

C % et oo e e s oot oo el e e ol ek e el ok 0 e e ek o o i e e ko R ok ok ok

CHkxk
Coekenk
Ckx

xR R%

GEAR SUBROUTINE PARAMETERS % Rk
¥ ke

C**t*******#*******#*#*##*#t*****#***##*******#*i***#********
¢ X

READ (RDR,002} EPS
002 FORMAT (10X,D13.6)

c

READ (RDR,003) MF
003 FORMAT (10X,12)

C

140 CONTINUE

RETURN
END



LEVEL

1SN

ISN
ISN
TSN
TSN
ISN

ISN
1SN
ISN
ISN
ISN
ISN

TSN
ISN
ISN

ISN
ISN

ISN
ISN

ISN
1SN

ISN
1SN

21.8 ( JUN 74 )

0002

0003
0004
0005
0006
0007

0008
06009
0010
0011
0012
0013

0014
0015
0016

0017
0o18

0019
0020

0021
0022

0023
0024
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'0S/360 FORTRAN H

COMPILER NPTIONS ~ NAME= MAIN,OPT=02,LINECNT=60,SIZE=0000K,

YOO O

[zEaHel

A0 O

C

c

40

60

70

80

LR K A

* o B O e x  *

*®

SNURCE,EBCNIC,NOLIST,NIDECK,LOAD, MAP,NCEDI T, 10,NOXREF
SUBROUTINE QUTDAT

SUBROUTINE OUTDAT ECHOS THE DATA INPUT IN SUBROUTINE INPUT

COMMON /INFLOW/ MP,TIMEP(50), FF(15,350)

COMMON /HOLTIM/ TIMBH, TIMCH

COMMON /B8RANCH/ BL15,15?

COMMON /DEP/ LAMRR{15),FSUBM{15), TAUEXC{15),FSUBF{15),BSURBIV(15}

COMMON /INDEP/ A,ASUBG,DSUBG,MSUBB,TAUBEF,TAUMLK, TAUES, TAUGR,
TAUPH,TAURD, TAURG, TAUSP, U, VSUBL ,SMALLD, RHO

COMMON /NAMES/ NAMNUCL1S?

COMMON /NUMBRS/ NUMNUC

COMMON /TIME/ TIM{365),INCRI{30},ENDTIM(30},NINTVL,NTIM

COMMON /SOURCE/ FO(15)

COMMON /GPARAM/ EPS . MF

COMMON /IODEV / PTR,LRDR

DOUBLE PRECISION NAMNUC, PARNUC,DAUNUC, TIM,EPS
INTEGER ENDTIM,PTR,RDR
REAL MSUBB, INCR,LAMRR

NUCL IDE DEPENDENT PARAMETERS
ot g g o oole e ook ok o AR ok ok ok ok R ok

WRITE {(PTR,40)
FORMAT ("1',53X,*NUCLIDE DEPENDENT PARAMETERS®' /////
P o', 49X,y " %%  DEFINITION OF PARAMETERS *%x%x' ///
' ',28X,'8SUBIV — CONCENTRATION OF MNUCLIDE PER UNIT ',
: 'FRESH WEIGHT IN PLANY (MICROD- ' /
! 37X, 'CURTES PER KILOGRAMY DIVIDED BY CONCENTRATION ¥,
'OF NUCLIDE PER UNIT® /
! '37TX, *DRY WEIGHT IN SOIL (MICROCURIES PER KILOGRAM) ')

WRITE (PTR,60)

FORMAY (' ',28X,'FO — INITIAL GROUND DEPOSITION. SOURCE *,
' (MICROCURIES PER SQUARE METER)' /
' *,28X,'FSUBF - THE FRACTION OF THE ANIMAL'*'S DAILY ',

YINTAKE OF NUCLIDE WHICH APPEARS ' /
' 'y37X, "IN EACH KILOGRAM OF FLESH (DAYS PER KILOGRAM) !/
v ', T30, 'FSUBM ~ FRACTION OF THE DAILY INTAKE OF !,
*NUCLIDE T BY A COW WHICH APPEARS' /
t ', T39,'PER LITER OF MILK AT EQUILIBRIUM ¢,
*{DAYS PER LITER),' )

WRITE (PTR,70)
FORMAT (' *,28X,*LAMRR ~ RADIOACTIVE DECAY RATE OF THE NUCLIDE ',
: YUNDER STUDY (PER DAYI' )

WRITE (PTR,80)
FORMAT (' *,28X,'TAUEXC - EXCRETION RATE OF A STABLE ISQTOPE OF ',



58

* *THF NUCLIDE FROM THE MUSCLE DF' /
v 9 ,37X,tA STEER (PER DAY)! )
C .
ISN 0025 ©° MRITE (PTR,90) :
1SN 0026 90  FORMAT (////% *,51X,**** VALUES OF PARAMETERS &xx%' ///
® T 4, 28X, "BSUBTVY 12X, FO' , 12X, *FSUBF ', 11X, "FSURM® , 11X,
b TLAMRR', 11X, 'TAUEXC! /3
c
1SN 0027 PO 110 T = I,NUMNUC :
ISN 0028 WRITE (PTR,100) NAMNUC(T),BSUBIVII),FOLI),FSUBF(T),FSUBM{T),
* LAMPR{I),TAUEXCIT)
TSN 0029 100 FORMAT(17X,AB,6(EL3.6,3X),/)
1SN 0030 110 CONT INUE
c
¢ BRANCHING RATIDS
c sk ik kRt R ok
>
1SN 0031 IF (NUMNUC .EQ. 1) GN T2 35
c
ISN 0033 WRITE {PTR,10}
ISN 0034 10 FORMAT {'1',54X, 'BRANCHING RATIOS' ///
* T4, 48Xy PFROM! ,TX, 'TO,9X, 'FRACTION® //)
c . .
ISN 0035 NO 30 1 = 1,NUMNUC
ISN 0036 DO 30 J = 1,NUMNUC
1SN 0037 IF {8(I,J) .0, 0.0) G0 TO 30
1SN 0039 WRITE (PTR,20) NAMNUC(J) NAMNUC{I},8(1,J)
ISN 0040 20 FORMAT (49X, A8,2XeA8,2X,EL346,/)
ISN 0041 30 CONTINUE
ISN 0042 35 CONTINUE
c
C .
c NUCLIDE IMDEPENDENT PARAMETERS
' C oo oo o o o e ofe o o ik o e ok Xk ool g o o ek ok
ISN 0045 WRITE (PTR,140) A
TSN 0044 140 FORMAT ('17,52X,*NUCLIDE INDEPENDENT PARAMETERS' ////
* 'V, 27X, A, EX, '~ SOIL SURFACE AREA REQUIRED TN FURMISH ',
x : TFOOD CROPS FOR ONE ' / -
* ' 1,36X, 'MAN (SQUARE METERS)*,38X,E13.6)
c .
ISN 0045 WRITE {PTR,145) ASUBG
ISN 0046 145 FORMAT {* ¢,27X,*ASURG ~~ PASTURE AREA PER COW ({SQUARE METERS) ',
- 21X,513.6) :
¢
1SN 0047 WRITE (PTR,146) SMALLD
ISN 0048 146 FORMAT (' ',27X,'SMALLD - DEPTH OF THE PLOW LAYER {CENTIMETERS)T,
* 20X,€13.6 ) -
c
ISN 0049 WRITE (PTR,147) RHO
ISN 0050 147 FORMAT (' 9,27X, 'RHQ - DENSITY 1F THE SOIL - (GRAMS PER CUBIC?®,
- ' CENTIMETER)',9X,E13.6 )
c
1SN 0051 WRITE (PTR,150) DSUBG :
ISN 0052 150 FORMAT (' *,27X,*DSUBG -~ DRY WEIGHT AREAL GPASS DENSITY (KILOY,
: * TGRAMS PER SQUARE'/
* ' 1,36X, "METER) ' 452X E13.6)



1SN
TSN

I SN
TSN

TSN
1SH

15N
ISN

IS
1SN

ISN
ISN

1SN

ISM -

ISN
1SN

1SN
TSN

(1SN
TSN

ISN
15M

ISN
1SN

0053
0054

q05%
0056

0357
6058

0059
0060

0061
0062

0063
0064

3065
00646

067
0068

0069
9070

0071
0072

0073
00T4

0075
0076

0077
0078

0079
0080

()

O

O

e NeXakel

165

190

195

200

205

220

225

e
L 3

*

*

*

*

*x

*

*

T %

235

240

300

305

260

e

%
<
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WRITE (PTR,165) MSUBS

FORMAT (v ¢,27X, *MSUBB ~ MASS 0OF MUSCLE ON A

YOF SLAUGHTER® /

STEER AT THE TIME ',

vV, 36X, Y{KILOGRAMS PER STEERDI' 437Xy E13.8)

WRITE (PTR,190) TAUREF

FORMAT (' *,27X,*TAUBEF — FRACTION OF THE BEEF HERD SLAUGHTERED ¢,

't (PER DAY)',10X,E1%.6)

WRITE {(PTR,195) TAUMLK

FORMAT (' ',27X,'TAUMLK - TRANSFER RATE OF MILK FRNOM
*(PFR DAY) ', 11X,E13.5)

WRITE (PTR,200) TAUES

THE UDDER Y

FORMAT (¥ ', 27X,*TAUES ~— TRANSFER COEFFICIENT FROM ™ S Yy
Y{PER DAY} ',15X,E13.5)

WRITE {(PTR.205) TAUGR

FOARMAT (' ',27X,*TAUGR - TRANSFER COEFFICIENT FROM G TO R 1,
V({DER DAY)',15X,E13.56)

WPITE (PTR,210) TAUPH

FORMAT {' '427X,'TAUPH - TRANSFER COEFFICIENT FROM P TO H ,
"(PER DAY} ',15X,E15.6)

WRITE (PTR,215) TAURD

FORMAT ({t* v, 27X, 'TAURD - TRANSFER COESFFICIENT FROM TN D Ty
"(PER DAY)',15X,E13.6)

WRITE {(PTR,220) TAURG

FORMAT (* *,27X,'TAURG - TRANSFER COEFFICIENT FROM R TO G ',
'{PER DAY} ',15X,E13.6)

WRITE {PTR,225) TAUSP

FORMAT (' ',27X,*TAUSP - TRANSFER COEFFICTENT FROM S To © o,
Y(PER DAY)',15X,E13.6)

WRITE (PTR,235) U

FORMAT (' 1,27X,tU',6Xe'—~ MILK CAPACITY OF THE UDDER {LITERS)!,

22Xy E13.6)

WRITE (PTR,240) VSUBC

FORMAT (' *,27X,'VSUBC =— DRY WEIGHT GRASS CODNSUMPTION PER *,
'DAY BY A COW (KILOGRAMS®

T ¢,36X,'PER DAY ' ,50X,E13.6)
WRITE {PTR,3001 TIMBH
FORMAT (' ',27X, TIMBH ~— HOLDUP TIME (DAYS) FOR BEEF'y31X,E13. 6)

WRITE (PTR,305) TIMCH

FORMAT (¢ *, 27X, *TIMCH - HOLDUP TIME (DAYS) FOR MILK'*,31X,E13.6}

QUTPUT SPECIFICATION TIMES
Aok ook ook ok Sok dolok ok otk ok ok

WRITE (PTR,260)

FORMAT ('1',52X,*'0UTPUT SPECIFICATION TIMES?

/1117

' 1,54X, *INCREMENT ', 4X,'END OF INTERVAL?

/



TSN
TSN
1SN
TSN

1SN
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ISN
I SN

1SN
1SN

1SN
1SN
ISN
ISN
1SN
ISN
15N
ISN
ISN

1SN
ISN

ISN
1SN

ISN
1SN

1SN
1SN

0081
0082
0083
0084

0085
0086

0087
0088

oe8e
Q0990

0091
0092
0062
0094
0095
0097
0099
0100
0101

0102
0105

0104
0105
0106
0107

0108
01093

270

280
C
Cusxn
-
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T, 56X, TLDAY) Y, L1X, (DAY //)

DO 280 1 = 1,NINTVL
WRITE (PTR,270) INCR(T},ENDTIM(I)
FORMAT (53X,E13,6,6X,16)
CONTINUE

INFLOW RATES FOR VARIQUS SPECIES

{C % o ook e ol ety ofe ol e ol o e ok ok o o o e ke ol 2 ok o b ke ook 3 e i o 3K ok o i o e o o o o e e gk g e ok ke

400
C

401
c

402

- C

407

406
404
405

OO0

410

o

420

421

WRITE (PTR,400) :
FORMAT {'1',20X,"INFLOW RATES FCR VARIQUS SPECIES')

WRITE (PTR,401) :
FORMAT {'0%',26Xs*INITIAL TIME',22X,'RATE")

WRITE (PTR,;402)
FORMATY (' ', 8X,'NUCLIDE' 14X, {DAYS) ¥ 20X, {UCT/SQ.M/ DAY} ]

DD 406 I=1, NUMNUC

WRITE (PTR,40T)

FORMAT(*' ")

DO 406 Kp=1, MP

IF (KP JEQ. 1) WRITE (PTR,404) MAMNUC(I),TIMEP(KP) ,FF{I,KP)
IF {KP GT. 1) WRITE (PTR,405) TIMEP(KP),FF{1,KP)

CONTINUE

FORMAT (* *,8X,A8,9X,£10.3,18X,E10.3)

FORMAT (' ',25X,E10.3,18%X,E10.3)

GEAR SUBROUTINE PARAMETERS
s oot oo o et o ok ek Al ek ok ok K

WRITE (PTR,410)
FORMAT ('1'454X,'GEAR SUBROUTINE PARAMETERS')

WRITE (PTR,420) EPS
FORMAT (*0*',55X,'EPS = ',D13.6)

WRITE (PTR,421) MF
FORMAT (%0, T57,'MF = *,12 )

RETURN
END



61

LEVEL 21.8 ( JUN T4 ) 0S/360 FORTRAN H

COMPILER DPTIONS - NAME= MAIN,OPT=02,LINECNT=60,SIZE=0000K,
SOURCE,EBCDIC,NOLIST ,NODECK,LOAD,MAP,NDEDIT, ID,NOXREF

ISN 0002 SUBROUTINE CALCIN
C
C
c
C CALCULATES THE VALUES 0OF CERTAIN PARAMETERS WHICH ARE USED IN
C DEFINIMG THE COEFFICIENTS OF THE SYSTEM OF DIFFERENTIAL EQUATIONS.
C
C
C : .
ISN 0003 COMMON /TIME/ TIM{365),INCR{30),ENDTIMI30) NINTVL,NTIM
ISN 0004 COMMON /CROPS/ MFO '
ISN D095 COMMON/ LMDA/L AMR {153 ,LAMC{15),LAMB{15),LAMA(15),
C  LAMS({15),LAMG(15)
ISN 0006 COMMDN /INDEP/ A,ASUBG,DSUBG,MSUBB,TAUBEFR, TAUMLK, TAUES; TAUGR,
* TAUPH, TAURD,TAURG, TAUSP, Uy VSUBC , SMALLD,RHD
ISN 0007 COMMON /NUMBRS/ NUMNUC
ISN 0008 COMMON /PARAM/ TAUGC(15),TAUGB(15)
ISN 0009 COMMON /DEP/ LAMRR({15),FSUBM(15), TAUEXC{15),FSUBF(15),BSUBIV(L1S)
C
C
C
ISM 0010 OOUBLE PRECISION TIM
[SN 0011 INTEGER ENDTIM
ISN 0012 REAL MSUBB,LAMRR,INCR, LAMR, LAMC, LAMB,LAMA,LAMS, LAMG,MFO
C MFO = TOTAL MASS (GRAMS) 0OF CROP AT HARVEST TIME - USED IN SUBROUTINES
C CALC AND TIMDEP (RASED ON A SQUARE METERS OF LAND, 250 PLANTS PER
C SQUARE METER, 1 GRAM PER PLANT).
C
1SN 0013 . MFO = A * 250.0
C
C
ISN 0014 0o 1 T=1,NUMNUC
- ISN 0015 TAUGC(I)= (TAUMLK*FSUBM{I}*VSUBC) / DSUBG
ISN 0016 TAUGB(I)= (VSUBC*®FSUBF{I)*TAUEXC({I}) / OSUBG
C
C DEFINE LAMDAS
ISN 0017 LAMR(I)= LAMRRI(T) ¢ TAURG + TAURD
ISN 0018 LAMC(I}= LAMRRI{I) ¢ TAUMLK
ISN 0019 LAMB(I)= LAMRR(I) + VAUBEF + TAUEXC(I)
ISN 0020 LAMA(CId)= LAMRR{T} + TAUES
ISN 0021 LAMS{I)= LAMRRI(I) + TAySP
ISN 0022 LAMG(I)= LAMRR(I)} + TAUGR + VSUBC/{ASUBG*DSUBG)
ISN 0023 1 CONTINUE
c
c
c
C .
C DEFINE TIME ARRAY FROM THE FOLLOWING INPUY INFORMATION.
C
C NINTVL = NUMBER 0OF SUBINTERVALS.
C
C ENDTIMUI)» = THE RIGHT ENDPOINT OF SUBINTERVAL I.
C INCR(T} = THE TIME INCREMENT FDOR SUBINTERVAL 1.
1SN 0024 NPREV = 0

ISN 0025 NTIM = 0
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<
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DO 2 I=1,NINTVL
IM1 = 1-1
IF{I.EQ.1) START=0.0

T IF(ILNELL) START= ENDTIM{IML1)

NUMSUB = (ENDTIM(ID)-STARTY / INCR(I)
NTIM = NTIM + NUMSUB

0
I
I

ne 3 J=1,NUMSUR

II = NPREV + J

TIM{IT) = START + J%INCR({T)
NPREV = NUMSUR '+ NPREV
CONTINUE

- RETURN

END



ISN

1SN
TSN
ISN-
ISN
TSN

TSN

TSN
1SN
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TSN
ISN

TSN
ISN
ISN

ISN-
ISN

1SN
1SN

ISN
TSN

ISN
1SN
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21.8 { JUN T4 1 : 0S/360 FORTRAN H

0002

090073

0004

000s
3006

i 0007

0008
N00S%
0010
0011
0012
0015
201 4

0015

0016
0017

0018

0019
3020

0021
0022
0023

0024
0025

0026

0027

0028
0029

0030
0031

COMPILER OPTIONS — NAME= MAIN,0PT=02,LINECNT=60,5S12ZE£=0000K,

SOUPLCE,CBCOIC,MOLISTyNODECK LOAD,MAPNOEDIT, 1D, NOXREF
SUBROUTINE CALC

3
-

U

o3
L

G2

U

)
h=t

™~

[

v
o
m
>
A
(%3]

FNE 7O CALCULATE AND PRINT VALUES OF STATE VARIABLES

YOO OO

EXTERNAL PEDEPV,DIFFUN

DIMENSION TR{15),TB{15),PRORAT(15),00BEF(15),QOMLK{15),
* QBEF{15),QMLK{15),QWIGL{15)

COMMNOM /DEP/ LAMRR(15),FSUBM(15), TAUEXC(15),FSUBF(15),BSUBIV{15)
COMMON /BRRANCH/ B{15,15}

COMMON JHOLTIM/ TIMRH, TIMCH

COMMON /GPARAM/ EPS,MF

COMMON /MCHECK/ TOTUCT(365,15)

COMMON /NUMBRS/ NUYNUC

COMMON /TIME/ TIM{365),INCR{30),ENDTIM(30),NINTVL,NTIM
COMMON " /SOURCE/ FOL15)

COMMDN /NAMES/ NAMNUC(L15)

COMMQON /INDEP/ A4,ASUBG,DSUBG MSUBB,TAUBEF, TAUMLK, TAUES, TAUGR,
* TAUPH, TAURD,TAURG 4 TAUSP, U, VSUBC,SMALLD ,RHD
COMMON /HRVST/ HARTIM(30),NHARY

COMMON /CROPS/ MFO

COMMON /YONEV / PTR,RDR

THE DIMENSION OF THE ARRAY YO MUST BE AT LEAST 12*NUMNUC

aNeNe)

DOUBLE PRECISION LOG2,TIM, TOUT,YO(T72),NAMNUC,TO,HO,EPS,TIHME,
* HARTIM

INTEGER ENDTIM,PTR,RDR

REAL LAMRR, INCR,MFO,M5UBSB

DATA IDIM /15/

WRITE (PTR,100)
100 FORMAT ('1',T55,YRAGTIME COMPARTMENTS!' ////7 )

C
WRITE (PTR,+105)
105 FORMAT (' ',28X,'E ~— RADIOACTIVITY PRESENT ON ABOVE—-SURFACE *,
* 'FOOD PER SQUARE METER OF SURFACE! /
* ' 1,34X,*ON WHICH FOOD CROP 1S GROWN (MICROCURIES PER *,
* *SQUARE METER).')
r
WRITE (PTR,107)
107 FORMAY (%0%,28X,'S - RADIOACTIVITY PRESENT AT THE SOIL ¢,
* *SURFACE (MICRDCURIES PER SQUARE METER).')
C
WRITE (PTR,110) :
110 FORMAT ('0',28X,*P - RADIOCACTIVITY PRESENT IN THE SUBSURFACE '-.
* *POCL ASSOCIATED WITH ONE MANT'SY/
* ' ',34X%, 'FOOD SUPPLY {MICRDCURIES). M)
C

WRITE (PTR,115)
115 FORMAT ('0',28X,'G — RADIDACTIVITY PRESENT IN THE GRASS COM*,
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PPARTMENY (MICROCURIES PER SQUARE®* /

* 1,34X, ' METER)LY)

WRITE (PTR,120)

FORMAT (*Q0',28Xy*'R —~ RADICACTIVITY PRESENT IN THE SOIL FROM 1,

'GROUND SURFACE TO THE ROOT

DEPTH* /

V', 34Xy 'OF THE GRASS (MICRDCURIES PER SQUARE METER). ')

TMILK (MICROCURIES

HWRITE (PTR,140)

FORMAT ('0',28X,'B — CONCENTRATION OF RADIOACTIVITY IN THE

YREEF (MICROCURIES PE

WRITE {PTR,150}

PER LITER).Y)

R KILOGRAM}. ')

L)
Xe'C - CONCENTRATION OF RADIOACTIVITY IN THE ',

'y

ENRMAT {*0*,28X,'T — RADIDACTIVITY PRESENT IN THE INTERIOR ¥,
: 'OF PLANTS PRODUCED FOR HUMAN CON-°/
', 34X, *SUMPTION {MICROCURIES).') -

WRITE {PTR,152)

FORMAT {'0',28X,"EH — CONCENTRATIDN OF RADIQACTIVITY IN FOQOD °*,
'WHICH IS STORED FOLLOWING® /
{MICROCURIES PER KILOGRAM).*)

' ',34X,*HARVEST OF CROPS

WRITE (PTR,154)

FORMAT {(*0',28X,'BH — CONCENTRATION OF RADICACTIVITY IN BEEF ',

"HOLDUP COMPARTMENT
' 934X, 'PER KILOGRAM). ')

WRITE (PTR,156)

{MICROCURTIES® /

FORMAT ('0%',28X,'CH — CONCENTRATIGN OF RADIDACTIVITY IN MILK ¢,

THOL DUP COMPARTMENT
' 1,34X,'PER LITER}. ')

INITIALIZE STATE VARIABLES .
Y{1)=E, Y{2)=S, Y{3)=P, Y{4)=G, Y(5)=R, Y{6)=D, Y{(T)=C, Y(8)=8B,
Y{9)=EH, Y{I0)=T, Y{11)=H, Y{12)=MPRIME

DETERMINE S VALUES AT TIME ZERO.

TZERG = 0.0
CALL SVAL(TZERD,S1,S2,53,54}
DO 5 I=1,NUMNUC

C NPREV= NO. OF PREVIOUS STATE VARIABLES.

NPREV = (1-1}%12
YO{NPREV+1)=S1*FO(I)
YO(NPREV+2)=S2%F0(1)
YO{NPREV+3)=0.000
YO(NPREV+4)=53%F0(])
YO(NPREV+5)=S54%F0(1)
YO{NPREV+6)=0.0D0
YO{NPREV+7)=0.0D0

(MICROCURIES* /

FOUTI)}=DEPOSITION SOURCE

(NUCLIDE 1).
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YOINPREV+8)=0.0D0

YO{NPREV+9)=0.0D0
YO{NPREV+10)=0.0D0
YO{NPREV+11)=0.0D0
YO(NPREV+12)=0.0D0
CONTINUE '

INITIALIZE BEEF AND MILK HOLDUP COMPARTMENTS BH AND CH RESPECTIVELY

OBEFLI
QMLK(T)

BURDEN 0OF NUCLIDE INUC - IM COMPARTMENT BH {UCI / KG).
BURDEN OF NUCLIDE INUC IN COMPARTMENT CH (UCI / L ).

DO 350 I=1,NUMNUC
QBEF(I) 0.0
QMLK(T) 0.0

350 CONTINUE

DEFINE GEAR SUBRQUTINE PARAMETERS

T0=

HO=

INDEX = 1
INITIAL TIME (DAY},

‘TO = 0.000

NEXT STEPSIZE IN T (DAYS), USED ONLY ON FIRST CALL.
HO = 1.0D-6

CALCULATE AND PRINYT VALUES OF EySyPyGysRyC 8, T, EHeBH,CH AT TIMES
TIM(I), I=1,NTIM.

N=NUMBER OF EQUATIONS.

N= NUMNUC#*12

*#%% PAGING DESCRIPTION =%

KOUNT IS THE NUMBER OF OQUTPUT SPECIFICATIONS TO BE PRINTED PER PAGE.
ITS VALUE IS DETERMINED BY USING AM INTEGER FUNCTION OF THE

NUMBER OF NUCLIDES IN THE CHAIN BEING STUDIED PLUS ONE FOR SPACING
DIVIDED INTO THE TOTAL NUMBER OF AVAILABLE LINES PER PAGE AFTER
HEADINGS HAVE BEEN PRINTED, ¥ IS INITIALLY SET EQUAL TD KOUNT,

THUS ENABLING THE HEADINGS TO BE PRINTED THE FIRST TIME THROUGH

THE LOOP, ONCE THE HEADINGS ARE PRINTED K IS SET TO ZERO AND IS
INCREMENTED BY ONE ON EACH PASS THROUGH THE LOOP UNTIL K 1S EQUAL
TO KOUNT, THEN THE PROCESS OF PRINTING THE HEADINGS AND SETTING

K EQUAL TO ZERO CONTINUES.

KOUNT = 58 / (NUMNUC + 1)}
K = KOUNT

DEFINE PARAMETERS FOR CALL TO RESDNS. THE FOLLOWING PARAMETERS
ARE NOT TYIME-DEPENDENT AND ARE THEREFORE DEFINED BEFORE ENTERING THE
ITIM LOOP.
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TEL YT YR a D, HALF-L TEE {04y ) OF gl Inf

BUC .

TELIMIO IR (0, HALF~LTFE (MAY Y OF NUCLIGE THUD ., USE LakGE vatus 70
APPLACIMATE A BIO. REMANVAL FALTOR OF B4
LG 2D 0H 2, 00

RN LIRS ¥
AR R R LN !"‘L
TR Y
B A?{§3GC}~*

vWXa R IN

Tam? PEOANUCTION BaAY S

ERSt C@i*i%ﬂ&

B 4 =i,
TF g «NE.
IRINT HEADING

150

F11%

MULL TRE

HEL1 ¥ N

VAR IS YIRESy, /7,

WRITE (PYR, 1} {MASNUCTI Y 51 DN UL Y
L OFORMAT (’1”?“7 §TS OF CﬂﬁDuR*VC\ AT
w ¢ M OTHE OHATN. .. s 19883
WRITE

2 EORHAT(OTIMEY ,T1T, EY, 726,05, 739,10
T TR, YR TO T T I0% VEMY (Tl 1o, P81

WATTE {PTR,3)
3 OFDRMAY(Y [0AYS )'gfl“s‘!ﬁ{?/cm.%‘
COYAL, VAUCT/SOLMI T, TET  {ULT /ST 011 T
CoeT9L, T QuUC Y, Tiud.'i”ﬂl/&ﬁ)‘
I# T=1, PRINT VALUES NF COMPARTHENTS
PE O TLNELLY BOOTR 200
TINE s 0,000
FIEET MULLIDE IN LHAIHN

AT Y

T2a tLUCTISG MY,
L TLULTALY Y,
s TiT4, P {UCTAKG Y

FTE 00 TR LR, TT2,
sT125.70HN)

P37 Uity

ME 7620

Lia

WRITE [OTB, L1 TIMOGY¥OT 1 Y0 {2, 7003 Y0401+ YRIB YO T,
* YQ{S?,?G{}&E,YJ(Q‘yU EEL LY LIMLERL LY
TE nympul JE80. 13 G0 ¥ 200
AEMAINING NUCLIDES T CHAlxn
07201 INUT=Z2, NUMNUC
PREy=]2%{THUC~1}
WRT {PTHLIZ2Y YOUNPQEVS LY YOUINFREVR I YO INDPREVE Y,

S OYOINPREEVRL YO (NPREY3)  YR{NPREYETY

HOYQ{NDAEYL108 ,YOINPREVEG] , QBEF{ {8}
201 CONTINUE
200 ®ad
IF I=1, ADD 1 YOO K
&7 TidE lFaf,

IF {1.EQ.11 KnXe]

LA CONTINUE

TG ACCOUNT E0R

YT TiM{L}
TOWT e TOUY
TALL OESMRIDIFFUNGREDLRY (N, TOHE YO TOUT , E08, 4
TF {TNDEXEQ. O GO T &
WRITE (TR, 74 TOWT, INIEX
H RAYEYOINTES, WAS MOT COMPLETED T

(LI RV

THE FAOLLOWING STATEMENTS ARE ySED Tn
RAGIGADTIVITY (MICRACURTESY
CHATN,

TOTULILL, BNYCY =

TET e El0. 307

RARDINDACYIvITY FOR

s YOUHPREYLA),
PR TN

PRINTING COMPARTMENT VALUES

»INDEY)

INGE X
CALCULATE THE

TOTAL aMO3UNT

NUCLIOE WITH INDEX JNUC

TEO, T {UCITEGY
T LZZ, T AUCT ALY

tLY 33

aE
1M THE SYSTEM FOR EADH NUCLIOE IN To



% £% CALGULATED US NG THE SaTgMan
e
15% 2110 T
154 9111 3
188 2LL2 UG L MM
TR G113 ¥om= 12 % 1 NUL-}
15N Oil4 SIS S IIRL YA{NPREVSLISA + YO{NPREVLIITA & YOUINPREVS3) +
: voine o (TREVESTRASURG + YOINPAEYER ) ¥AKRE
= PR . VERTERRGUAR ¢ YOUNPREYSIZ) +
# YOLMBREY« 10T %1, » YOINBPEVETII%A + YOLMPREVeH IS (M 08,0011
R RS 20 COnT INyE
o
COSERINE TIME-DEPENDENT PARAMSTERS FOR LALLS YO RESDHS.
.
nOGORESLINUCY R INIYTAL BURDEN NUCLIDE IHUL 1N BEEF COMPARTHMENT,
¢ ogaMLKOINYC =INITIAL RUPDEN NF AUCLITE THUL IN MILK COMPARTMENT,
a0 301 THMU= ], MUMN U
PR Y L INIEST L 2
FIREELINUG =Y O I NPIEY £
GOME K] ENUC s YD{NPREYE T
JU1 TTNT 3
TALL @ COLT TMPM NN TR G TROR, PRORAT  GUREF QAF P, QW IGL » 1D 1TM]
CELL RESONG {TIMOHNUMMIT TR TR, 8 PRDABAT GOMEK OMUK, R TIGL T T}
-
¢ BOINT VALUES OF CO%PARTHMENTS AT Ti4€ 114{1}
S
e
I8N 0123 WRITE (PTRGIII TOUT, YOUE) (YBU21,¥Y0031,Y0143,YOISI, Y0 T}
k YOLBYYOULOV¥0{61 ,RR0F 1), OMLYLLY
AT IS SR 11 OFORMAT{I0 12 (D10 E 1Y)
Tan 312% TEOCHUMKNGT JFo. 1Y B0 T LT0
-

rOPRINT VALUES OF B, S, P, 0,0, 0, Be Ty BH, BN, AND O FOR BEMSINING NULLIDES.

i
e 327 DG INGD w2 Nl
158 3128 ES TR R RIS ]
TAN Q129 HRITE {PTR,121 YOINPREVeD) ,YOUNPREVEZ},YOINPREVEIY,

T YO{NPREVEC) YOINPREVES) L YO (NPREYT ), YOINPREV+E),
& YD {NPREVSIOT (YOINPRFY G, QBEF{ NGO QMUK TNUDS

HoO130 9 UONTINUE
1SNTD15 12 FORMATIY *, Tih, 11 (D10.34% 13
r
A

170 CONT INUE '
£O1% YEMETY A HARVEST TISEY QUERY RETURNS L IF YES, O IF NQO.

3133 CaLly QUERYITIMIT}.TANS)
G154 RO TANS RGO G0 YO LT
OAY HARVEST TIME, REINIYIAL(ZE STATE VARLTABLES,
1AM 154 T o= TIN{LY
Ten 0137 e 1,809
[38 0138 { X o=
184 0L39 0 250 INUL=1, NUMNGYL
1Sy 03140 - NPREY = {INUC~1¥%12
< -
C FOR THE PURPOSE OF MASS BALANCE CHEDK, TRANSFER TOTAL ACTIVIYY
£ OEROM CROP HOLDUPR COMPARTHMIONT {EH) TO COMPARTMENT MPRIME,
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YO(NPREV412) = YO(NPREV+12) ¢+ (MFOQO * ,001) * YOINPREV+9)

DIVIDE TOTAL ACTIVITY (UCI) TRANSFERRED TO CROP HOLDUP COMPARTMENT
EH FROM E AND T BY TOTAL MASS (KG) OF CROP AT HAPVEST.
YOUNPREV+9) = (A*YO(NPREV+1l) + YO{NPREV+10}) / (MFQO * ,001)

YOINPREVe1} = 0.0D0
YO(NPREV+10)= 0.0D0
250 CONTINYE
171 K=K+1
4 CONTINUE

UPON COMPLETION OF I LOOP, RETURN,
GO 70 10
IF GEAR SUBROUTINE RETURNS INDEX OTHER THAN 0, STOP.
8 SYOoP

10 RETURN
END
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0S/360 FDRTRAN H

COMPILER OPTIONS — NAME= MAIN,OPT=02,LINECNT=60,SIZE=0000K,
SOURCEEBCDIC,NOLIST NDDECK,LOAD,MAP,NOEDIT, I10,NOXREF

C
C
c
C
C
C
C

FUNCTION F({I,T)

F{I,TY = SOCURCE STRENGTH {UCI/SQ.M/DAY) FOR NUCLIDE I AT TIME T (DAYS).

F IS DEFIMED IN TERMS OF THE INFLOW RATE MATRIX,

FF{I,KP) , I=1,NUMNUC, KP=1,MP

WHICH IS DEFINED IN SUBROUTINE INPUT.

1

2

5

3

COMMON /INFLOW/ MP, TIMEP{30},FF{15,30}

COMMON /NAMES/ NAMNUC{15)

DOUBLE PRECISION NAMNUC

£ = 0.0

IF (T.GE, TIMEP(MP) .OR. MP.EQ.1) GO TD 3

MPM1 = WMP-1 :

DD 1 KP=1,MPM1

1F {TJGE.TIMEP(KP) ,AND, T tT. TIMEP(KP+1)) GO TO 5

CONT INUE :

WRITE(3,2} NAMNUC(I), T

FORMAY ('OF(1,T) NOT DEFINED FOR NUCLIDE *, A8,'! TIME
t (DAYS)' ) '

STOP

F= FF{I,KP)

GO T0 4

F=FF{1,MP}

RETURN

END

T2E10.5y
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LEVEL 21.8 ( JUN 74 % . 0S/7363 FORTRAN H

COMPILER OPTIONS — NAME= MAIN,OPT=02,LINECNT=60,S12E=0000K,
SOURCE,EBCDIC,NOLISY,NODECK,LOAD,MAP,NDNEDTT, ID,NOXREF

TSN 0002 SUBRDUTINE DIFFUNIN, T,Y,YDOT)
C
C
C
C COMPUTES THE RIGHY HAND SIDE OF YDOT=#{Y,T}
C
[
C
ISN 0003 DIMENSICN TAUPT(15) .
1SN 0004 COMMON /ZINDEP/ A,ASURG,DSUBGMSUBB, TAUREF,TAUMLK, TAUES, TAUGR,
' * TAUPH ,TAURD,TAURG, TAUSP, U, VSUBC SMALLD,,RHD |
ISN 0005 COMMON/ IMDA/LAMR {153, L AMC{1S), LAMB{LS),L AMA({ 15},
€ LAMS{15),LAMG{1S)
1SN 0006 COMMDN /DFPI LAMRR(IS).*SUBMIlSi,1AJ~XC(15),FSUBF(1); 35U81IVi
ISN 0007 COMMON /P ARAM/ TAUGC{15),TAUGR{15)
ISN 0008 COMMON  /NUMBRS/NUMNUC
ISN 0009 COMMON /BRANCH/ B{15,15)
TSN Q010 COMMON /TODEY / PTR,LRDR
N
C
C
ISN 0011 DOUBLE PRECISION T,YIN),YDOT(N])
ISN 0012 REAL L AMBH, LAMCH,MSUBR, LAMRR, IT, LAMR,L AMC,LAMB,LAMA, LAMS,
* LAMG, TIPRIM,LAMPT
ISN 0013 INTEGER RDR,PTR

THE STATE VARTABLES ARE
Y{NPREV+1}
Y(NPREV+2)
Y{NPREV+3)
Y{NPREV#4}
Y{NPREV+5}
Y{NPREV+6)
Y(NPREV+T])
Y{NPREV+3}
Y(NPREV+9)
YINPREV+1O)
Y{NPREV+11)
Y{NPREV+12) MPRIME

WHERE NPREV = 0y13250ae9 NUMNUC~]

LT T N T £ IO ¥ N [ 1
MmO DIV Mm

I 4

W

'slsEeReEeRakaXeiniaisialaEnNeleNake Ne e Nel

TIME (T) IS SOMETIMES REQUIRED TO BE IN SINGLE PRECISION (X},
ISN 001¢ X=T .

ISN 0015 CALL SVAL(X,51,52,53,54)
ISN 0016 CALL TIMDEP({X,TAUPT)
C
ISN 0017 D0 1 I=1,NUMNUC
C NPRFEV = NO. CF PREVIOUS EQUATIONS
ISN 09018 NPREV= (I-19%]12

C CALCULATE CONTRIBUTION FROM PREDECESSORS IN THE CHAIN.
ISN 0019 SUMl = 0.0
ISN 0020 SUM2 = 0.0

152 I
-~
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SUM3

SUM4

SUMS

SuMe

SUMT

sums

SuMg

SUM10
SUML 1
SumM1 2
IF (I.LE.1) GO TO 3
IMl= 1I-1

[C T R T I T

s
QOO
[oRaRe]

Do. 2 3=1,IM1
JPREV={(J-1)1%12

SUML = SUML ¢ LAMRR(I}I*B{I,J)*Y(JPREV+])
SUM2 = SUMZ + LAMRR{TI*B{1,JI=Y{JPREV+2}
SUM3 = SyM3 + LAMRRIT)I%*B(I,J)*Y(JPREV+3)
SUM& = SUM4 + LAMRRUT}*B{T1,J¥%Y(JPREV+4)
SUMS = SUMS5 & LAMRRUTIXB(I,J)%Y{JPREV+5)
SUME = SUML + LAMRR(T)*B(I,J¥*Y(JPREV+6)
SUMT = SUM7 + LAMRR(TII#B(I,J)=*Y(JPREV+T)

o SuMg = SUM8 + LAMRRUTII*B(I,J1*Y(JPREV+8)
SUMg = SUM9 + LAMRR(I}*BII,JIxY{JPREV+9)
SUMLIO0 = SUMLO +LAMRR{IV*B(I,JI*Y{JPREV+10)
SUMLL = SUMI1 +LAMRR(T1)%B(I,J)%Y{JPREVe1])
SUM12 = SUMI2 +LAMRRI{TI*B(1, JI*Y(JPREV+12)

2 CONTINUE

CALCULATE YDOT .
3 YDOT{NPREV+1)=S1:F{I,X}-LAMA(I):=Y{NPREV+1} + SUM1
YDOT (NPREV42)=TAUES*Y(NPREV+1)-LAMS (I }xY{NPREV#2V+S2%F (], X)+SUM2
LAMPI IS TIME DEPENDENT. :
LAMPT = LAMRR(T)*#TAUPT(I) + TAUPH .
YDOT (NPREV+3)=A%XTAUSP*Y({NPREV+2)-LAMP] %Y (NPREV4#3)+SUM3
YOOT{NPREV+4)=S3%F{1,X)-LAMG(T) %Y (NPREV+4)+TAURGXY (NPREV+5}+5UM4
YDOT{NPREV+5)= S4xF{I,X) +.
c ‘ TAUGR*Y{NPREV#4)-LAMR(T )xY (NPREV#5)¢5UM5
YDOT{NPREV+6)=TAURD*Y(NPREV+5)
c —LAMRR (I )%V {NPREV+6)+5UM6
YOOT{NPREV+TI=TAUGC( I}
C *Y(NPREV+4)~LAMC(II*Y (NPREV+TI#SUMT
YDOT (NPREV+8)=TAUGB{ 1)
C *Y(NPREV+4)—-LAMB(I }*Y (NPREV+8) #SUMS

YDOT(NPREV+I) = ~LAMRR(TI) = YINPREV+9) + SUM9

YDOT{NPREV¢10)=TAUPT(I) * Y(NPREV+3) - LAMRR(T} * Y(NPREV+10)
T +SUM1Q

YOOT(NPREV#11l) = (TAUPH/A)XY(NPREV+3) — LAMRR(II*Y(NPREV¢ll)
* + SUMLL

THE COMPARTMENT MPRIME (Y{(NPREV+12)) RECEIVES ALL RADIOACTIVITY
FROM B AND C. THE TRANSFER COEFFICIENTS FROM B8 AND C TO MPRIME
ARE TOTEBM AND TOTCM RESPECTIVELY AMND ARE DEFINED AS FOLLOWS.
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TOTBM=TAUBEF*MSUBSB

TOTCM=TAUMLK*U

TIPRIM = TOTBM

YDDOT(NPREV+12)
C {vsSuBC/DSUBG
C + SuM12

1 CONTINUE

PETURN
END

*

Y(NPREV+8) + TOTCM * Y(NPREV+T)
TIPRIM —LAMRR{T)*Y(NPREV+12) +
TAUGB{Y }:MSUBRB ~ TAUGC(TI)I*U) * Y(NPREVe4)
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LEVEL 21.8 { JUN 74 1} k 0S/736) FORTRAN H

COMPILER OPTIONS - NAME= MAIN,0PT=02,L INECNT=60,SIZE=0000K,
SOURCE,EBCDIC, NOLIST,NODECK,LOAD,MAP,NOEDI T, 1D, NOXREF

1SN 0002 SUBROUT INE PEDERV(M, T,Y,PD,NO)
c
, c
1SN 0003 DOUBLE PRECISION T, Y(NO,13), PD
c
C
1SN 0004 RETURN

ISN 0005 END
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LEVEL 21.8 ( JUN 74} 0S/560 'FORTRAN H

1SN 0002

ISN
1SN
TSN
1SN
TSM

I SN
1SN
TSN
ISN

TSN
TSN

ISN

TSN
ISN

N 0003

3004
0005
0006
n007
0008

0009
0010
0011

0012

0012
0014

0015

0016
0017

COMPILER OPTIUNS — NAME= MAIN,OPT=02,LINECNT=60,SI1ZE=0000K,

OO OO0

aon .o

OO0

OO

SDURCE'EBCDXCyNOLISTQNODECK,LO&D.MAP'NOEDIT'Ib'NOXREF
SUBROUTINE CHECK
CALCULATES AND PRINTS VALUES OF

TOTUCI(ITIM, INUC)

"

GEAR SUBROUTINE

ACTUINULC, ITIM) = TOYAL ACTIVITY DUE TO NUCLIDE INUC AT TIME

AS CALCULATED BY SUBROUTINE TRAFUN, USING
BATEMAN EQUATIONS
AS WELL AS THE PERCENTAGE ERRMOR
(TOTUCTC(ITIM, INUC) - ACT(INUC,ITIMII®X100, / ACT{INUC,ITIM)

FOR TIMES TIM{ITIM)y, ITIM=1 TO NTIM.

TOTAL ACTIVITY DUE TO NUCLIDE INUC AT TIME
AS CALCULATED BY SUBROUTINE CALC USING THE

ITIm

ITIM
THE

DIMENSICN TR{15),78(15),ACT(154365),P{15,30),RELER(15),RTIM{365},

* AWIGLE15,365)
COMMON /INFLOW/ MP,TIMEP{30),FF(15,30}
COMMON /BRANCH/ B{15,15)
COMMON /MCHECK/ TOTYCT{365,15)
COMMON /DEP/ LAMRR{15),FSUBM{L15), TAJEXC(15),FSURF(15),B5U8IVI(1
COMMON /IMNDEP/ A,ASUBG,DSUBG,MSUBB, TAUBEF, TAUMLK, TAUES, TAUGR,
*® TAUPH,TAURD, TAURG, TAUSP,yU,VSUBC,SMALLD,RHO
COMMDN /NMUMBR S/ NUMNUC
COMMON /TIME/ TIM{365),INCR{30},ENDTIM{50} NINTVL,NTIM
CNMMON /IODEV / PTR,RDR

DOUBLE PRECISION TIM,L0G2
INTEGER ENDTIM,PTR,RDR
2EAL  MSUBB, INCR,LAMRR .

5}

I0IM IS THE MAXIMUM FIRST DIMENSION FOR THE ARFAYS ACT, P, AND AWIGL.

IT CORRESPONDS TN THE MAXIMUM NUMBER OF MUCLIDES IN A CHAIN.
OATA I0IM 15/

PRINT HEADINGS FOR TIME, TOTAL ACTIVITY COMPUTED 8Y THE GEAR
SURROUT INE, TOTAL ACTIVITY CAOMPUTED USING BATEMAN EQUATIONS, AND
RELATIVE ERROR. .

WRITE {PTR,1G0}

100 FORMAT (*'1%,52X, *COMPARISON OF TOTAL ACTIVITY' /

fOf, 10X, "TIME (DAYSE', 12X, TOTAL ACTIVITY (MICROCURIES
12X, *TOTAL ACTIVITY (MICRNDCURTIES)',8X, 'PERCENTAGE
fERRORY /
' ',35X, 'kx%k GEAR SUBROUTINE *%%!',]17X, "%k BATEMAN !¢,
'EQUATTONS ***x1)

#* W ¥ A H

DEFINE INPUT PARAMETERS FOR SUBROUTINE TRAFUN

TR{INUC) =RADIOACTIVE HALF-LIFE (DAY) OF NUCLIDE 1. .

TB{INUC) =BIDLOGICAL HALF-LIFE (DAY) OF NUCLIDE I (USE LARGE VALUE
TG APPROXIMATE A BRIOLOGICAL REMOVAL FACTOR OF ZERO.)

P{INUC,KPI=SOURCE STRENGTH (MICROCURTIES/DAY) FOR NUCLIDE I

FROM TIMEP{KP) TO TIMEP{KP+1} IF KP LT, MP AND P{INUC,MP) =

SOURCE STRENGTH AT TIMES SUBSEQUENT T0O TIMEP(MP},

BRANCH{I,J)

U
.'
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=BRANCHING RATIC FROM SPECIES J TD SPECIES I, J LESS THAN 1.
=B{1,J) {INPUT DATA — COMMON/3RANCH/ )

L0G2= DLOG(2.0D0)

NG 1 INUC=1, NUMNUC

TR{INUCH LDG2 / DBLE{LAMRR{INUCI]

TB(INUC) 1.0550

D0 6 KP=1,MP

CALL SVALITIMEP(KP),S1,52,53,54)
6 PLINUC,KP) = FF{INUC,KP) * {(S1+S2)%A + (S3+S54}*ASURG)
1 CONTYINUE

[{1)

RTIM IS A REAL ARRAY WHOSE VALUES ARE THE SAME AS THDSE FOR YIM,
D0 7 ITIM=1,NTIM
T RYIMLITIMY = TIM{ITIM)
THE CALL TO TRAFUMN,
CALL TRAFUNIN,TR,TB, BRANCH MD, TIMED, D oMA TIMEA  AWIGL ACTY
BECOMES )
CALL TRAFUN{NUMNUC TP TB,B,MP, TIMEP, P MTIM,RTIM, AWIGL 4ACT, IDIM}
BEGIN ITIM L{DOP TH CALCULATE PERCENTAGE ERRORS.
DN 2 ITIM = 1,NTIM
Do 4 TNUC =1, MUMNUC
4 RELER(INUCY = (TOTUCICITIM, INUC) =~ ACT(INUC,ITIM}))}*100./
C ACTCINUC, ITIM)
2 WRITE [PTR,3) TIM{ITIMI,(TOTUCI{ITIM,INUC)+ACT{INUC,ITIM),
C RELER(INUC), INUC=1,NUMNUC)

3 FORMAT (' ', 9XyD13.6,18X,E13.6,26XsEL13.6420X,F12,3 /7 * 1,

* 14(40X,E13.6226X9E1346920X,F12.3 /7 % ')}
RETURN
END
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LEVEL 21.8 ( JUN 74 ) 057360 FORTRAN H .

ISN

TSN
1SN

ISN
TSN
ISN
1SN
ISN
ISN
ISN

1SN
ISN
1SN
1SN

ISN

1SN

ISN
ISN
ISN

ISN
ISN
ISN
ISN

1SN
ISN

0092

0003
0004

000%
0007
0008
0009
0010
0011
0012

0013
0014

0015
0016

0017

0019

0020
0021

0023

0024

0026

COMPILER OPTIDONS ~ NAME=  MAIN,OPT=02,LINEINT=60,51ZE=0000K,

IzsNaRaleNeNeFaNoloNaNeNele e Rae Ne Ve

[eEe Nel

O FTO O

SOURCE,EBCDIC,NOLIST,NODECK,LOAD, MAP,NOEDIT, ID,NOXREF

SUBROUTINE RESDNS{T.MN,TR,T8, BRANCH,P,Q0,Q,QWIGL, IDIM)
THIS SUBROUTINE COMPUTES THE MICROCURIES Q AND THE
MICROCURIE-CAYS QWIGL OF N SPECIES 3F A RADIONUCLIDE
CHATN, EVALUATION IS AT TIME T {(DAYS) IN A COMPARTMENT
WITH FIRST—GRDER PEMOVAL PROCESSES WITH HALF-TIME TR({I}
(CAYS)} FOR THE I-TH NUCLIDE AND CONSTANT PRODUCT ION
RATE P{I)} [MICRODCURIES/DAY). TR{I) UDAYS) IS THE
QADINACTIVE HALF-LIFE OF THE I-TH NUCLIDE., THE INITIAL
BURDEN IS QO{1lj (MICRDCURIES). BRANCH{I,.J) IS THE
FRACTION OF SPECIES J WHICH DISINTEGRATES TO SPECIES I,
WHERE J IS LESS THAN I. THUS ALL NON-ZERG ENTRIES IN
BRANCH ARE BELOW THE MAIN DIAGONAL.

ALt DIMENSICNS OF SIZE 20 CORRESPOND 7O Ny THE NUMBER OF
RADIDACTIVE SPECIES IN THE CHAIN

IDIM 1S THE MAXIMUM FIRST DIMENSION FOR THE ARRAYS ACT, £, AND AWIGL.
IT CORRESPONDS TD THE MAXTMUM NUMBER OF NUCLIDES IN A CHAIN.

REAL TR(NI,TB{N} BRANCH(IDIMoIDIMNI,PIN},QOINI,Q(N),,QWIGLIN)
DOUBLE PRECISION LM({20),LMR{20),D(20),C(20,20}),
;3 LOG2,TEMPQ, TEMPOW,EXLT, EXIL I, EXPFUN, EXPF1
IF (T.67.0.0) GO 1O 10
DO 5 I=1,N
QLI=00(1)
QWIGLI{I)=D.0
5 CONTINUE
G40 10 120
10 LOG2=DL0G{2.00D0)
COMPUTE DECAY AND REMOVAL CONSTANTS FROM HALF-TIMES.
D0 20 I=1,N :
LMRUT)=L0G2/DBLE(TR(IN)
LM{I)=LDG2/DBLECTB(TI)) + LMR{I)
20 CONTINUE : . :
IF TWO LM{I) ARE NEARLY EQUAL, SEPARATE THEM.

SKIP SEPARATION ROUTINE IF N=1l.
IF{N.EQ.1) GD TO 45

BEGINNING OF SEPARATION ROUTINE..

N1=N-1
KODE IS A SWITCH FOR WHICH THE VALUE 1 MEANS ANOTHER
PASS SHOULD BE MADE.
KODE=1
25 IF (KODEJ.NE.1) GO TO 45
KDDE=0
BEGIN PASS.
DO 40 K=1,N1
Kl=K+1
DO 35 L=K1,N
IF LM(L) AND LM{K) ARE NEARLY EQUAL, SEPARATE THEM.
1F (DABS{LM(L)/LM(K)I-1.0D0).GF.1.0D-6} GO TO 35
LM(LY=LM(K)*1.00001D0
KODE=1
35 CONTINUE
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40 CONTINUE
C RETURNMN FOR POSSIBLY ANOTHER PASS.
GO 1O 25
C END NF SEPARATION ROUTINMNE,
45 CONTINUE
C
C COMPUTE COEFFICIENTS D(1), Cl1,J]).

50

55
60

70

75

80
85
C END
90

DELI=PL1}/LM{])
IF (N.EQ.1) GO 7O £0
DN 55 I=2,N

D{I)=0.0

Il=1-1

DO 50 J=1,11

DEL}=D(I)+BRANCH(I,J)*D{ J}

CONTINUE
DIDY=LMR(DIXD{II /LML) + PLID)/LM(I)
CONTINUE
C{1, 11=Q0{1)-D(1)
IF {(N.EQ.1} 60 70 S0
0D 85 I=2,N

I1=1-1
DO 75 J=1,11
C(I,J1=0.0

- DO 70 K=J,11
ClYI, I =Cl{I,d) + BRANCHII,K)*CI(XK,J)
CONTINUF
CUIeI=CLI, DIECLMRITI/Z{LM(T)I-LMIJI) D)
CONTINUE
CL1,1)=90(1)-D(1)
DO 80 J=1,I1
ClYILII=CLT,1)-C(I,J)
CONTINUE
CONTINUE
OF CALCULATION OF D(I1), C{I,J),
CONT INUE ‘

C COMPUTE Q(1), OWIGL({IY), I=1,N

100

110
120

DO 110 I=1,N
TEMPQ=0.0
TEMPOW=0.0
EXLI=EXPFUN{~LM{I}*DBLEI(T))
EXILI=EXPFLILM{I),DBLE(TI)
I1=1-1
DO 100 J=1,11
TEMPQ=TEMPQ¢C(T, J)*(EXPFUN(-LM(J)}*DBLE(T)I-EXLI)
TEMPQW=TEMPQW+CLI,J)*(EXPFL{LM({J) DBLE(T})-EXILI)
CONTINUE
QUINI=TEMPQ+D( T IxLM(T I*EXILI+QOCT)*EXL]
QWIGL (I )=TEMPQW+D({ I)=(DBLE(T)-EXILII+QO( I *EXIL!Y
CONTINUE
RETURN
END
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LEVEL .21.8 ( JUN 74 ) " 0S/360 FNOTRAN H

COMPILER COPTIONS - NAME= MAIN,OPT=02,LINECNT=60,S1ZE=C000K,
SOURCEZERCDIC,NDOLISTyNADECK,LDADyMAP,NOEDIT, ID,NOXAREF

ISy 0002 DOUBLE PRECISION FUNCTION EXPFUNIT)
ISN 0005 O0OUBLE PRECISION T

ISN 0004 : EXPFUN=0.0D0

ISN 000S TF(T.LT.-180.0D0) GG TO 10

1SN 0007 : EXPFUN=DEXR(T)

ISN 0008 10 RETURM

ISN 00098 END
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21.8 { JUN T4 ) 057350 FORTRAWN H

0002
0005
0004
nnos
2007
0008

0009
0010
0011
0012

COMPILER OPTIONS — NAME= MAIN'OPT=02'LINECNT=6O'SIZE=OOOOK1

SNURCE ,EBCDTIC,NOLIST ,NODECK,LOAD,MAP,NOEDIT, I D,NOXREF
DOUBLE PRECISION FUNCTION EXPFI(LM,T)
DOUBLE PRECISION LM,YT,LMT,EXPFUN '
LMT=LM%T
IF{LMT.LT,.0.03D00) GO TO 10
63 7O 20
10 EXPFLI=T*{{{(((LMT/T7.000-1.0D0}*LMT/6.0D00+1.0D0}
%  RLMT/5,000-1.000)*LMT/4,0D0+1.0D0}*LMT/3,000-1,000)
$ *LMT/2,0D00+1.0D0)
GO T0O 30
20 EXPF1={1.0D0-EXPFUN(-LMT)) /LM
30 RETURN
END
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LEVEL 21.8 ( JUN 74 ) ' 0S/360 FORTRAN H

COMPILER OPTIONS - NAME= MAIN,0OPT=02,LINECNT=560,SIZE=0000K,

SOURCE,EBCDIC,NOLIST ,NODECK,LOAD, MAP,NOEDIT» I DyNOXREF

1SN 0002 SUBROUTINE TRAFUN{N, TR,TB, BRANCH,MP,TIMEP,P,MA,TIMEA, AWIGL,ACT,

* IDIM)

TRAFUN SUGGESTS TRANSFER FUNCTION.

WE ARE CONSIDERING N RADIDACTIVE SPECIES IN A CHAIN IN A BIDLOGICAL

COMPARTMENT, TR{T1} AND TB(I} ARE THE RADIOACTIVE HALF-LIFE (DAYS)

AND BIOLOGICAL HALF-TIME (DAYS), RESPECTIVELY, OF THE 1-TH SPECIES

IN THE COMPARTMENT., BRANCHIT,J) IS THE BRANCHING RATIO OF SPECIES

J TO SPECIES I, WHERE J IS LESS THAN I. THE INFLOW RATE OF EACH

SPECIES IS GIVEN AS A DISCRETE FUNCTION OF TIME BY THE ARRAYS

TIMEP {DAYSY AMD P (MICROCURIES/DAY). P{I,KP) IS THE INFLOW RATE

OF SPECIES I FROM TIMEP(KP) TO TIMEP(KP+1), AND P{I,MP) IS THE

RATE AT TIMES SUBSEQUENY TO TIMEP{MPY. AWIGL{I1,KA} IS THE

CUMULATED ACTIVITY (MICROCURIE-DAYS) IN THE COMPARTMENT UP TO

TIMEALXAY, THE TIME ARRAYS MUST BE ARRANGED IN INCREASING ORDER.

ACT{I,KA) IS THE ACTIVITY FOR NUCLIDE I (MICROCURIES) IN THE

COMPARTMENT AT TIMEA({KA)Y,

IDIM IS THE MAXIMUM FIRST DIMENSION FOR THE ARRAYS ACT, P, AND AWIGL.
1T CORRESPONDS TO THE MAXITMUM NUMBER OF NUCLIDES IN A CHAIN.

THE MAXIMUM DIMENSIONM 20 FOR THE ARRAYS PYEMP,ATEMP AND AWTEMP CORRES-
PONDS TO N (THE NUMBER NF RADINACTIVE NUCLIDES IN THE CHAIN).

ISN 0003 REAL TR{N},TB(N),BRANCH{IDIM,IDIM},ACT(IDIM,365)

ISN 0004 REAL TIMEP{30),P(IDIM,30), TIMEA(MA) ) AWIGL(IDIM,365)

ISN 0005 REAL PTYEMP{20),ATEMP{20),AWTEMP{20)

OO0

FOR EACH TIMEP(KP) AND THE CORRESPONDING COLUMN P{*,KP) OF
RATES, USE RESID ITERATIVELY TO CALCULATE THE CONTRIBUTION .
TO AWIGL (*,KAY} AT TIME TIMEA(KA). FIRST INITIALIZE AWIGL AND ACT
T0 ZERQ. : .
ISN 0006 COMMOM /INDEP/ A,ASURG,DSUBG,MSUBB, TAUBEF,TAUMLK, TAUES, TAUGR,
% TAUPH, TAURD, TAURG, TAUSP,U,VSUBC,SMALLD,RHO
ISN Q007 COMMON /SOURCE/ FO(15)
ISN 0008 CALL ZEROM{IDIM,MA,AWIGL)
ISN 0009 CALL ZEROM(IDIM,MA,ACT)
ISN 0010 D0 25 Kp=1,MpP
ISN 0011 DO 10 Y=1,N
ISN 0012 PTEMPLINI=P(I,KP)
ISN 0013 10 CONTINUE
ISN 001 4 DO 20 KA=1,MA
ISN 0015 CALL ZEROVIN,ATEMP)
C IF KP=1, SET INITIAL TOTAL ACTIVITY IN THE SYSTEM EQUAL TO THAT
C DETERMINED BY FO{1), I=1 TO N AND S1,S2,53,S4.

e NeNeNelaNal

ISN 0016 IF (KP JNE. 1) GO 7O 40
C
C CALCULATE TOTAL INITIAL ACTIVITY (MICROCURIES) IN RAGTIME COMPARTMENTS
C E+S+G AND R,
ISN 0018 TZERO = 0.0
ISN 0019 CALL SVAL{TZERD+S1,52+53,54)
ISN 0020 : DO 41 1I=1,N
ISN 0021 41 ATEMP(IY = ({S1+S2)1%A ¢ (S3+S54)%ASUBG) * FO(I1)
ISN 0022 40 CALL ZEROV(N,AWTEMP)
1SN 0023 T1=TIMEP{KP)
ISN 0024 IF (T1.GT.TIMEA(KA)) GO TO 20
ISN 0026 IF (KP.LT.MP) T2=TIMEP(KP+])

ISN 0028 IF (KP.EQ.MP) T2=TIMEA(KA)



81

ISN 0030 CALL RESID(N,TR,T8,BRANCH, ATEMP,PTEMP,T1,T2,
$ AWTEMP, TIMEA{KA), IDIM)

ISN 0031 DO 15 1I=1,N

ISN 0052 AWIGLIT yKA)=AWIGL(T,KAJ+AWTEMP(T)

ISN 0033 ACT(T,KA) = ATEMP(I}) * ACT(I,KA)

ISM 0034 15 CONTINUE

ISN 0035 20 CONTINUE

ISN 0036 25 CONTINUE

ISN 0037 RETURN

ISN 0038 END
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0S/36) FORTRAN H

CCMPILER OPTIOMS — NAME= MAIN,0PT=02,LIMECNT=60,STZE=0000K,

10

SOURCE ,,EBCDIC,NALTIST ,NODECK,LOAD,MAP,MOEDI T, [DSNOXREF

SUBRQUTINE ZEROM{MN,M,A)
DIMENSION A{N,M)
no 10 I=1,M

D0 10 J=1,M

A‘.I:J.‘=O=O

CONTINUE
RETURM
END
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05/560 FODRTRAN H

COMPILER QOPTIGNS ~ NAME= MAIN,0OPT=02,LINECNT=60,SIZE=0000K,

10

SQURCE,ERCDIC,NOLIST NOBECK,LDAD,MAP,NOEDIT, I D,NOXREF
SUBROUTINE ZERQV{N,V}
DIMENSION VIN}
N0 10 f=14N
V(I)=0.0
RETYRN
END
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LEVEL 21.8 t JUN 74 } ) '0S/360 FORTRAN H

I SN
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COMPILER OPTIONS - NAME= MAIN,OPT=02,L INECNT=60,S1ZE=0000K,

OOV ON

SNURCE ,EBCDIC,NOLIST,NODECK ,LDAD, MAP,NDED1T, 10, NOXREF
SUBROUTINE RESID(N, TR, TBy BRANCH, AP ,T1yT24AW,T,1D1M)
COMPUTES MICROCURTE-DAYS RESIDENCE AW(I) OF THE I-TH RADIOACTIVE
SPECIES IN A CHAIN OF N NUCLIDES. PARAMETERS TR,T8,AND
BRANCH ARE AS IN SUBROUTINE TRAFUN. INPUT IS A PULSE VECTOR
P (MICROCURIES/DAY) FROM TIME T1 T3 T2 {DAYS). INITIAL VECTOR
OF ACTIVITIES IS A (MICROCURIES), AND A IS UPDATED TO SHOW
FINAL ACTIVITIES. AW 1§ EVALUATED AT TIME T. IN CASE T IS
LESS THAN T1, S IS UNCHANGED AND AW IS ZERD,
INIM IS THE MAXIMUM FIRST DIMENSION OF THE ARRAY BRANCH.
THE MAXIMUM DIMENSION 20 FOR THE ARRAYS Al,P1 AND AWl CORRESPONDS
N (THE NUMBER OF NUCLIDES IN THE CHAIM).
REAL TR(NI,TBIN),A(N),PUN), AWIN), BRANCH{ IDIM, IDIM)
REAL AL(20),P1(20),AWL(20)
CALL ZEROVIN,P1}
IF {T1.G6T.T2) GO TD 290
TTEMP=AMAX11{0.0, AMINL{T,T2)-T1)
CALL RESDNSUTTEMP 4Ny TRy TB, BRANCH, Py Ay AL, AW, IDIM)
D0 10 T=1,N .
10 A(I)=AL(I)
IF {T.LE.T2) 6D TD 30
TTEMP=T-T2
CALL RESDNS{TTEMP,N, TR, T8, BRANCH,P1,A,Al,AWL, IDIM)
DO 15 I=1,N
ALTI=AL(T)
AWCTI=AWIT)+AWLLT)
15 CONTINUE
20 CONTINUE
TTEMP=AMAX1(0.0,T-T1)
CALL RESDNS{TTEMP N, TR,TB,BRANCH, PLyA,AL, AW}
DO 25 I=I,N
25 ACI)=ALLT)
30 RETURN
END

T0
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0S/360 FORTRAN H

COMPILER OPTIONS — NAME= MAIN,0PT=02,L INECNT=60,51ZE=0000K,

SOURCELEBCDIC,NOLIST NODECK,LOAD,MAP,NDEDIT, ID,NOXREF
SUBROUTINE SVALIT,S1,52,53,54)

C RETURNS VALUES OF INTERCEPTION FRACTIONS S1,S2,53,54 AT TIME T (DAYS).
C

o0

1

COMMON /HRVST / HARTIM{3203%,NHARV
COMMON /EMERG/ EMERGE(30)

DOUBLE PRECISTON HARTIM

REAL M,MFQS]

MFOS1 = 1.0

SL0=0.00075

ATAU=1.24E-4

$S1=0.0

Nno 1 I=1,NHARV
IF(T.GE.EMERGE(T ). AND. T.LT.HARTIMII)) GO 7O 2
CONTINUE

IF T DDES NOT LIE BETWEEN EMERGE{I) AND HARTIM(I) FOR ANY I=1 YO
NHARV, THEN S1=0. '

2

23

GO T0 3

TO=EMERGE(I}

M = MFOSI*{1.0-EXP(-ATAUX{(T%x2-TO**21}14)
Si= SLO*(M*%0,545)%250.0

CONTINUE

IF{S1.LE.1.0) GO TO &

S1 SHOULD NCT EXCEED 1.

S

4

WRITE(3,5) Sl

FORMAT({ '0S1 VALUE (' ,E10.3,') TOO LARGE!')
STOP

§2= 1.0 -5l

S3= 0.25

S4= 0.75

RETURN

-END
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LEVEL 21.8 ( JUN 74 ) . 0S/36) FORTRAN H

COMPILER QOPTIONS ~ NAME= MAIN,NPT=02,LINECNT=60,SI1ZE=0000K,
SOURCE,,EBCOIC, NOLIST NORECK,LOAD,MAP,NOEDIT, IDyNOXREF

ISN 0002 SUBROUT INE HAQVST
c
C DEFINES HARVEST TIMES {DAYS)
£
c HARTIM{ T}, =1 TO NHARV
c
C AND COMMUNICATES THESE VALUES TO SUBRODUTINE CALC VIaA
€ COMMON BLOCK /HRVST/.
. ¢
1SN 0003 DOUBLE PRECISION HARTIM
ISN 0004 COMMON /EMER G/ EMERGE(30)
ISN 0005 COMMON /HRVST/ HARTIM{30),NHARY
1SN 0006 NHARV = 1
1SN 0007 EMERGE(1} = 70.
ISN 0008 HARTIM(1) = 175.0D0
ISN 0009 RETURN

ISN 0010 END
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0S/36) FORTRAN H

COMPILER OPTIONS — NAME= MAIN,0OPT=02,LINECNT=60,5S12E=0000K,

O O s EaN ek NeleNeNeNe

(@]

[ Ne]

C
c

[aNal

[aNel [aNalel

SUBROU

SOURCE 4EBCDYC,NOLIST NNDECK,LOAD+MAP,NOEDIT, !D,NOXRFF
TINE TIMDEP (7,TAUPT)

2 0 o e e 2 AR ok A ek ok o ok s o o o B R

* SYSROUTINE T I M D E P %
otk KKk ek Bk e ok Rk ROk R R kR K

TIMDEP RE
FACE SOTIL

TAUPT IS

10

15

20

DIMENS

COMMON
COMMON
COMMON
COMMDN
COMMON
COMMON
COMMON

DOUBLE
REAL

ATAU =

FIND THE
Dl 10

IF
CONTIN

T IS NDT
nd 15
TAUP
CONTIN

END OF PR
60 TO

TISINT
T3 THE EM
10 = &

CALCULATE
DD 25
upoT

TaupP
CONTIN

RETURN
END

TURNS TAUPT(I) = TRANSFER COEFFICIENT FROM P TP T {SUBSUR-
PONML TO PLANT INTERIGR) FOR NUCLIDES NAMNUCII#,I=1,NUMNUC,
BASED ON THE TIME INTERVAL CONTAINING T.

ICN TAUPT(15)

/HRVST/ HARTIM{30}),NHARV

JEMERG/ EMERGE(30}

/CROPS/ MFD

/NAMES/ MAMNUC(15)

/NUMRR S fNUMNUT

/DEP/ LAMRR(15),FSUBM(15), TAUEXC(15),FSUBF(15),BSUBIV{15)

JIMDEP/ A,ASUBG,DSUBG,MSUBB,TAUBEF,TAUMLK, TAUES, TAUGR,
TAUPH , TAURD, TAURG,» TAUSP,U,VSUBC,SMALLD ,RHD

PRECISION  NAMMUL,HARTIM
LAMRR ,MSURB ,MFO
1. 2484

TIME INTERVAL {EMERGE{J) TO HARTIM({J} ) CONTAINING T.
J=1,NHARYV .

T «GEe EMERGE(J) AND. T .LTe. HARTIM{J)) GO TO 20

UE

IN ANY OF THE GIVEN TIMF INTERVALS [EMERGE{J)} TD HARTIM(J) )
I=1,NUMNUC

T(1) = 0.0

UE

OCESS IF T IS OUTSIDE OF THE GIVEN TIME INTERVALS,
30

HE TIME INTERVAL EMERGE(J) TO HARTIM(J). TO IS EQUAL
ERGENCE TIME FOR THE CROP INTERVAL.
MERGE( J)

TAUPT FOR EACH NUCLIDE IN THE CHAIN.

I=1,NUMNUC

= 2.0 * ATAU % T % EXP(-ATAU % (T*%2 ~ T0%%2})
TLI) = (MFO * UDOT * BSUBIVII)) / (10000.0 * A * SMALLD%RHO)
ue
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LEVEL 21.8 ( JUN T4 ) ' ) 0S/563 FORTRAN H

COMPILER OPTIONS — NAME= MAIN,0OPT=02,LINECNT=60,SIZE=0000K,
SOURCE,ERCDIC,NOLIST,NODECK,LOAD,MAP,NOEDI T, ID,NOXREF

ISN 0002 SUBROUTINE QUERY (T, IANS)
C
€C IS CALLED BY SUBROUTINE CALC TO DETERMINE WHETHER OR NOT TIME T (DAYS) IS
C A HARVEST TIME. THE VALUE OF IANS IS SET 7O
C
C 1 IFfF T IS A HARVEST TIME,
C 0 IF NOT.
C
C QUERY SEARCHES THE ARRAY HARTIM, WHICH IS DEFINED B8Y SUBROUTINE HARVST,
C IN ORDER TD DETERMINE WHETHER OR NOT T IS A HARVEST TIME, [.E. WHETHER
C OR NOT T= HARTIM{J) FOR SOME J=1 TO NHARV.
ISN 0003 COMMON /HRVST/ HARTIM(30),NHARV
1SN 0004 DDUBLE PRECISION HARTIM,T
ISN 0005 IANS = 0
1SN 0006 DO 1 J=1,NHARYV
ISN 0007 IF (T.EQC.HARTIM({J}) TIANS=1
1SN 0009 IF(IANS.EQ.L1) GO YO 2
ISN 0011 1 CONTINUE
ISN 0012 2 RETURN

ISN 0013 END
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LEVEL 21.8 ( JUN 74 ) NS/560 FORTRAN H

COMPYLER OPTIONS — NAME= MAIN,DOPT=02,L INECNT=60,S12E=0000K,
SOURCE,EBCDTC,NOLIST,NIDECK,LOAD,MAP NOEDI T, [D,NOXREF
c
C RAGTIME ,
C__-.... ———— ————— e e —— et s S e e i i e A A S i ‘i . i . .
d
C PROGRAM AUTHORS : J,C.PLEASANT, L.M,MCDOWELL~BOYER, AND G.G.KILLOUGH

C HEALTH AND SAFETY RESEARCH DIVISION
c 0AK RIDGE NATIONAL LABORATORY
C NAK RIDGE, TENNESSEE 37830
C
c— —— e e e e
C
C PTR IS USEC TO REPRESENT THE UNIT NUMBER ASSOCYATED WITH THE LINE
£ PRINTER,; RCR IS USED TO REPRESENT THE UNIT NUMBER ASSOLTIATED WITH
C THE TARD READER.
C

ISN 0002 COMMON /TNDEY / PTR,RDR

ISN 0003 INTEGER PTR,RDR

1SN 0004 RDR = 5

ISN 0005 PTR = 6 .
C

ISN 0006 IFLAG = 0
o
C [FLAG IS A PARAMETER PASSED IN SUBRDUTINE INPUT WHICH DIRECTS
C THE FLOW OF THE PROGRAM. IF IFLAG IS SET 7O ZERQ, THE ENTIRE
c SUBROUT INE IS EXECUTED AND IFLAG IS SEYT EQUAL TD ONE. THIS
c FNABLES A BRANCH TO BE MADE AROUND THE PORTION OF CODE THAT RNPUTS
c THE NUCLIDE INDEPENDENT PARAMETERS ON SUCCESSIVE CALLS FOR THE
c VARIOUS CHAINS BEING STUDIED.
C

ISN 0207 READ {RDR, 10} NCHAIN

"ISN 0008 - 10 FORMAT (10X,12)

’ c

ISN 0009 DD 20 I = 1,NCHAIN

1SN 0010 CALL INPUT (IFLAG)

ISN 0011 CALL QUTDAT

ISN 0012 CALL CALCIN

ISN 0013 CALL HARVST

ISN 0014 CALL CALC

ISN 0015 CALL CHECK

ISN 0016 20 CONTINUE
C

ISN 0017 sTae

ISN 0018 END
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Job Control Language (JCL) for RAGTIME

Job control language varies from one computer installation to
another. For execution of RAGTIME on the IBM 360/91 at Qak Ridge

National Laboratory, the following JCL arrangement has been used:

//jobname J@B (charge no.),'X-10 7509 PLEASANT'
//*CLASS CPU91=44S,1¢=2.8 REGIPN=270K
/*REUTE_XEQ_CPU91

// EXEC F@RTHCLG,REGION.G@=270K,PARM.G@="EU=-1"

//FBRT.SYSIN DD *
source decks (RAGTIME MAIN and subroutines)

/* _
//LKED.GEAR_DD_DSN=T.GGK05716.GEAR,DISPISHR,UNIT=SPDA,
// _DCB=(RECFM=FB,LRECL=80,BLKSIZE=800)
//LKED.SYSIN;DD_* '

INCLUDE GEAR
/* -
//GQ,FT03F001_DD_SYSﬂUT=A,DCB=(RECFM:VBA,LRECL=137,BLKSIZE:1000)
//Gﬂ.FTOlFOOl_DD**
data deck

/9<

//
The underline () is used to indicate a space. The JCL shown above
makes use of compiled code for GEAR stored in the system as a cata-
logued data set and made available to the Linkage Editor through the
JCL statements comprehended by the brace. If the subroutines of the
GEAR package are to be compiled along with RAGTIME, they should be
included with the source decks and the JCL statements in the brace
deleted. The additional compilation time would require that the limits
on the CLASS card be revised. We note also that other sets of input
data (e.g., radionuclide chains with more than two species or multiple
problems within one job) will require longer running times. Moreover,
- the running times will vary greatly with the model of IBM system and
other local factors.
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APPENDIX B

Output from a sample run of the currently implemented version of
RAGTIME is provided in this appendix. Values for all state variables
are listed, and concentrations in grains, milk, and beef are plotted
versus time in Fig. B.1, B.2, and B.3. A number of parametric values
had to be specified and options chosen to complete this run (see
Table B.1). Table B.2 exhibits a listing of the data cards used for
the sample run.

FolTowing is a brief description of values and options specified
for the sample run conducted, which considers a chronic deposition term
(F.) of 1 pCi 90Sr per m? per day, beginning 70 days prior to emergence
of the grain. Compartment Ei’ representing direct contamination of the
surface of above-ground food crops through interception of depositing
radionuclides, was considered to consist only of grain crops. In doing
so, the time-deﬁendent intercepting efficiency of the edible portion of
the crop, the grain, was modeled using empirical values describing
projected surface area as a function of plant mass, rather than using
the geometric approach (see Sect. 3 discussion). Both empirical values
and plant growth curves were obtained mainly from work documented by
Miller! of the Stanford Research Institute. An equation describing the
mass m of the grain per plant {(grams/plant) was adopted from Miller; at
any time t > t,, '

. 2.
-a_(t% - t.)
m= m? [1 - U 0 ] , (B.1)

where m? = fipal mass of grain at harvest (grams/plant); tO = time of
emergence of grain (days), and a, = growth coefficient (day=2). A1l of
these input parameters represent averages for a number of grain varie-

ties. For the sample run of RAGTIME, the following values were used:

m? = 1 gram/plant
to = 70 days
a_. = 1.24 x 10~ day~2
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Table B.1. Values of parameters and other quantities used in sample
run of RAGTIME for the °2°Sr, °9Y decay chain®

Reference or section

FORTRAN Specific ' of report containing
Parameter name for value used discussion
A A 1,000 m? - 4
Ag ASUBG 10,000 m2 4
a | ATAU grains 1.24 x 10-4 day-2 App. B
By B(2,1) 1 (= radioactive branching Sect. 6.1
radio from 9%Sr to °0Y)
Biv ‘ BSUBIV(I) 0.290 for 29Sp, 2, 3
| 0.00430 for 90y .- .
d SMALLD 20 cm ' 4
Dg DSUBG 0.15 kg m-2 il
Fo(t) F(I,T) Fi(t) = 1 pCi m™2 day~? App. B
Fo(t) = 0 pCi m™2 day~!
(Fe); FSUBF (1) 3.0 x 10-% for °0Sy 2
5.8 x 10-3 for °90Y :
(Fm)i FSUBM(TI) 2.4 x 1073 for 920Sp : 2
2.0 x 1075 for 90y

66



Table B.1 (continued)

Reference or section

FORTRAN Specific of report containing
Parameter name for Value used discussion
A LAMRR(T) AL = 6.66 x 1075 day-! 6
As = 0.26 day™!
2
0 -ar(tZ - to)
m M grains me 1-e , t > tg, 1
where t represents time (days)
Mb MSUBB 200 kg 4
0
Me MF0OS1 grains 1 g/plant App. B
0
Mf MFO grains 250,000 ¢ App. B
ng NSUBL grains 0.455 1
RH@ 5011 1.4 g/cm=3 4
55 51 grains 0.00075 mO- 545y 1
S, S2 grains 1-5 Sect. 3.1
5, 53 pasture 0.25 Sect. 4.1
S, S4 pasture 0.75 Sect. 4.1
S| SL grains 0.00075m=0-455 - 1
S| SLO grains 0.00075 1

001



Table B.1 (continued)

Reference or section

FORTRAN Specific : of report containing
Parameter name for Value used discussion
\ ~3 -1

Theef TAUBEF 3.81 x 10~ day 4

P TAUES 0.0495 day-! 4.7

Tove TAUEXC(I) 2.0 x 10=3 day~! for 90Sr, 4

2.0 x 10-3 day~! for 90Y
, - -3 -1

tg’* VC/(Ang) 6.67 x 1072 day Sect. 4.1
(tg,b)i' TAUGB(I) [(Ff)i(texc)iVCJ/Dg Sect. 4.2
(rg,c)] TAUGC(I) [(Fm)i tmﬂkVC]/Dg Sect. 4.2

Ig " TAUGR 0.0495 day-?! 4, 7

. -1
Thilk TAUMLK 2 day 4
Toh TAUPH 1.096 x 10-* day-t 4, 8
b O .

(tp t)1 TAUPT(I) grains [MfU(t)Biv]/(l0,000 x Adp) App. B
Tr d TAURD 1.096 x 10-% day-? 4, 8

T g TAURG 2.74 x 105 day-! Sect. 4.1
Ts b TAUSP 6.93 x 10-% day-! Sect. 2.1

¢h TIMBH 20 days 5

10T



Table B.1 (continued)

Reference or section

- FORTRAN Specific of report containing
Parameter name for Value used ' discussion
o TIMCH | 2 days App. B
to _ T0 grains -~ 70 days App. B
u U 5.5 liters 4
2

. 'a_[(tz = to)

U(t) ubgT grains Zatte s t > tg, 1
' where t represents time (days)
v, VSUBC < . 10 kg day-t | 4 S
W W grains 250 plants m—2 App. B

“The subscript i used with parameter names refers to the itk nuclide (i = 1 for 90Sr,
i =2 for °0Y),
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Format of input parameters for RAGTIME
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The specified values were derived from a minimum of data, for the grain
of one variety of wheat, and thus may not be the best values to use for
other simulations. _ ‘

We have made use of Eq. (B.1l) in deriving time-dependent values
for the interception fraction S5 and a normalized version of this
equation 1in the derivation of values for the transfer coefficient
(tp,t)i‘ The fraction Sy may be viewed as the ratio of the projected
surface area (m2) of the grain to the area (m2) of the land on which

(ad

the crop is grown. Thus, 5; is related to the specific area,

projected surface area of grain (m?)
mass of grain (grams)

by the equation
5 = S mw . (B.2)

where m = mass of grain per plant (grams), and w = number of plants per
square meter of Tland. The specific area, SL’ may be fitted to an
equation of the form

m (B.3)

in which SE and n _are empirical consﬁants and m is the time-dependent
mass of the grain per plant as given in Eq. (B.1). This model is
adopted from ref. 1 (p. 177). Using the values SE = 0.00075 and no=
0.455 from this document, the value of S; is calculated from Eqs. (B.2)

and (B.3) to be
S; = 0.00075 m0-545
For the root uptake compartment Ti’ again only grains were con-

sidered in the sample run. The rate (microcuries day‘l) at which
radioactivity is absorbed by plant roots is represented in Eq. (2.9) by
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the term (tp,t)ipi’ where Pi represents the radioactivity (pCi) present
in the subsurface soil pool associated with one man's food supply. As
in our discussion of Eq. (B.1), it follows that the total mass {grams),
as time t > to, of grain in compartment_Ti is given by M?U(t), where

(" - 1)

-a -

U(t) = 1-e ¢ 0 (B.4)
and Mg = total mass (grams) of crop at harvest time grown on land

associated with one man's food supply. The rate of root absorption of
rad1oact1v1ty (r ) P (microcuries day 1) 15 assumed to be the prod-
uct of the rate of 1ncrease of grain mass M U(t)(grams day~1) and the
radioactivity concentration in grain (m1crocur1es gram~'), the latter

quantity being approximated by

BiyPi Bk | (B.5)

- mass (grams) of soil ~ 10,000 x Adp
in compartment Pi

where B., = concentration of nuclide i per unit fresh weight in plant
(uCi kg~!) divided by concentration of nuclide per unit dry weight in
soil (uCi kg='); A = soil area used for crop production, chosen as 103
m?2 here; d = plow depth, assumed to be 20 cm; and p = soil density,
assumed to be 1.4 g cm™3 (dry weight). This .derivation then leads to

the equation

_ M? 0Ct) Biv
p,t)i = 10,000 x Adp °

(t (B.6)

where

2 2
-at(t - tO)

Oty = 2a_t-e (B.7)
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Factors describing growth rate [i.e., U(t) and at] were again derived
from empirical data available for grains! and are consistent with those
used in estimating interception of airborne radionuclides by grains.
Values of By (see Table B.1) were derived from empirically obtained
data for the elements Sr and Y.2s3

For compartments Bi “and Ci’ respectively representing beef and
milk concentrations of 99Sr and °°Y, all parameters were defined-and
assigned values 1in Sect. 4 of this document, with the exception of
(todir (Fodin (F)i, th, and ], A constant value of 0.002 day~t,
adopted from TERMOD,* has temporarily been assigned to (t.__).. This

exc’i

exc)i represents the fractional weight gain per day for a

mature steer, and thus implies that dilution of the elemental concen-

value for (1

“tration is due only to growth. In this sense, it represents the lower
1imit for (rexc)i’ and thus may_underestimate loss from the beef com-
partment because metabolic turnover, which may be element-specific, is

neglected. Values for F,. and F (Tab]e B.1) were taken from a review

of literature concern1ngfuptake of these elements by cattle and subse-
quent transfer to meat and milk, respectively.

The holdup times for compartments B and Ci were specifiéd using
values either given 1in, or derived from,.the U. S. Nuclear Regulatory
“Commission's (USNRC) Regulatory Guide 1.109 (October, 1977) S The
assumed time between slaughter and consumption of beef (t ) was 20
days, and between milking and milk consumption (t ) was 2 days the
latter representing one-half of the total time given for transfer from
feed, through milk, to man. For compartments Ei and Ti’ holdup times
were not specified, but rather the concentrations after harvest are
printed at each output time so that the value of this parameter is left

to the user's discretion.
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