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HIGHLIGHTS

RAGTIME is a FORTRAN IV program that calculates radionuc.ide con-
centrations in food crops, beef, and milk which are contaminated as a
resuit of deposition of radinactivity on an agricultural area. Con-
tamination of these foods is assumed Lo 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
root mat below pasture grass, with ingrowth of radioactive daughters
being computed explicitly. The input source of radioactivity may be
prescribed by the user as a step function for each nuclide in the
chain. The model employs time-dependent irterception 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 tne provision for specifying the dates of
emergence and harvest for variocus 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 radioactivity 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, <oes not represent the final version envi-
sioned for implementation. Output for a sample run of the current
version is provided in this report.

vii



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 mode=1 which NRC consid-
ers acceptable for assessing terrestrial transport of radionuclides
released during normal operation of light-water-cooled nuclear power
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
mode!) computes radionuclide concentrations in food crops, beef, and
milk which are contaminated Ly radionuclide deposition. The model
assumes a known rate of deposition of radioactivity (microcuries per
square meter per day, puCi m™ day™) at a given environmental location
and uses interception fractions 5;, &,, &5, 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 code® 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 fo~ 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 mak-~s 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 model 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 eguations which describe the model.
Sections 3 and 4 provide details concerning the interception fractions
Sy, 9z, 53, and 54 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 mode! which remain to be addressed.
Principal among planned retinements is the inclusion of the seasonal
cycle in the dairy and beer pathways. Aside from an example run for
the ®9Sr-29Y chain, this report will not present a data base, the
development of which is presently in progress. The present code uses
an arrcy of output times with a fixed size; whereas the integration
interval may be of indefinite 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 ccde to
the International System of Units (SI), thus effecting a change in the
expression for radioactivity from curie (Ci) to becquerel (Bg), where

1Ci=3.7 x 10198q. (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 Bq 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 ith nuc'ide 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., (rp,t)i]' The deposition
source Fi represents the input source of radioactivity corresponding to
the itk nuclide of a radionuclide chain. This source strength may vary
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 interceptcd by above-ground crops, soil surface below the
food crop, pasture grass, and pasture soil are represented by 5, 53,
S, 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 7, and S5. The present version of the code uses vaiues of 53 and
54 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 is available should the user desire to prescribe
time-dependent values for S5 and &y.

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 Jefinition and
the rationale behind the particular gquantifications used for eadch

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 focd crop with an environmen-
tal half-time of usually less than 30 days.® We have used 14 days for
this value [te’s = 1n 2/(14 days) = 0.0495 day~'].%:% For transfer
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Fig. 2.1 Schematic representation of radioactivity transfer to

food crops, milk, and beef as simulated by the RAGTIME computer code.



from the scil surface below the food crop to the subsurface soil pool,
we have assumed a 1000-day environmental half-time, giving ts,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. 2.2 and Appendix B, we describe a model for calcultion of

a nuclide-and time-dependent rate coefficient (Ip representing this

transfer of activity. We have assumed a loss raiz ;f 4% per year from
the subsurface soil compartment Pi to the soil compartment below the
roots, Hi‘ giving Ip’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 Tlevel of radioactivity in all compartments associated with
crops at 1 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
51. The time-dependent transfer coefficient (tp,t)i serves this func-
tion with regard to the plant interior compartment Ti. Before the

);-
p,thi
At harvest time, the entire food crop is assumed to be stored in a

emergence of plants, the value of &, is zero, as is that for (1

holdup compartment (EH)i, after which time the radioactivity concentra-
tion level 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 variables
representing these compartments at harvest time, [i.e., the compart-
ments Ei and Ii 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]‘
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2.2 Radioactivity Transfer to Beef and Milk

As in the case of transfer from the surface of the above-ground
food crop to the soil surface, we have assumed a 14-day envircnmental,
or retention, half-time for the loss of radiocactivity from pasture
grass to pasture soil [tg.r = In 2/(14 days) = 0.0495 day='].%:% To
account for uptake of radioactivity by pasture grass from soil, we have
assumed a transfer rate of 1% per year from R; to G, [[r,g = 0.01/(365
days) = 2.74 x 10°° day™].%7 As in the determination of LY
transfer rate of 4% per year from the pasture soil compartment Ri to
the soil below the roots 0i [tr'd = 0.04/(365 days) = 1.096 x 10~¢

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
tg,*' The derivation of a value for this coefficient is discussed in
Sect. 4.1. The beef compartment 8i 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
Bi and Ci. Rather, the transfer coefficients (Ig’b)i and (tg,c)i
account for only portions of the total activity transferred to the cow
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
system. This remainder, being the complement of (Tg,b)i and (tg,c)i
with respect to t_ ., is indicated in Fig. 2.1 as a dashed line drawn
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 miik compartments Bi and Ci to
the holdup compartments (BH)i and (CH)i. respectively, represent the
effect of storage on the radionuclide 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 levels which these foods would reach if stored for a user-
specified period of time (tg for beef, tg for milk). Thus, at a given
output time t, (BH)i represents thehactivity concentration (uCi kg-')
of nuclide i in beef at time t + t which was stored from time t to
time t + tg, assuming a concentration level Bi at time t. The defini-
tion of (CH)i (uCi liter-') is similar. Since the determination of the
values of (BH)i and (CH)i from those for Bi and Ci involves only the
application of the process of radioactive decay (using the Bateman
equations), the system of differential Eqs. (2.1) through (2.11) repre-
senting the model depicted in Fig. 2.1 does no* 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 uescribes the transfer of de-
posited radioactivity 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 orly 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 follows:

Ei Radioactivity present on the surface of the above-
ground food crop per square meter of surface on
which the crop is grown (pCi m=2)

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

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

G, Radioactivitg present in the pasture grass compart-
ment (uCi m™<)

R. Radioactivity present in the pas*ure soil from
ground surface to the root deptnh of the grass
(pCi m=2)

D. Radioactivity present in the pasture soil below .2
root depth (uCi m~2)
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Concentration of radioactivity in the milk (pCi
liter=-!)
Concentration of radioactivity in bheef (uCi kg™)

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

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

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

Concentration of radioactivity in the beef holdup
compartment (pCi kg=!)

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

FORTRAN &
Symbo Name Description Type
A A Soil surface area .m?) required to
furnish food crops for one man
| Ag ASUBG Pasture area per cow (m?)
B; ; B(I1,J) Radioactive branching ratio from b
J species j to species i (j < 1,
Biv 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 (puCi kg-!)
d SMALLD Depth of plow layer (cm)
D DSUBG Dry weight areal grass density
¢ (kg m~2)
Fi(t) F(1,T) Input rate (pCi m=2? day-') for b, e
ithnuclide at time t (days)
(Ff)i FSUBF(I) F* action of the daily intake of b
nu.zlide i by a beef cow which
appears per kg of flesh at time
of slaughter (day kg=')
(Fm)i FSUBM( [) Fraction of the daily intake of b
nuclide i by a dairy cow which
appears per liter of milk at
equilibrium (day liter™!)
A? LAMRR( 1) Radioactive decay rate for ith b
nuclide (day~')
"b MSUBB Mass of muscle on a steer at time
| of slaughter (kg)
c
- p RH@ Density of the soil (g cm=3)
5y S1 Interception fraction for surface ¢, d

of above-ground food crop



12

Table 2.1 (continued)

FORTRAN 5
Symbol Name Description Type
Sa S2 Interception fraction for soil e, d
surface below food crop (1 - &)
Sg S3 Interception fraction for pasture
grass (0.25)
Se 54 Interception fraction for soil
surface or root mat below pasture
grass (0.75)
beef TAUBEF Fraction of the beef herd slaughtered
pe day (day~')
| g TAUES Transfer coefficient from E to S
' (day~1)
(Iexc)i TAUEXC(T) Excretion rate of stable isotope
of the nuclide from the muscle of
a steer (day-!)
{ JIRE Rate coefficient representing loss
9 of rad1oact1v1ty from pasture grass
due to cow's consumption of grass
(day~'); defined to be V /(A D )
(t b)i TAUGB(1) Transfer coefficient from G to B
9, (m? kg=! day-!)
(t c)] TAUGC(I) Transfer coefficient from G to C
9» (m? liter-! day-!)
, TAUGR Transter coefficient from G to R
g’ (day‘l)
g TAUMLK Transfer rate of milk from the udder
milk (day-l)
b TAUPH Transfer coefficient from P to H
P, (day=!)
(tp t)) TAUPT(1) Transfer coefficient from P to T o,

(day~1)



13

Table 2.1 (continued)

FORTRAN
Name Description Type @
TAURD Transfer coefficient from Ri to Di
(day=')
TAURG Transfer coefficient from Ri to Gi
(day~!)
TAUSP Transfer coefficient from Si to Pi
(day=')
TIMBH Holdup time for beef (days)
TIMCH Holdup time for milk (days)
U Milk capacity of the udder (liters)
VSUBC Dry weight consumption per day by

a cow (kg day-')

“No type specified means parameter is nuclide- and time-independent.
bNuclide-dependent.

“Time-dependent.

dCrop-specific parameters necessary to derive these quantities are
described and quantified 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 retentiun of aerially depesiting radionuclides by
crops as well as root uptake following deposition ontc 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
reilative 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 clide for root uptake, the radiological half-life
(-lives) involved, 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 contaminatien. Much nf this time
dependency is due to physiological and morphological changes in plants
due to growth and maturation, and fo changes which may be occurring in
the chemical form of the radionuciide which is deposited either on
piant 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 p/ ameters 5; and S, (see Fig. 2.1) and
of the root ptake parameter (tp,t)i have been ctudied, anl preliminary
approaches to characterizing the dynamic nature of these parameters are
discussed below.

A holdup compartment, (EH)i. is utiiized in this model in order vo
account for radioactive decay and daughter buildup that may occur
hetween harvest of crops and consumption by man (Fig. 2.1). The length
of this interval is left to the user's discretien.

15
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3.1 Time-dependent Aerosol Interception (5, and 5,)

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 ca - “ries representing
plant parts with similar morphological characteristics. The following
categories have been recognized:

1. root crops and other Erops with protacted edible
parts,
leafy vegetables,

2

3.  exposed-grain crops,

4 cylindrical vegetables, and
5

spherical vegetables.

Ideally, empirical data rega~Zing interception «f 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 mad. to account for the factors affecting interception. It is
hoped tha. the adequacy of these assumptions will be tested at a later
date through validation studies and sensitivity analyses.

At present, we have atiempted to mecdel the dynamics of intercep-
tion by ascuming that interception is a direct function of the project-
ed surface area of the edible portion, and that intercepticn occurs at
a 90° angie 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 n.cea==h 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

3 {1
i a - R R 3
gt = AR - g v rg O AT X B ES
=1

The fraction 5; 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 empiricai approach is

5y = Sfm(l‘nL)w , (3.1)
where
Sf and n = empirical constants,
m = 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 5, is adapted from a document prepared hy the
Stanford Research Institute,® which supplies values for the empirical
constants &, and n for certain plant species. The empirical constants
were derived for considerations of specific surface area (m? g~!)
alone, for a given planting density w, and thus may be appropriate only
for similar planting corfigurations. A geometric approach for estimat-
ing the relationship of 5, with time is provided by Miller,? where the
change in prejected 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 5;, shown in Fig. 2.1, representing deposition of
airborne radionuclides onto the soil surface below the food crop (Si)'

is calculated by assuming that
Sg=1~ 5. (3.2)

[t is recognized that this approach may overestimate the soil deposi-
tion since inedible parts of food crops will intercept depositing
radionuclides. Radionuclides intercepted b inedible portions may al)
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 (rp,t)i

Time dependence of root uptake is especially important when con-
sidering radioactive daughter ingrowth and soil depletion of a particu-
lar 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 phyciological stage in the life cycle of the plant. Both
biomass increase and physiologic maturation may involve active and
passive processes by which plant tissues incorporate elements. Many
essential elements are both actively and passively 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 cnaracterize
uptake rates by edible portions of crops on the basis of any empirical
data available, or to assume ihat 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
by the empirically derived concentration factor, Biy: The value for
Bs, 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 _'he root zone
either by movement downward into the soil sink ~= uptak< by crops, con-
centration factors derived from initial soil concentrations and final
crop concentrations may not be appropriate.

3.3 Time-independent Parameters (t 1 and Ip h)

e,s' 's,p
Retention, both initial and long-term, of intercepted radionu-
clides will depend on®

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

3 the wind velocity, and

4. the relative humidity and amount of rainfall.

The effect each of these will have on retention will vary frem site to

site, and thus, the value of 1 the retention coefficient, may vary

greatly. For the present, we z;te assumed an average, timc-dependent
value of te.s of 0.0495 day-', consistent with that provided in TER-
MOD,® wuntil further research into this parameter can be undertaken.

The movement of radionuc ides deposited on surface soil to the
root zone has been characterized in TERMOD as ts,p' 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 in a time-dependent sense, with
empirical data being derived from soil distribution coefficients, or
Kd's, available in the literature. Becruse these Kd's are element-
specific, it may also be necessary to incorporate nuclide-specificity
into the definition of ts,p'

The downward mcvement of radionuclides out of the root zone into
the soil sink is again characterized by a time- and nuclide-independent
parameter, tp’h, adopted from TERMOD. As with Is‘p, further research
intc the appropriateness of the value 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, tu
date, considers that this contamination occurs only through grazing of
exposed pasture grasses by cattle. Thus, the loss and/or buildup of
radionuciides 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 intercept on of depositing radionuclides, including re-
suspended particulates, a.4 thiough 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, 5, remains constant. The assumed
value of 53, equal to 0.25, is equivalent to the value originally used
in TERMOD,® and falls in the range of empirical measurements reported
by Chamberiain'? for initial retention (where sampiing is done immedi-
ately after contamination) by grasslands. This parameter would be
expected to vary with plani density and other environmental factors,
and thus represents an average value here. The fraction, &., 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-
ni'.1ides 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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Sg=1= 54, (4.1)
The value of the parameter Ir’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 limit for uptake of radionuclides in the surface soil by
a single crop is 1%. Considered on an annual basis, rr,g bccomes 2.74
x 10~5 day-!.

Three aspects of root uptake by pasture grasses have not been con-
sidered at present. First, the element dependency of this parameter,
rr,g' has been neglected, yet may be quite important when root uptake
is significant with respect to foliar contamination. Second, an addi-
tional mode or 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 L r.g has
not been investigated. All of these aspects will be addressed as work
continues on RAGTIME.

Ltoss of radionuclides from the grass compartment, Gi (see Figq.
2.1), may occur Lhrough ingestion of grass by grazing cattle (r *),
radioactive decay (A ), and by weathering of surface-deposited radlo-
nuclides (rg r). The value of 1 » is assumed to be equivalent to ihn

weathering coefficient, t discussed in Sect. 3, and chus represents

a 14 day half-time for ret:ntlon 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 uf the protective leaf cuticle during
plant growth,!7” thus suggesting a seasonal and species dependency of
(g o As with te & tq ¢
ther research d1ctates that a different approach should be taken.

ic assumed to be time independent until vur-
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The value of Ig’* (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.® Using this ingestion rate and a dry-weight areal grass density,
Dg, of 0.15 kg m™% (Ref. 3), we define the value of Ig,* to be

v

¢ 6.67 x 10~ day-!
. & = = A ) (4.2)
9, APy 9

where

Ag = pasture area per cow (m?).

At present, it is assumed that tg’* 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-
neath pasture grass is represented by the parameter Tr,d‘ As with the
similarly defined parameter, Ip,h’ for crop soil (Sect. 3), an element-
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 pr.cess.

4.2 Contamination of Beef and Miik

Transfer of radionuclides from pasture grass to beef or milk is

: in a2 kn=i -1
parameterized by (tg.f)i‘ in m“ kg=' day~', or (tg,c)i’

day <!, respectively (see Fig. 2.1). These parameters represent trans-

in m? liter=-!

fer rates and are assumed to be time independent pending further inves-
tigation into data available regarding their time dependency. Element-
specific values of (r b) and (t ) were calculated from empiricaily
derived transfer coeff1c1ents,'8 ?é (Ff)i and (Fm)i’ which characterize
the ratios between beef or milk concentrations cof 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 flesh at time of
slaughter (day kg='), and

Fo = the fraction of the daily intake of an element by a
dairy cow which appears per liter of milk at equilib-
rium (day liter=!).

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 (rg,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 (Bsgw)i is taken to represent the equilib-
bium concentratiorn ef an element, i, in the muscle o1 a single cow
(uCi kg='), and G?q is the equilibrium concentration in gras. (uli
m=2), then from the equilibrium equation

d(B_ ).
—Low 1 eq _ eq . .
dt (tg,b)ici (Texc)i(Bcow)i ¢, (4.3)
it follows that
(859 ). (T ).
cow’ i b’j
R G P (4.4)
G?q Texc’i
where
(‘exc)i = loss rate of the elemen., i, from the muscle of a steer

(day~™). Since

eg
( _ (Bcow)i

Tg,n’ = _-EEG-_ (Toxci
i

(4.5)

and
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(859 ).
(Pg)y & oSt : (4.6)
(G5 x Vc/Dg)
where
V_ = dry-weight grass consumption per day by a cow (10 kg
€ day™
Yy,
Dg = dry-weight arec. grass density (0.15 kg m=2),

it follows that the expression for (rg b)i is related to (Ff)i by:

(Fe).(r . ).V
. fi Dexc ic | (4.7)
g

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

loss rate of the element ‘rom the muscle of a steer, (texc)i’

interpreted to represent boih the element-specific metabolic turnover,

may be

as well as the element-independent dilution of the concentration due to
increase in muscle mass during growth. This approach has beer adopted
from the TERMOD code® fir the present, but will probably be revised to
reflect a dynamic, rather than steady-state, approach to modeling this
pathway as model development progresses. In decing so, the dilution due
to growth mav be handled explicitly rather than incorporated into a

term such as (Texc)i'

Similarly for (tg c)i’ representing transfer of element, i, to
milk (Ci).

(t. ) = Fdi (Ve (4.8)

,cli N ! ‘
¢ g

where

Tmilk = the element-independent loss rate from the udder

(2 day~1).



26

The value of Tmi 1k in this case corresponds to the frequency of milk-
ing, assumed tc be twice daily, and other losses are considered negli-
gible. Equation (4.8) was derived in a manner similar to Eq. (4.7),
from

. eq _
(tg,c2i6 = Tni

eq &
k(ccow)i 0,

eq
(F ). = (Ccow)i

m’ i eq
(Gi X vc/Dg)

Again, dynamics related to maturation and milking practices for a
single cow have been neglected at this time, but will be con- dered 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

o P )18, + AN T 2B

at g,b’i% i Tbeef T Texc’if®%i T A 5i3%j
J=1

differs from that for a single cow given in Eq. (4.3) due to the pres-
beef” The
interpretation of this aspect of the beef compartment has been adopted
here from TERMOD,? in that the compartmental equation considers losses
from beef in the herd as a whole by including the term, L Lo
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 unc~.iaminated cattle then begin to accumu-

late radioactivity at a rate determined by (tg b)i‘ If, however, the

ence of an additional element-independent loss parameter, 1
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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
calculated will be an average of all members of the herd. In lighi of
this potential deficiency, work is ongoing to revise the homogeneous
herd concept, where uncontaminated and contaminated beef are indiscrim-
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 cairy 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
miik of each individual lactating cow in the herd, and thus can be con-
sidered when considering toe herd as a whole.

For both milk and beef compartments, radionuclide loss and buildup
of daughters due to radioactive decay during storage prior to human
consumption is considered. Compariments (CH)i and (BH)i, representing
concentrations of each nuclide in milk and beef, respectively, follow-
ing storage were devised to provide this information.
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5. SOLUTION OF THE SYSTEM OF DIFFERENTIAL EQUATIONS

5.1 Use of the GEAR Subroutine

The system of differential Egs. (2.1) throuygh (2.11) is solved in
the RAGTIME code by use of the GEAR package* for solution of systems of
ordinary differential equations. 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,

G;, Ry, D;, C., B,, T, H,, and (EH); ,

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
Eqs. (2.1) through (2.11), with i varying from | 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
RAGTIM. 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 show.: 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 oru,nary differential equations, where N, T, and Y are as
described above. The correspcndence 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, Hu, 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
state variable

GEAR
package notation
Y[12(i - 1) + 1)
Y[12(i - 1) + 2)
Y[12(i = 1) + 3)
Y{12(i - 1) + 4]
Y[12(i - 1) + 5]
Y{12(i - 1) + o)
Y[12¢i - 1) + 7]
Y[12(i - 1) + 8]
Y(12(i - 1) + 9]
Y[12(i - 1) + 10]
Y[12(i - 1) + 11]
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Table 5.2 Definition of RAGTIME derivatives in
terms of GEAR package notation

RAGT IME GEAR
derivatives package notation

dEi/dt YOAT[12(i - 1) + 1]
dSi/dt YO@T[12(i - 1) + 2]
dPi/dt YDAT[12(i - 1) + 3]
dGi/dt YO@T[12(i - 1) + 4]
dRi/dt YDOT[12(i - 1) + 5]
dDi/dt Yo@r[12f i) + 6]
dCi/dt YO@T[12(i - 1) + 7]
dBi/dt YOBT[12(i - 1) + 8]
d(EH)i/dt YD@T[12(i - 1) + 9]
dTi/dt YD@T[12(i - 1) + 10]
dHi/dt YD@T[127, - 1) + 11]
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where the parameters have the following meanings:

(1)

(2)

—~
s
N

(4)

(%)

()

(7)

(8)

(9)

(10)

DIFFUN is the name of the subroutine described above,

which is declared external in subroutine CALC.

PEDERV is also a subroutine which is declared external

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 variables (i.e., N= 12 x n in
our case).

T0 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.

TOUT is the value of T at which output is desired.

EPS is the relative error bound (used only on the first
call unless INDEX = -1).

MF is a parameler used to indicate the basic method to
be used for integration (Adams method or the stiff
method of GEAR) and the method of iteration.

INDEX is an integer used to indicate the type of call.

Initially, INDEX is set to 1. The value returned for
INDEX is 0 unless the integration was halted for some
reason. For meaniigs of the vaives -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 Eqs. (2.1) through (2.11), it is desirable to have a
p:ocedure for checking the accuracy of this solution. Fortunately, it
is possible to calculate the total amount of radiocactivity 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 radioactivity in the various com-
partments of the model as calculated by use of the GEAR package. Close
agreement of these two values is a necessary but not sufficient condi-
tion that the numerical soluticn of the model equations itc accurate to
the degree desired. In particular, one should keep in mind that a
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 use of such methods is still largely an empirical
science. In particular, this compari on can provide guidance for the
selection of appropriate options anc 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)(pC1 day~') and which 15 subject to first-order re-
moval processes with removal constant, A (day-'). Then the following
system of differential equations descrvbes the decay process in this
compartment:

|

B R —
7 Ai)Ai + Ai Z BijAj + Ii(t)' ‘ - 1' ey n (5-1)
=1

dA.
Rt "o il
& - "W
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where

Ai(t) = radioactivity (pCi) of the ith nuclide at time t
(day),

A? = decay constant (day~') for the itk nuclide,
A? = vremoval censtant (day~!) for the ith nuclide,
Eij = radioactive‘braqching ratio from species j to
species i, j < i,
Ii(t) = exogenous inflow rate for species i (uCi day™!).

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 + SZA + 54 A+ S;A = (5 + 32)A + (S5 + S4)A (5.2)
qg 4 9
where
A = soil surface area (m?) assumed for the above-surface
food crop,
A, = soil surface area (m?) assumed for the pasture grass
9 compartment.

Subroutine CHECK of RAGTIME makes a call to subroutine TRAFUN for the
purpose of calculation of the total radicactivity in the system at
various times. TRAFUN requires that the function representing the
exogenous input 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 furztion. We thus reserve for Sect. 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(1,T)]
and the doubly dimensioned exogenous input rate matrix F which is used
as an input parameter to TRAFUN,
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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), 1 =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
FFCI,KP), 1 = 1 to NUMNUC, KP = 1 to MP
where
FF(I,KP) = inflow rate of species I (microcuries m™2 day~!)
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 radioactivity 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 FORMAT being

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

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

Bi210 P@E210 1.0
1 1 e
col. 1 col. 14 cols, 27-40

is used to input the branching ratio 1.0 from 2'°Bi to 2'%Po. 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(1,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 F@RMAT
statement for input of these quantities is

READ(RDR,90) INCR(I),ENDTIM(I)
90 FORMAT(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 handles any number of radionuclide chains. The
first executable statement of MAIN is

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

Parameter symbol FORTRAN name
N LAMRR( 1)
(F) FSUBM(I)
(Fe), FSUBF(1)
Biy BSUBIV(I)
1, - TAUEXC(1)

where NCHAIN is the number of chains to be considered. Following this
read statement, the main program makes calls to the subroutine INPUT,
@BUTDAT, 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, [FLAG, is set in
MAIN and passed as a parameter in the call to INPUT [CALL INPUT(IFLAG)]
to enable a branch .o 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 @UTDAT 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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Nuclide- independent input
parameters for RAGTIME

Parameter symbol

CORTRAN name

R
ASUBG
SMALLD
DSUBG
MSUBB
RHO
TAUBEF
TAUMLK
TAUES
TAUGR
TAUPH
TAURD
TAURG
TAUSP

U
VSUBC
TIMBH
TIMCH




4l

Occurs in FORTRAN
Coefficient equation name
AR+ e 2.1 LAMA(1)
i e,s '
AR 41 2.2 LAMS (1)
i s.p ’ '
- b
Ai + lg.r + Ag.* 2.4 LAMG( 1)
R ey 2.5 LAMR(1)
) r.g r,d ’
ARy 2.7 LAMC(1)
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, ard HAR-
TIM(I), I = 1 to NHARV, where

1

EMERGE(I) = date (days) for Itk emergence time for plants,

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

(1) Initializes and prints definitions of compartments

E:s i Pi’ Gi' Ri' Ci. B;» Ti' (EH)i’ (BH)i' and (CH)i'

(2) Assigns values to GEAR subroutine parameters INDEX, T0,
HO, and N (Sect. 5.1).

(3) Assigns values to the arrays TR(INUC), TB(INUC), and
PRORAT (INUC)Y, INUC = 1 to NUMNUC, where



(4)

42

TR(INUC) = vradioactive half-life (days) of
nuclide INUC,

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

PRORAT(INUC) = (constant) production rate for

nuciide INUC.

These arrays are used as input parameters to the sub-
routine RESDNS, which is called by CALC for calculation
(using an explicit solution of the Bateman equations) of
the radioactivity level in the holdup compartments (BH)i
and (CH)i as discussed in Sect. 2.2. The array PRORAT
is used to specify the production rate in compartment
(BH)i and is therefore assigned zero values since no
exogenous input is assumed for this compariment.

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

D@ 4 1 = 1,KTIM

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

CALL(DIFFUN,PEDERV /N, TO,HO,YO,TBUT,EPS ,MF, INDEX)

for caiculation of values of the state variables Ei' Si'
Pi' Gi’ Ri‘ Di‘ Ci, Bi’ Ti’ Hi and (EH)i, where i = 1 to
the number (NUMNUC) of nuclides in the chain. These
values are returned in 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 TOTUCI
the total activity in the system corresponding to each nuclide. We
define

T@TUCI(I,INUC) = total activity (microcuries) in the system
corresponding to nuclide INUC at time
TIM(I).

If we assume A square meters of land devoted to crop production and A
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
i and (EH)i. For the milk
compartment Ci. we assume one cow for each Ag square meters of past

obvious for all except compartments Ci. B

grass, with an udder capacity of U liters per cow. Similarly, the con-
version factor for the beef compartment follows from our assumption of
"b kilograms of muscle per steer, with one steer per A square meters
of pasture grass. The conversion factor M?/lOOO for the crop holdup
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 milk compartments B; and C, as well as
the complement of the activity represented by transfer coefficients
(tg,b)i and (tg.c)i with respect to 1
for H; is

g, The differential equation
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Table 6.3 Conversion factors used to convert compartmental
concentrations to total activity
Compartment Urits FORTRAN name Conversion factor
E, uCi m=2 Yo[12(i = 1) + 1] A
S, pCi m-* YO[12(i - 1) + 2] A
P, pCi YOo[12(i - 1) + 3] 1
G, pli m=2 YO[12(i - 1) + 4] Ag(ASUBG)
R, . pCi m=? YO[12(i - 1) + 5] Ag(ASUBG)
0; pCi m=2 YO[12(i - 1) + 6] Ag(ASUBG)
Ci pCi liter=! YO[12¢i - 1) + 7] u
B; pCi kg~! YO[12(i - 1) + 8] Mb(MSUBB)
(EH), uCi kg-! YO[12(i - 1) + 9] M9/1,000
¥ pCi Yo[12(i - 1) + 10} 1
H, pCi m= YOo[12(i - 1) + 11] A
M pCi YO[12(i - 1) + 12] 1

e
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dM:
L % Ry -
T = TpeerbBi * Tminklei T MM * [Vc/Dg (tg.07i"
- gc ]U]G (6.1)
where
Mb = mass of muscle on a steer at time of slaughter (kg),

"

milk capacity of the . 'ler (liters).

The other parameters were defined and di-cussed in Sects. 2, 3, and 4
f this report. The first two terms on the right-hand side of this
suation represent gains to M} resulting rrom losses to -.mpartments Bi
and Ci through slaughter of cattle and milking of cows, respectiveiy.
The third term accounts for radioactive decay in M%. The Tast term
represents the loss to compartments Gi which is not accounted for by

the terms (Ig’b)iGi and (Ig C)IG] in Eqs. (2.7) and (2.8), respective-
ly.
With MFO as the FORTRAN name for M,

ing T@TUCI(I,1) is therefore

the FORTRAN statement defin-

H

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

YO(5)*ASUBG + YO(6)*ASUBG + YO(7)*U + YO(8)*MSuBB

+*

1

3

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

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 RESONS 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,T8,B,PRERAT,QOMLK,QMLK,QWIGL,IDIM)
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where TIMBH, TIMCH, NUMNUC, TR, TB, B (matrix of branching ratios) and
FRORAT are as defined pruviously. On input, the arrays QOBEF and QOMLK
contain the values in the beef and milk compartments Bi and Ci' respec-
tively, at the current time TIM(I). The roncentration levels (pCi kg=t')
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
RESONS (REAL BRANCH(IDIM,IDIM)). Following these calls to RESDNS,
values of the various comparcments, including the holdup compartments
for beef and milk, are printed for the current time.

The final section of code within the I-loc . determines whether or
not the current time, TIM(I), is a harvest tin.. 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)i is reini-
tialized to the value

total activity (pCi) in compartments Ei and Ti AEi + Ti
total mass (kg) of crop at harvest time Mg x 0.001
(6.3)

after which the compartments Ei and Ti are set to zero. After comple-
tion of the I-loop, control returns to the main program.

As pointed out in Sect. 5.1, the system of differential Egs. (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), 1 = 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

T@TUCI(ITIM, INUC)

"

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)

ACT(INUC,ITIM) total activity (puCi) due to nuclide INUC

at time TIM(ITIM) as calculated by sub-
routine TRAFUN, using the Bateman equa-
tions,

and the percentage error

(T@TUCICITIM,INUC)) - ACT(INUC,ITIM)*100./ACT(INUC,ITIM)

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

CALL TRAFUN(NUMNUC,TR,TB,B,MP TIMEP P NTIM RTIM,AWIGL,ACT, IDIM)
The meanings of NUMNUC, IR (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 input rate of each nuclide to the system
for each of the time intervals TIMEP(KP), KP = 1 to MP. Ffrom the
definition of the inflow rate matrix FF (Sect. 6.1) and our assumption
of A square meters of crop production land and Ag square meters of
pasture land, it follows that the correct expression for P(INUC,KP) is

PCINUC,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
1SN
SN
1SN
1SN

1SN
1SN
1SN
1SN
ISN
TSN

5N
ISN
1SN

TSN
1SN

1SN
1SN
1SN
1SN

ISN
ISN

21.3

2002

0314
2015
0216

i
2018

0019
0020
0021
0022

0023
0024

{ JuM 74 )
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1$/7>00 FORTRAN H

COMPILER NPTIINS = NAMF=  MAIN,OPT=02,LINECNT=60,ST2E=0000K,

OO D

aan

C

Cxsn
[ 2
Feses
Ceex
Ffess
Ceex
Feks
s L8
Cexs
rass
Fasn

SYJRCE ZERCIIC,NILIST (NODJECK JLNAD,MAP NNFEDT T, TN, NOXREF

SUBRROUTINE INPUT (LFLAG)

SUBROUT INE INPUT INPUTS ALL THE DATA

COMMON
COIMMON
FOMMON
COMMON
couMmon

cOMMON
CNMMON
COMMON
COMMON
COMMON
COMMON

NNURLE

INTEGER
MSURB, INCR,LAMRR

REAL

NUMNUC

JHOLTIM/Z TIMBH, TIMOH

JINFLOW/ MP, TIMER(30), FF({15,30)

JRRANCH/ B(15,15)

/DEP/ LAMRR(15) ,FSUPM{L15), TAUEXCUL15),FSURF(151,R5UBIVILS)

ZINDEP/ A ASURGNSUBG MSUBR, TAUBEF, TAUMLK, Y AUES, TAUGR,
TAUPH, TAURD , TAURG, TAUSP, Uy VSURC s SMALLD 4R HOD

INAMES/ NAMNUCILS)

JNUMRR S/ NUMNUEC

JTIMEZ TIM{36S),INCRIBOILENDTIMIIOILNINTVL,NTIM

JSOURCE/ FO(L1S)

/GPARAM/ EDPS,MF

JINDEY / PTR,RNR

PRECISTON  NAMNUC,PARNUC, DAUNUC, TIM, EPS
ENDTIM,PTR, RDR

-~ THE NUMBER NF NUCLIDES IN THE CHATIN REING STUDIED

READ (RC%, 10) NUMNUC

FORMAY

NAMNYC
F0

(12)

- AQRAY NF THE NAMES NF THE NUCLIDES IN THE CHAIN,

- INITiAL GROUND DEPOSITION SNURCE FOR NUCLIDE(ID)
WHERE | VARIFES FROM | TO THE NUMARER DF NUCLIDES
(MICROCURTES PER SQUARE METER)

DO 33 T = 1,NUMNUL
REAC (RDR,20) NAMNUC(TI,FO(Y)
FORMATY (A3,£13,.6)

CONT INUE

INFLOW

RATES FOR VAR IJQUS SPECIES

REAN VALUFS FNR THE APRAYS

TIMEP(KP), KP=1 TN 4P, AND
FFUI,KP ), I=1 TO NUMNUC, KP=]1 Tu MP, WHEFE

FE(1,KP) = INELOW RATE OF SPECIFS I (UCT/Ms*2-DAY) FROM

TIMEP(KP) TO TIMEP(KP#l) [F KP LT, 4P
AND FF(I,MP) IS THF 2ATE AT TIMFS SURSEQUENT TO
TIMER(MP) ,

READ (RDR,200) MP
200 FORMAT({ 15!
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ISN 0025 03 201 1=1,NUMNUC
TSN 0024 07 201 xP=],4P
1Sy 0027 201 AREAD (RC%4202) TIMFPILKPY,FF(I,%P)
ISh ONZa 202 FOIMAT(FE]13,6,2X, F12.5)
r
&
r MATRTX CONTAINING RRANCHING RATINS INITIALIZFD ™n 2€%0
r R L e T
c
P
Cean
rexs A - MATRTY CONTAINING THE BSANCHING RATINS,
Ffenen
ISN 00229 M 40 1 = 1,NUMNYC
1SN 0030 00 40 J = 1 ,MUMNIC
ISN 0031 WMIeyd) = J00
1SN D932 40 CONT INYE
r
&
r BRANCHING SATINS FILLED IN MATRIX
C LA R e s T
c
fekg

Fees DPARNUYL = DARENT NYCLIDE
Coemsx  DAUNULC = DAUGHTER MICLIDE

Cesx ARATIN = APANCHING RATID
Coss PARNDOD ~ INDEX INTO MATRIX 8
fens REPRESENTS PARENT NUCLIODE
Cxte DAYMDD = [NDFEX INTD WATRIX R
Cees RFPRESENTS DAUGHTER “WCLIDE
Coss NUMBRA -~ NUMBE2 NF NANZFERN ARANCHING PATINS
Cess
ISN 0033 READ (Q0R, 10) NyMARA
1SN 00134 IF (NUMBRALEQ.D) 6D T 160
1SN 0958 DY 70 1 = 1 ,NUMBRA
ISN 00\7 READ (RDR450) PARNMUC ,DAUNUC,8EATLY
1SN 0038 &0 FNRNAT (AS,5X,A8,5X,E13.6)
r
C
€ LONP TO SET APPRNPRTATE [INDICES INTO MATRIX R
4 A R T T e TSt L RERLG SRR SOat e
P
C
1SN 0039 N0 60 J = ],NUMNUC
1SN 0040 TF(PARNUC EQ, NAMNUC(JI)) ©2ARNOD = J
1SN 0042 IF{DAUNUC .EQ, NAMNUC(J)) DAUNOD =
[SN 0044 60 CONTINUE
1SN 2045 BIDAUNTD,, DARNNNY = ARATIOQ
1SN 0046 70 CONT INUF
1SN 0047 B0 CONY [NUE
fesg

Cods NINTVL - NUMBFR DOF [NTERVALS SPECIFYING OUTPUT TIMES

Coee  INCR(I) - STEPSIZE FOR INTERVAL 1

Cess  ENOTIM{I) - RIGHT ENDPOINT OF INTERVAL I (DAY}

Cess NOTE THAT ENOTIM(1) SHOULD BE AM INTEGRAL MULTIPLE NOF INCR(1)
Tess  AND FOR | GREATFP THAN 1, ENOTIM{I) = ENDTIM(I-1) SHOULD RE AN
Ces® INTEGRAL MULTIPLE NF INCRIT).



1SN
15v
TSN
A
1SN
sy

TSN
‘QM
<N
1SN
TSN
15N
1SN
sy

1SN
1SN

004A
009
Y0593
20851
09592
353

2054
7055
0256
57
Q0s#
0359
09060
0961

N06?2
0046
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resw
160 READ (RC2,10) MINTVL
NO 100 I=lyNINTVL
READ (RNDR GO THOILTDLENDTIM(I D)
90 FOR®AY (El3.0,"¢?
1C0 CONT INUE
110 CONTINUE
-

r
{

r‘."'..‘..t‘.'.“ltﬁ““'.i.‘."‘.t*'ﬁ‘tétl‘-l'li....tt".'t‘..'.'.t'.‘

R A st
Ceax QADTNNUCLTIDE DEPENDENT PARAMETERS e
Conn L
r‘..t".‘t-‘..‘Ottt'tt.l‘..i..‘tﬁittitttﬁ“‘t"tt‘l"ﬂ‘t“.tt...t.t"‘.t
Teww

fass

Cans

ress ASUATY = CONCENTEATION NF MYCLIDE PFR UNIT FRESH REIGHTY IN PLAMTY
Cess (MICRPCURIES PER KILOGRAM) DIVIDED BY CNNCENTRATION OF
Cons NUC: IDE PER UNIT GRY WEIGHT IN SOIL  (MICRNCURIES PER
ress KILOGRAM)

rees FSURF - THE ERACTION OF THE ANIMAL'S DAILY INTAKE OF NUCLIDE(L)
(een WHICH APPFARS TN EACH KILNGRAM NF FLESH (NAYS PER KILNGRAM)
Cess FSIRM = FRACTION NF THE DAILY INTAKE OF NUCLIDE I 8Y A COW

Coez WHICH APPEARS PER LITER NF MILK AT EQUILIBRPIUM

Chezx (NDAYS PFR LITER).,

Cees LAMRR <~ RADIDACTIVE NECAY PATE OF THE NUCLIDE UNDER STUDY

Ceem {PER DAY)

Cess TAUFXC = EXCRETION RPATE NF A STABL: 1SOTOPE OF THE NUCLIDE FROM
Cess THE MUSCLE QF A STEER (PER DAY)

(ses

C

¢
=
D9 130 I = 1,NUMNUT
REAC (RDR, 1200 LAMRR(T)
READ (2DKR,120) FSUBMLT)
READ (RDR,120) SSuRF(LI)
READ (RDR,1200 ASUBIVII)
REAC (a0%,120) TAUEXC(T)
120 FOEMAT (1O0X,ELl3.T)
130 TONTINUE

C
C

IF (IFLAS <FQ. 1) GO 7O 140

IFLAG = 1
C
¢
R e e
Coss e
T2 RADIONUCLINE INDEPENDENT PARAMETERS b
Cees e
R L e e e Rl A Ll At bt bbb b
L
cake
Ceee A - SNIL SURFACE APFA REQUIRED TO FURNISH FODD CROPS FNR NONE
fexe MAN (SQUARE METERS)

Ces*  ASURG =~ PASTURE ARFA PEP COW (SQUARE METERS)



56

Ce#ss SMALLD - DEPYH DF THE PLOW LAYE® (CENTIMETERS),

ress QWO - DENSITY OF THE SNIL  (GPAMS PER CURIC CENTIMETER),
rfses MSUBB - MASS 0F MUSCLE NN A STEEP AT THE TIME OF SLAUGHTEE
Cees (KILNGP AMS PER STEER)

Ce&s TAUBEF =~ FRACTINN OF THE BEEF HERD SLAUGHTERED (PER DAY)
CHss TAIMLK =~ TRANSFER RATF NF MILK F20OM THE UDDER (PER DAY)

Cowsx TAIES -~ TRANSFER CNEFFICIENT FRDOM £ TO S (PEP DAY)
C*%®  TAL,R - TRANSFER CNEFFICIENT FROM G TN R (PER DAY)
Cexs TAU M = TRANSF:R COEFFICIENTY FROM P TN H  (PFR DAY)
Cex® TAUD = TRANSFER COEFFICIENY FROM R YN D  (PER DAY)
Cex%s  TLAYRG ~ TRANSFER COEFFICIENT FEOM B YO G (PER DAY)
Caex  TAUSP =~ TRANSFFR COEFFICYENTY FRNW4 S TO P (PER NAY)
rees ) - MILX CAPACITYY NF THE UDDER (LITFFS)
Cess  YSURC - DRY WEIGHT GRASS CONSUMPTION PER DAY BY A (0w
Chex (KILNGR AMS PER DAY)
Cesx TIMBH - HOLDUP TIME (DAYS) FOR BEEF
Coxx TIMCH =~ HOLDUP TIME (NDAYS) FNR MILK
ress
(o
C

ISN 0045 READ (RDR,001) A

TSN 0066 |RFAD (RDR,001) ASUAG

ISN 0067 READ (RCR,001) SMALLD

1SN 0068 READ (PPR,001) RHN

1SN 0069 READ (ROR,001) DSURG

ISN 9070 READ (RCR,001) MSURR

ISN 2071 READ (RCR,0010) TAURFF

ISN 0072 READ (ROR,001) TAUMLK

ISN 00753 REAN (RCR,001) TAUES

ISN 2074 REAN (RDR,001) YAUGR

ISN 0075 PEAD (RCR,N01) TAUPH

ISN 00748 RFAD (RFC®,001) TAu2n -~

ISN 0077 READ (ROR,001) TAURG

ISN 0078 READ (RDR,001) TausP

ISN 0079 REaD (RCR,001) U

1SN 0089 READ (RCR,001) VSUBRC

ISN 0081 QRFEAD (R/D%,001) YIM3H

154 0082 READ (RDR,001) TIMCH
c

ISN 0083 001 FNRAAT (L1OX.F13.7;
r
C
I L L e T T T T T Py
(e%x L
Ceen GFARP SUPRIUTINE PARAMETERS s
Cenn xw
I e R T T T T
5

ISM 0084 REAN (RDR,002) EPS

ISN 0085 002 FNAMAT (10X.D13,6)
C

ISN 0086 READ (RDR,003) MF

ISN 0087 003 FARMAT (10X,12)
c

ISN 0088 1640 CONT INUE

ISN 0089 QFTURN

ISN 0090 END



LEVEL

1SN

1SN
1SN
1SN
1SN
1SN

1SN
1SN
TSN
s
1SN
TSN

I SN
1SN
1SN

1SN
1SN

1SN
SN

1SN
1SN

TSN
1SN
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COMPILER NPTIINS ~ NAME=

2002

2003
0004
000%

Qo007

N008
no0sS
2010
2011
712
0013

0014
0015
2016

ooL7
a018

0019
0020

0021
0022

0023
0024

YOO N

OO

OO D

c

c

40

60

70

80

LR IR R R

(157369 FORTRAN H

MAIN,OPT=02,L INECNT=60,S12E=0000K,
SNURCE JERCNTC,NOLIST yNINECK yLOAD, MAPyNOEDT Y, [ D NOXFEF
SUBRCUTINE DUTDAT

SUBRNUTINE NUTNAT ECHNS THE DATA INPUT IN SUBROUTINE

COMMON
COMMON
COMMON
COMMON
CNMMON

COMMON
COMMON
COMMNON
L OMMON
FOMMON
COMMON

JINFLOW/ MP,TIMEP(S0), FFL15,30)
JHOLTIM/ TIMBH, TIMCH
/80 ANCH/ BLLS,15)

INEPS LAMRE(LS) FSUBMILS) , TAUEXCILS: ,FSUBRFLLD),

I;JDIJ!

JINDEP/ A,ASUBG,DSUBG,MSUBE,TAUREF, TAUMLK, TAUES, TAUGR,
TAUPH  TAURD , TAYRG, TAUSP U, VSUBC s SMALLD , BHE
INAMES/ NAMNUC(LS)
INUMRR 5/ NUMNUC
ITIME/ TIMU3ES)INCRII0N,ENDTIMESON,NINTVL,NTIM
ISOURCE/ FOLLS)
/GPARAM/ EPS , MF
JIDDEY 4 PYR,L,RNR

DOUBLE PRECISION

INTEGER
REAL

-

NAMMNUC, PARNUT, DAUNUC, TIM,EPS

ENDT IV, PTR, RDE
MSURB, INCR ,LAMRR

NUCL IDE DEPENDENT PARAMETERS
e T e

MRITE (PTR,;40)
('1%,53X,*NUCLIDE DEPENDENT PARAMUTERS® ///7//

FORMAY

L0, e

DEFINITION OF PARAMETERS

L Al

117

$,28X,*ASUBTV ~ CONCENTRATION OF NUCLIDE PER UNIT

TFRESH WEIGHT IN PLANT
$y3TX,'CURTES PER KILIGRAMY

T,3TXe 'DRY WEIGHT IN SOIL

WRITE (PTR,50)
428X,y 'FO o

FNAMAT

LR I A

*,28X%, "FSUBF

(MICRO- * /

iF NJCLIDE PER UNIT* /

INITIAL GRAUND DEPOSITINN SOURCE *
(MICROCURIES PER SQUARE METER)' /

PINTAKE OF NUCLIDE WHICH APPEARS ' /

937X, "IN EACH KILOGRAM OF FLESH

" T30, 'FSUBM  ~ FRACTION OF THE DAILY INTAKE OF ',

'NUCLTIDE T BY A COW WHICH APPEARS' /
1,739, 'PFR LITER OF MILK AT EQUILIBRIUM *
*({DAYS PER LITER),® )

WRITE (PTR,70)

FORMAT

*428X, " LAMRR
YUNDER STUDY

WRITE (PTR,80)

FARMAY

fL28X, "

\UEXC ~

WPER DAYY' )

EXCRPETION RATE NOF A STASBLE

[SOTOPE

- THE FRACTION OF THE ANIMAL''S DAILY

'

DIVIDED BY CONCENTREYION

~ RADINACTIVE DECAY RATE DOF THE NUCLIDF

JF

1SUBEIVILS)

(MICROCURIES PER KILOGPAM) )

(DAYS PER ¥ILOGRAM) Y/

L



1SN
154

1SN
1SN

15N
15N

TSN

ren
15N

1SN
TSN
1SN
1SN
1SN
I SN
1SN

1SN
TSN

15N

TSN

TSN
ISN

1SN
ISN

1SN
SN

0025
Q02+

0927
an2e

092¢e
M50

0031

0033
0054

203°
2336
0037
POEL
0040
0941
0042

0043
1044

2045

2046

00467
0048

0049
0050

0051
2052

L

SmOoONANn

OO0

c

il

58

& 'THF NUCLINDE FRIM THE MUSCLF OF* /
» ¢ ', 3TX,'A STEER  (PER DAY)' )

WRITE (PTP,90)

S0 ENRAMATY (/777/7% *,51X,'*%%  VALUES DF DAPAMETERS &ssv ///

- V028X 'RSUBTVY J12X o' FOY y Lo Xy "FSUBF*, 11X, *FSURMY 4 11X,
- TLAMRR Y, 11X, *TAUEXC® /¥

NO 110 I = 1,NUMNUC
WRITE (PTR,100) NAMNUT(T),ASUBIVIIN,FOULI),FSUBFLT),FSUaM(T),
* LAMPR{ T, TAUEXC(I)

1C0 FORMAT(ITX AR, 6(EL3an43X ), /)

110 CONTINUE

RRANCHING BATIOS
AR FEERBREEEL RS

[+ (NUMNUC .EQ, 1) GN T 35

WRITE (PYR,10)

10 FOAMAT ('1%,54X, "BRANCHING RAT{IS* 7//

L YO LBXyTFROMY (X, 'TOY ,GY L, 'FRACTION /1)

NN 30 1 = 1,NUMNUC
DO 30 J = 1 NUMNUC
IF (B(1,J) .FOs 0,00 GO T 39
WRITE (PTR,2G) MNAMNUCTJ) JNAMNUCLID,B(1,J)
20 FARMAY (49X ,28,2X0A8,2X0EL5e5,7)
30 CONTINUE
35 CONT INUE

NUCLINDE [MDEPENDENT PARAMETERS
e T T T T Y

WRITE (PTR,140) A

160 FOOWAT ("]1°,52X,*MUCLIDE INDEPENDENT PARAMEVERS® 7777

. PO, 2TXe AT 4EX, "~ SOIL SURFACE AREA REQUIRED TN FUBNISH ¢,
. 'FOOD CROPS FOR NNE * /
* ' ', 36X,"MAN  (SQUARE METERS) *,38X,€13.61)

WRITE (PT2,145) ASURG

145 FNEMAT (* *,27X, "ASUBG - PASTUPE AREA PFR CNOW (SQUARE METFR,)p ',

> 21Xy E13.6)

WRITE (PTR,145) SMALLD

146 FNRMAT (' *,27X, "SMALLD - DEPTH DF THE PLOW LAYFR (CENTMETERS)?,

. 20X4Fl3.6 )
WRITE (PTR,147) RHO
14T FORMAY {' *,27x,*'RH0 = DENSITY OF THE SOIL (GRAMS PER Cuslc?*,
. Y CENTIMETER)'9X4EL3.6 )

MRITE (PTR,150) NSURG

150 FORMAT (¢ ",27X,*'DSUBG -~ DRY WEIGHT AREAL GRASS DENSITY (XILD',

. 'GRAMS PER SQUARE'/
x ¢ YL3EX,"METER) ' ,52X,E13.6)



1SN
=N

1SN
15N

sy
15M%

-
-'

TSN

14

154
1SN

1SN

1SN

1SN
1SN

1S
15N

1SN
TN

1SN
TSN

1SN
15N

1SN
1sm

1SN
1SN

2953
IS4

YOS5 %
)I54

7357
BI58

N 2059

2060

2961
k2

9963
Q064

Joes
Y064

N0617
0068

0069
w00

0071
00712

73
Q074

naTs
0076

00717
o078

0079
a089

aAaoOaN

105

190

195

23¢

240

300

305

260

*
-

-

L 3

*

*
-

59

WOITE (PTR,165) MSURA

FARMAT (¢ %,27X,'MSUBA - MASS OF MUSCLE ON A STEEP AT THE TIME

*F SLANGHTER' /
'O, 36X, YIKTLOGRAMS PER STEERDI® 43TX.E13.6)

WRITE (PTE,190) TAUREF

FORMAT (% Y,27X,*TAUREF - FRACTION OF THE REEF HERD SLAUGHTIREN

¢ (PER DAY)*,10X,E1345)

WRTTE (PTR,195) TAUMLK
ERMAT (¢ 9,2TK, TAUMLK - TRANSFE® PATE NF MILK FRD
Y(PFR DAY) ', 11X, F15.6)

WRITE (PTR,200) TAUES
FNRMAT (¥ 9,27X,*TAUFS = TRANSFER COEFFICIENT FROM
CPER DAY) "4 15K, E13.6)

WRITE (PTR,205) TAUG?
FARMAT (' *,27X,*TAUGR ~ TRANSFER COEFFICIENT FRENM
V(PER DAY) ', 15%X,E13.5)

WRITE (PTR,210) TAUPH
ENRMAT (' 9,27X,'TAUPH =~ TRANCTER COEFFICIENT FRNH
Y(PER DAY) '4 15X, El56)

WRITE (PTR,215) TAURD
FOGMAT (¢ *,27X,TAYSD - TRANSFER COSFFICTENT FROM
V(PER DAY)',15X,€13.6)

WRITE (PT2,220) TAUKG
ENRMAT (¢ *,27X,*TAURG - TRANSFER CNEFFICIENT FROM
YIPFEP DAY)',15X,E13.06)

WRITE (PTH,225) TAySP
FORMAT (v 9,27%,'TAUSP -~ TRANSFER COEFFICTENT FROM
V(PER DAY) ', 15%,El3.06"

WRITE (PTR,235) U
FORMAT (' ", 27X, 'U?,0X,"~ MILK CAPACITY OF THE UDDER

L]

G

THE

™m

o

Y0

m

™m

(LITERS) ',

(]

22X+F13.6)
WRITE (PTR,2401 vSUAC
FORMAT (' *,27X,'VSUSC - DRY WEIGHT GRASS CONSUMPT ION PEP
DAY Y A COW (XILOGRAMS® /

'OV 36X, YPER DAY D' ,50X,F13.6)0

WRITE (PTR,300) TIMEH

UNDER

FNRMAT (' ",27X,*TIMBH =~ HOLDUP TIME (DAYS) FOR BEEF '431X,F15.0)

WRITE (PTR,305) TIMCH

EOAMAT (' 1,27X, "TIMCH =~ HOLODUP TIME (DAYS) FOR MILK'y31X,E13.6)

OUTPUT SPECIFICATION TIMES
SERERERIREREBERERREBEERER S

MRITE (PTR,260)
ENRMAT (*1',52X, *OUTPUT SPECIFICATION YIMES® ////
' 9, 54X, "ITNCREMENT ', 46X, *END OF INTERVALY /

’



1SN
1SN
TSN
1SN

1S4
1SN

1SN
15N

1SN
1SN

I SN
1SN
15N
I1Sm
1SN
1SN
1SN
1SN
1SN

3981
0082
0083
02084

a08%
0N08&

0987
JOAR

2089
02090

0091
0092
0092
2094
2095
0097
2099
2100
0101

2102
2103

0104
0105

Ulde
2107

o108
0109

270

2RD
C
Cwns
p
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POl SEXN, VIAYI 'S 11X, YLDAYYE 27)

NO 280 1 = J,NINTVL
WRITE (PT2,270) INCROTI),ENOTIM(L)
FOUMAT (53X ,E13.6,6X,16)

CONT TNUIE

INFLUIW RATES ENR VAR OUS SPECIES

L e e e L E Ty

«00
c

«01
C

402
c

407

406
404
405

alullelpl

410

420

421

WRITE (PTR,40M)
FORMAT ('1%,20X,"INFLOW PAIES FOR VARINUS SPECIESY)

MRITE (PTR,401)
FORMAY (*0%926X, "INITIAL TIME® 22X, *RATE")

WRITE (PTR,402)
FORMAY (' *,8X,"NUCLIDE", 14X, *{DAYS) ", 20X+ *{UCT/SQ.M/DAY)")

PO 406 I=1y NUMNUC

WRITE (PTR,407)

FORMAT(* )

DN 406 KP=1, up

IF (KP EQ. 1) WRITF (PTR,404) MNAMNUCII ), TIMEP(KP) FF(1,xP)
IF (KP GT. 1) WRITE (PTR,405) TIMEP(KP),FF(I,KP)

CONT INUE

FOIMAT (* '.8XyA8,9X,F10.3,18X,6£10.3)

FORMAT (* %425X,F10.3,18X,E10.3)

GEAR SUBRPOUTINE PARAMETFRS
B

W3 ITE (PTR,41D)
FNEMAT (*1':56X,"GEAR SUBRNUTINE PARAMETERS')

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

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

RETURN
END



TSR ET—————

R LN NNNN CRNT——..,

e

BT e ——

LEVEL

1SN

1SN
1SN
1SN

1SN

15N
1SN
158

1SM
ISN
1SN

TSN

ISN
1SN
1SN

1SN
ISN
1SN
ISN
TSN
1SN
154

ISN
15N
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0002

2003
anne
an9s

2006

0007
7008
1009

0910
o011l
o012

0015

0014
0015
0016

o017
0018
ooLs
0020
0021
0022
0023

0024
0025

alzlelalulylisial

(aBulal

a2 Ba OO D

OO

afsisNe e Fala e e el

COMPILER OPTIONS -~ NAME=

61

0873463 FORTRAN H

MAINGDPT=02,L INECNT=60,512E=0000K,

STURCE yERCDIC,NOLTIST  NODECKZLOAD MAP NDED I T, IDy ROXREF
SUBROUTINE CALCIN

CALCULATES THE VALUES NF CERTAIN PARAMETERS WHICH ARE USED IN
DEFINING THF CNEFFICIENTS NF THE SYSTEM NOF DIFFEGENTIAL EQUATIONS.

COMMON /TIME/ TIME365) o INCRUBOD)L,ENDTIML30) MINTVL,NTIM
COMMON /CROPS/ MFC
COMMON/ LMDAZLAMR (150 (L AMC (150, LAMSLLS5), L AMA(15),

C LAMS(]I5),LAMGL1S)

COMMNN JTNDEP/ AJASURG,DSURGMSUBE, TAURFEF,TAUMLK, TAUES,TAUGR,
TAUPH , TALRD ,TANASG , TAUSPy Uy VSURE , SMALLD 420D

NUMBR S/ NUMNUL

COMMON /PARAM/ TAUGC {1SV,TAUGR(LS)

COMMNN /NED, L AMBRR{15) ,FSUBMILS), TAUEXCILS) FSUBFL5),BSURIVILS)

-
COMMON /

DAURLE PRECISINN

INTEGER

ENDTTM

Tid

REAL MSURB,LAMRIR  TMER  LAMR, LAME o LAMB L AMA,LAMS, LAMG, MFO

MFQ = TNTAL MASS (GRAMS) NF CROP AT HARVEST TIME = USED IN SUSROUTINES
CALC AND TIMDEP (RASED PN A SQUARE METERS OF LAND, 250 PLANTS PER
+ 1 GRAM PER PLANT),

SQUARF METER

MFO = A * 250,0

= (TAUMLK*FSUSM({I)*VSUBTZ) / DSUBG

ng 1 1= 1y NUMNUC
TAUGC(!)
TAUGAL] )=
DEF INE LAMDAS

LaMR (1= LAMPR(T)
LAMC (Y= LAMRRI L)
LAMB(I)= LAMRR(TD)
LAMA(TI= LAMRR(T)
LAMS(I)= LAMRR(])
LAMG(TI)= LAMRR(T)

1 CONTINUE

DEFINE TIME ARRAY FROM

NINTVL

= NUMBER

(VSUSC=FSUBF( 1 )*TAUEXC(T)) / DSUBG

¢ TAURG & TAURD

¢ TAUMLK

+ TAUBEF & TAUEXC(Y)

+ TAUES

+ TAUSP

¢ TAUGR & VSURC/Z(ASUSG*NSUAG)

THE FOLLOWING INPUT INFORMATION,

OF SURINTERVALS.

ENOTIMEI) = THE RIGHT ENDPUINT OF SUSINTERVAL 1.
= THE TIME INCREMENT FNR SUSINTERVAL I.

INCRETY

NPREV = 0

NTIM = 0



15N
ey
1SN
1SN
TSN
ISN

SN
ISN
15N

15N
15N

1SN
1SN

)
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ND 2 T2l ,NINTVL

141 = 1-1

TF(] «EQal) START=Q,0

[FLTJNELL) STARTY= ENDOTIMLIML)

NUMSUR = (ENODTIM{TIV-STARTY /7 INCR(!)
NTIM = NTIM & NuMSy®R

no i J=l,NUMS YR
Il = NPREV » )
TIM{IT) = STAST & Js[nuca(l)

NPREY = NUMSUR » NPREY

2 CONT [NYE

RETUEN
“ND
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LEVEL 21.8 t UM T4 ) NS/360 FORTRAN H

COMPILER NPTINNS ~ NAME= MATIN,OPT=02,LINECHT=60,STZE=0000K,
SNUECE L CACDICoMILIS) GNIDECK oL OAD o MAP G MOEDL T,y I Dy NOXREF

IS8 3902 SUBRNUTINE CALC
C
r
C
€ CALLS GEAR SUARNYTINE TO CALCULATE AND PRINT VALUES OF STATE VARTARLES
P
’
.
1S 0203 EXTERNAL PEDEPY,,DIFFUN
15% 0004 DIMENSTION TRELS),TA(15),PRORAT(LISI4QOITF(LIS)QOMLY (15D,
* QBEF(15),QULK{15) yQWIGLILT)
1SN 000% COMMON /DEP/ LAMRR(1S5),FSUBM(15), TAUEXCL15) 4 FSUBFL15) ,RSURBTVILS)
1SN )00é& COMMON /RPANCH/ R{15,15)
1SN 2007 COMMON HOLTIM/ TIMRH, TIMIH
SN 09NA COMMON /GPARAM/ EPS ,WF
1SN 2009 COMMON /MOHECK/ TOTUCTL365,15)
15N 0010 COMMNN  /NUNMEBRS Y, NUMNUC
1SN 0011 COMMON /TTUF/ TIM{365) G INCREL30),ENDTIMI30) NINTVL,NTIM
ISN 0012 COMMON /SOURCE/ FOLLS)
1SN 2015 COMMNN INAMES/ NAMNUC(LS)
158 D014 COMMON ZINDEP/Z A ASURG,DSUBG MSUBES, TAUBEF, TAUMLK  TAUE 5, TAUGR,
* TAUPH, TAURD , TAURG, TAUSP, U, VSURL , SMALLD ,%HN
ISN 0015 CAMMON /MEVST/ HAGTTM(3)) ,NHARY
TSN D016 COMMON /CROPS/ MFO
ISN 0917 COMMON /INNEV / PTR,RNR
[
€ THE DIMENSION OF THE APRAY YO MUST BE AT LEAST 12#NUMNUC
p
1SM 2018 NOURLE PRECISION LNG24TIMTOUT,YOU(T72) NAMNUC, TOsHO oEPS,TTMUE,
= HART IM
ISN 09219 INTEGER ENDTIM,PTR,RDR
1SN 0020 REAL LAMRR, [NCR ,MFQ,MSUBRA
c
1SN 0021 DATE (DM 2157
c
.
1SN 0022 WRITFE (PYR,100)
1€y 0023 10D FARMAT (1%, TS5, "RAGTIMF COMPARTMENTST /77 )
C
ISN-2024 MRITFE (PTR,109)
ISN 2925 10% FNRMAT (* ',28X,'F - RADIDACTIVITY PRESENT ON ABOVE-SURFACE ',
b YENDD PER SQUARE METER OF SURFACE® /
i T S, 34X, 'IN WHICH FOQD CPOP [S GROWN (MICROCURIES PER ¢,
. *SQUARF METER).'!}
»
1SN 20026 WRITE (PTR,107)
1SN 0027 107 FNRMAT ('0',28X,'S =~ RQADIDACTIVITY PPESENT AT THE S0IL *,
* YSURFACF (MICRNCURIES PER SQUARE METERI. ')
C
15N 0028 WRITE (PTR,119)
ISN 0029 110 FORMAT ('0',28X,'P - RADIDACTIVITY PRESENT IN THE SUBSURFACE *.
R *POOL ASSOCIATED WITH ONE MAN''SY'/
- tONLL X, YFOND SUPPLY  (MICROCURIES).Y)
.
1SN 0030 MRITE (PTR,115)

1SN 2031 115 FORMAT (*0',28X,'G =~ TRADIDACTIVITY PRESENT IN THE GRASS COM',



15N
1N

15N

N

I 5N
<N

SN
tSN

TSN
1SN
1SN

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

0032
70133

2034
0035

0036
Y037

9938
D039

0040
1Y% 1

20462
043

1044
D45

004¢
0947
048

0049
0650
n0S§
0082
0053
0054
008 S
1056

NSO ODN
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* YPAETMENT (MICROCURTES PER SQUARES /
- $ Ot 36X, METER)L ")
WRITE (PTR,120)
120 FORMAY (*0',28X,'® -~ RADICACTIVITY PRESENT IN THE SOIL EROM ',
. 'GROUND SURFACE TN THE RODT DEPTHY
- ' '934Xs"NF THE GRASS (MICRITURTES PE® SQUARFE METER), '}
HRITE (PTR,]130)
130 FORMAT (#00,28X%,'C =~ CONCENTRATION OF PADIDACTIVITY IN THE *,
® 'MILK  (MICROCURIES PER LITER).")
WRITE (PTP,140)
140 FORMAT ('0°,28X,*8 - CONCENTRATINON OF RADIDACTIVITY IN THE 9,
* 'REEF  (MICRNCURIES PE" KILOGRAM).')
WRITE (PTR,150)
150 FNAMAT ('0',28%X,'T - RADIOACTIVITY PRESENT IN THE INTERIOR °*,
. 'OF PLANTS PRDODUCED FOR HUMAN CON-Y/
¢ Ot 3AXLPSUMPTION  (MICROCUREES)L ')

WRITE (PTE,152)

152 FORMAT (*0',28X,'EH ~ CONCENTRATION OF RADINACTIVITY IN FOND Yy
- 'WHICH IS STORED FOLLOWING® /
" ' 'e34X, "HARVEST OF CROPS (MICROCURIFS PER KILNGRAM).' )

MRITE (PTR,154)

154 FORMAT ('0*,28X,'BH - CONCENTRATION OF RADINDACTIVITY IN BEEF '3
- THOLDUD COMPARTMENT (MICROCURTES® /
e YOy 34X 'PERE KILOGRAK), ')

HRITE (PTR,156)

156 FORMAT (*0',28X,'CH - CONCENTRATION OF RADINACTIVITY IN MILK Yy
- 'HOLDUP COMPARTMENT (MICROCURIES® 7
= 'Y, 34X, 'PER LITERD,. )

INITIALYIZE STATE VAR[ABLES
Y1) =€, Y(2)=5, Y(3)=P, Y{4)=G, Y(S5)=R, Y(6)=D, Y(T)=C, Y(8)=8,
YI9)=EH, YL100=T, Y(11)=H, Y{12)=MPRIME

DETERMINE S VALUES AT TIME ZERO.
TZERD = 0.0
CALL SVALITZERDN,S51,52,53,54)
DA 5 i=1,NUMNUC

NPREV= NO. OF PREVINUS STATE VARIABLFS. FO(I)=DEPOSITION SOURCE (NUCLIDE 1),
NPREY = (1-1)%]12
YOUINPREVe1)=S1*FO(1])
YOUNPREV#2)=S2%F0(1)
YOUNPREV+3)=0.000
YOUNPREV+4I=S3#FO(])
YOUNPREVeS)=S4¢FO(])
YO(NPREVe6)=0,000
YOINPREVeT)=0,0D0
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YO(NPREV+8)=0,000
YOINPREVS3)=0,000
YO(NPREV#10)=0,0D0
YOUNPREEVELI1)=0,0N0
YO(NPREV#12)=0.000

5 CONTINUE

INITIALIZFE BEEF AND MILK HOLDUP COMPARTMENTS SH AND CH RESPECTIVELY

QREF (1) = SURDEN OF NUCLIDE INUT TN COMPARTMENT BH (UCT / KGl.
QULK(TI) = BURDEN 0OF NUCLIDE INUC IN COMPARTMENT CH (UCT /7 L ).

0% 350  I=1,;NUMNUC
QBEFLI) = 0,0
QMLK(TI) = 0,0

350 CONTINUE

NDEFINF GEAR SURRTJIITINE PARAMETERS

INDEX = 1]

TO= INITIAL TIME (DAY),

T0 = 0.0D0

HO= NEXT STEPSIZE IN T (DAYS), USED ONLY ON FIPST CALL.

40 = 1,0n-6

CALCULATE AND PR INT VALUES NF E,5,PyG4R0CoBy Ty EHBHCH AT TIMES
TIMEIY, T=Ll,NTINM,

N=NUMBER OF FQUATINNS.

N= NUMNUC®]1C

*2% PAGING DESCRIPTION ##x

KAUNY IS THE NUMBER OF NUTPUT SPECIFICATIONS TO BE PRINTED PER PAGE,
ITS VALUF IS NETERMINED BY USING AN INTEGER FUNCTICN OF THE

NUMBER OF NMUCLIONES IN THE CHAIN BEING STUDIED PLUS ONE FOR SPAC ING
DIVIDED INTOD THE TOTAL NUMBER OF AVAILABLE LINES PER PAGE AFTER
HEADINGS HAVE REEN PRINTEND. & IS INITIALLY SET EQUAL TO KOUNT,

THUS ENABLING THE HEADINGS TO BF PRPINTED THE FIRST TIME THROUGH

THE LOOP, ONCE THE HEADINGS ARF PRINTED K IS SET T ZFeQ AND 1S
INCREMENTED BY NNE ON EACH PASS THROUGH THE LODP UNTIL X IS EQUAL
TO KOUNT, THEN THE PRDCESS OF PRINTING THE HEADINGS AND SETTING

K EQUAL TN ZERD CONTINUES.

KOUNT = 58 / (NUMNUT + 1)
X = KOUNT

DEFINE PARAMETERS FOR CALL TO RESONS. THE FOLLOWING PARAMETERS
ARE NOT TIME-DEPENDFNT AND ARF THEREFORE DEFINED REFORE ENTERING THE
ITIM LNOP,
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0072
nors
2075
2074

0017
0078

079
0080

0082
no8s

N84
NOAS

N086&
0087

noss
2990

0991
n092

094
0095
07986

0097
2098

0099
al1o01
0102
0105
g104
0105
2107
0108
0109

-

™

o

DA HOND

66

TELINUCY=PAD, HALF-LIFE (DAY) OF MUCLIDF INUC.
TELINUC)=RT0, HALF-LIFE (NAY) OF NUCLINDE T™HUC, USE LAFGE VALUE TR
APPRNXIMATE A BIN, PEMOVAL FACTOR OF Z2ER0,
LOG2=DLEG(2.000)
019 300 NUC=1,NUMNUC
TRCITNUC I=LOGZ/Z0RLFLLAMRR L INUC))
TRLINUC )=1.0E50
PRNBATCINUC I=CONSTANT PRANUCTION RATE FOR NUCLIDE THUC,
PROGAT(INUCYI=0.D
300 CONTINUE

DN & I=],NTINM
IF (K NE, KOUNT) GO0 TN 160
PRINT HEADING
WRITE (PTR,1) (NAMNUCTJ) s J=1 NIMNUC)H
1 FORMAT ('1CONTENTS OF fﬂ'PAPI"ENTS AT VARIOUS T'HF%'./’:
* ' NUCLIDES IN THE CHAIN.oo 'y 14A8)
WRITE (PTR,Z)
2 FNOMAT(POTIME G TRTo"C0 ,T28,°S ,T39,°P*,T50,°G'+T61,'7*,772,°C",
€ TB3,"8%,TO4, " T*oT105¢'EH "¢ T116, "8H" 4T125,"CH")
WRITE (PT2,3)
3 FNQMAT{ Y (DAYS)? ,T13, {UCT/SQuM) * o T24, " (UCT/SQ.MI* 737, (UCTYY,
€ Tab, "tUCT/SQeMI? s TSET, " LUCTZSQuM) "o TE8, " (UCT/LY 3 T30, (UCT/KGH?
C TGOl UCTIYy Y105, (UCI/KG)® s TL1la " (UCT/KG)*,T123, (UCTI/LI")
IF 1=1, PRINT VALUFS NF COMPARTMENTS AT TIME ZER0,
IF {1.NE.1) GO TD 200
TI4F = 0,000
FI1RSY NUCLIDE IN CHAIN
WRITE (O7T2,11) TIMEYO(L),YOU2),YOU[3),YOU4) YOS, YOUTY,
- YO(B),¥O(10) ,YOUG),QREFL L), O0MLK( LY
IF (NUMNUC.EQ.1) GN T 209
REMAINING NUCLIDES TN CHAIN
N7 201 INUC=2,NUMKNUC
NPREV=12%(INUC~1)
WRITE (PTR,12) YOINPREVEL) ,YOINPREVS2),YOINPREVE]),
€ YOUNPREVESL) ,YOINPREVES) ,YO(NPREVET), YOINPREVSESF),
*  YO(NPREV#10) ,YOUNPREV#9) ,QBEF{INUC) QLKL THUC)
201 CONTINUE
200 x=9Q
1F =1, AND 1 TO ¥ TO ACCOUNT FNR PRINTING COMPARTMENT VALUES
AY TIME ZFRC,.
IF (T1.EC.1) K=Ke]
160 CONTINUE
TOUT = TIMLL)
TOWT = TOUT
CALL GEAR(DIFFUNSPENERV,Ny TOyHOs YO0, TOUT ,EPS,MF,INDEX)
'F (INDEX.EQ.DQ) G0N TN 6
MRITE (PTR,7 TNWT,INDEX
7 EIRMAT('OINT G, WAS NOT COMPLETED TO TOWT=",EL10.3,%, INDEX= *,13}
GO TN 8

THE FOLLOWING STATEMENTS ARE USED TN CALCULATE THE TOTAL AMOUNT IF
RANTOACTIVITY (MICANCURTES) [N THE SYSTEM FOR EACH NUCLIDE IN THE
CHATIN,

TOTUCT(T, INUC) = RADIDACTIVITY FOR NUCLIDE WITH INDEX JNUC
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C THESE VALUES ARE COMPAREN TO VALUES CALCULATED USING THE BATEMAN
L FQUATINNS IN SUARDUTINE CHECK,
v
c
6 CONT INUF
INDEX = 2
NY 20 JMUC=] o NUMNUC
NPREY = 12 ® (JNUC-1)
TOTYUCTLT R JNMUCY = YOINPREVE[I®A & YOINPREVe2I*A ¢ YOUNPREV+]) »
YOINPREVS4)=ASURS ¢ YOINPREVES)®ASULEG ¢ YOINPAEVeS ) *ASUARG
¢ YOUMPPEVST)I= & YO(NPREVEB)eMSUSE & YO(NPREVe12) +
YO(MPREVS10)#L, & YO(NPREVE11)*A & YO(NPREVeS)®{MFO*,001)
C
20  COMTINUE
r
C DEFINE TIME=DEPENDENT PARAMETERS FOJ2 CALLS 7O RESDNS.
s
r QOSEE({INUCI=INITIAL BURDEN OF NUCLIDE INUC IN BEEF COMPARTMENT,
C O0MLM{INUC)I=INITIAL BUPDEN "F MUCLIDE INUC IN MILK COMPARTMENT,
7N 301 INUC=]1,NUMNUC
NOREY=( INUC-]1)%]2
QOEF(INUC)=YOINPREVS3)
QOMLK(INUCY= YOUINPREVST)
301 CONTINUE
CALL PESONS (TIMBH,MUMNUC,TR,T3,8,PRNAT,QOAFF,QREF,QWIGL, INDIM)
CALL RESDNS (TIMCH NUMNIT , TR (TS, B PROBAT ,QOMLE UMLK, QWIGL, I1DIM)
(
C PAINT VALUES OF COMPARTMENTS AT TIME TIM(I)
C
C
WRITE ("TR,11) TOUT, Y1) ,¥O(2),¥YD(3),Y0(e" - YOU(S)sYIT),
¢ YOUB),YOUL0),YO(),QREF(1),QMLK(])
11 FORMAT('0',12 (D103, '))
IF (NUMNUC .EQ. 1) GN T 170
¢
€ PRINT VALUES NF EeSePyGeR,CeB, Ty EH,BH, AND CH FNR REMAINING NUCLIDES.
c
DN 9  INUC =2, NUMNUC
NPREVY=]12=(IMUC-1)
WHITFE (PTR,12) YOINPREVeL),YOINPREV42),YOINPREVe3),
. OYOUNPREVHL) ,YOUNPREVES5) ,YO(NPREVET), YO(NPREVeB),
* YO(MNPREV#10) ,YOINPREVSG) ,QBFFIINUC) ,QMLK( INUCY
9 CONTINUE
12 FORMATILY *, T15, 11 (D103, 'V
C
170 CONT INUE
€ 1S TIM(T) A HARVEST TIME? QUERY RETURNS 1 IF YES, O IF NO.

CALL QUERYITIM(TI),TANS)
IF (IANS.FQ.0) GD TD 171
C AT HARVEST TIME, REINITIALIZF SYATE VARIABLES.
Y0 = TIM(T)D
HO = 1.00-5
TNDEX = 1
N0 250 INUC=1,NUMNUC
NPREY = (INUC-11#12

FOR THE PURPOSE OF MASS BALANCE CHECK, TRANSFER TOTAL ACTIVITY
FROM CROP HCLDUP COMPARTME  ~ (EH) T) COMPARTMENT MPRIME.

alalal
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YOUNPREVSL2) = YOUNPREVE12) & (MFO & ,001) *= YO(NPREVe9)

DIVIDE TOTAL ACTIVITY (.C!) TRANSFEREED TO CROP HOLDUP COMPARTMENT

EM FROM E AND T AY TNTAL MASS (KG) OF CROP AT HAPVFST,
YOINPREVEG) = (A®YO(NPREVEL) ¢ YO(NPREV+10)) / (MFO *= ,001)
YOINPREVSL1) = 0,000
YOUNPCEVe10)= 0,000

250 CONT INUE

171 K=Ke+]

4 CONTINUE

UPON COMPLETION NF [ LGDP, RETURN,
G0 TO 10
IF GEAR SUSRIUTINE RETURNS INTEX OTHER THAN 0, STOP,
8 SYoe

10 RETURN
END
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208 ( JUN T4 ) 0S/7362 FORTRAN H
COMPILER DPTINNS - NAME=z MAIN,GPT=02,L INECNT=60,S1ZE=0000K,
SOURCE oE BCDIC,NOLIST 4 NIECK ,LOANMAPNOFDIT, LD, NOXREF
2002 FUNCTION FLI,T)
C FEl,7) = SCURCE STERENGTH (UCI/SQ.M/DAY) FOR NUCLIDE T AT TIME T (DAYS),
C
C F IS DEFINED IN TERMS DF THE INFLOW RATE MATRIX,
¢
c FELI,KP) , 1=1,NUMNUC, KP=1,4pP
C
C WHICH IS DEFINED IN SUBROUTINF INPUT,.
2003 CAMMON /INFLOW/ MP, TIMEP(50),FF(15,30)
20046 COMMON /NAMES/ NAMNUCLLSY
2005 DOUBLE PRECISION NAMNUC
2006 F = 0,0
QC07 IFf (T.GE, TIMEP(MP) DR, MP.EQ.i) GO TO 3
0009 MPM]1 = WP~}
2010 NN 1 KF=]l,MPM]
a011 IF (T.GE.,TIMEP(KP) ,AND, T LT. TIMEP(KP#+1l)) GD TO S
0013 1 CONT INUE
0014 WRITE(3,2) NAMNUCIE), T
0015 2 FNORMAT('OF(1,T) NOT DEFINED FOR NUCLIDE *, A8, TIME *,F10.5,
c ' (DAYS)' )
2016 sTne
2017 5 F= FF(1,xP)
0018 GO TO 4
2019 3 F=FF(1,MP)
2020 4 RETURN

9021 END
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2902

0003
noua

200%
0706
2007
0008

2009
7910

2011
oni2

o913

0114
2015
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0020
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0S/36) FORTRAN H

OPTIONS = NAME= MAIN,0PT=02,LINECMT=60,512E=0000K,

SNURCE ¢ FRCOIC,NOLIST yNONECK ,LOAD (MAP GNOFDTT, [0, NIXREF

SUBRNUTINE NIFFUNIN. T, Y, YDNTH

COMPUTES THE RIGHT HAND STDE OF ¥YDOOT=F(Y,T)

NEMENST
COMMON
-

CN TAUPT(15)
ZINDEPZ A ASURG,NDSUARG MSURT, TAUSEF, TAUMLK, TAUFS, TAGR,
TAUPH TAURN , TAURG TAUTO 1), v SUBC o SHALLD,,5HY)

COMMONZLMDA/LAMR (150 ,LAMC (1S ), LAMALLS),LAMALLS),

€ LAMSH
CIMMON
COaMMNN
CONMOR
COMON
COoMMNN

150 ,L AMGE15)

INED/ LAMRR(15) ,FSUBM(15) , TAUEXC(15),FSURF{15),2SUSIVILS)
/PARAM/ TAUGCL1S),TAUGR(LS)

FNUMBRS /NUMNUC

/R ANCH/Z BL1S,15)

FIGDEY /7 PTR,ADR

DAUBLE PRECISIONN T,YI(N),YDOTIN)

REAL L

AMAH, LAMCH MSUBA, LAMRR, 11, LAMF ,LAMC,LAMB, LAMA,LAMS,

- LAMG,11PRIM L AMDT

INTEGFER

wune,pTR

THE STATE VARTARLFS ARF
Y{UPREVel) = F

Y(NPREV2) =
YINPREVe]) =
YINPREVe4)
YINPREV+5)
Y(MPREV+4)
YINPREYV4T)
Y(NPREVe3)
Y(MPREV49)

“ "
maOT OO oNn

b

YINPRFEV#10) = ¥
YINPREVeLI1) = H
YINPREV+12) = MPRIME
WHERF NPREV = 0414250 aee NUMIUC-L

TIMF (T) IS SOMETIMES REQUIRED YO RE IN SINGLE PRECISION (X).

X=T

CALL SVALIX,S51,52,53,54)
CALL TINDED(X,TAUPT)

no 1
NPRFY = Nf.
NPREV=

1= 1 ,NUMNUC
OF PREVIODUS FQUATTONS
(1-11%12

CALCULATE CONTRIBUTION FROM PREDECESSNRS IN THE CHAIN,

SUML =

0.0

SuM2 = 0.0
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0030
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1042
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0Ns8
469
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0051
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0060
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SU43 = Q.0
SUM4 = 0,0
SUMS = 0.0
SuMe = 0.0
SUMT = C.0
SUM8 = 0.0
Sume = 0,9

SUM10 = 1.9

SuMll = 0.0

SMi2 = 0.0

IF (1.LE.L) G TD 3
IML= {=-1

nn 2 J=1,1M1
JPREV={J-1)%12
SUML = SUML ¢ LAMRRIC(TISBLT,JI*Y(JPPEVE])

SUM2 = SUM2 ¢ LAMAR(TI*B(1,J)=Y(JPREVeZ)
SUM3 = SUM3 ¢ LAMRR(T)*B(T,J)*Y(JPREVe])
SUML = SUM4 ¢ LAMOR([)*B(T,J0eY( JPREVeS)
SUMS = SUMS & LAMRR{IVI*R{[,J)=Y(JPREV+5)
SUME = SUMA ¢ LAMRR(T)*B(I,JI=Y(JPREVeE)
SUMT = SUMT ¢ LAMER(TI*B([,J)*Y(JPREV+T)
SUMB = SUM3 ¢ LAMRR(II*B{L,J¥sY(JPREVeSR)
SUMG = SUM9 ¢ LAMRR(T)ISBIL,JI=Y(JPREVSS)

SUMIO = SUMIO *LAMPR(I)=8(1,JIsY(JPREVe10)
SUMLL = SUMIL ¢LAMRR (1D)&B(1,J0eY(JPREVe]L)
SUMLIZ = SUMI2 ¢LAMRR(T)*8(1,JI*Y(JPREVe]12)

2 CONTYINUE

CALCULATE YDOTY
3 YONTUINPREVEL)=SL*F(TX)~LAMA(I)*Y(NPREVEL) + SUM]
YDOT(NPREVE2)I=TAUESHY(NPREVe L} =L AMS{T )oY (NPREVE2)oS2¢F (], X)eSUM2
LAMPL IS TIME DEPENDENT.
LAMPL = LAMRR(TDISTAUPT(T} & TAUPH
YONT(NPREVe3)=A*TAUSPEYINPREVE 2) ~LAMPT  SY(NPREV43)eSUM3
YONTUNPREVEL)I=SISFIT X )-LAMG(T )oY (NPREVEL)¢TAUEGRY (NPREVES)#SUM4
YOOT(NPREVES)I= S&sF(1,X) »
c TAUGR*Y(NPREVOLI-LAMR(TI V&Y (NPREV+5)#SUMS
YONT(NPREVEH ) =TAURDAY(NMNPREV+S)
C ~LAMRR ([ )*Y(NPREVSE ) #SUME
YOOT(NPREY+ 1) =TAUGCLI)

C SY(NOREVSG) ~LAMCLI )Y [ NPREVETISSUMT
YDOTINPREVSR )=TAUGR(T)
C SY(NPREV#4)-LAMB(I)*Y(NPREV#B) +SUMS

YOOT(NPREVES) = ~LAMRR(]) * YINPREV+9I) & SUM9

YOOT(NPREVS10)=TAUPT(I) * Y(NPREV+3) -~ LAMRR(I) * Y(NPREV+10)
. +SUM10

YOOT(NPREV#il) = (TAUPH/A)NSY(NPREVe3) ~ LAMRRLTI)I*Y(NPREVell)
*= ¢+ SUMIL

THE COMPARTMENT MPRIME (Y{NPREV+12)) RECEIVES ALL RADIOACTIVITY
FONM B AND C, THE TRANSFFR COEFFICIENTS FROM B AND C TO MPSIME
ARE TOTEM AND TOTCM RESPECTIVELY AND ARE DEFINED AS FOLLOWS.
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TOTEM=YAUSEF&MSUBR
TOTCM=TAUMLK *

1IPRIM = TOTAM * Y(NPREVEB) & YOTCM & Y(NPREVeT)
YDOT(NPREVe]12) = L1IPRIM —LAMRR(I)*Y(NPREV+12)

€ (VSUBC/DSUARG - TAUGA(Y J*MSURR -
C + Sumi2

1 CONTINUE

PETURN
END

TAUGCITII*U) * Y(NPREVes)
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LEVEL 21.8 L JUN T4 ) N$/36) FOARTRAN M

COMPILER OPTIONS =« NAME: MATN,00 V=02, INECNT=60,S5128=0000K,
SIRCEJERCDIC, NOLIST NIDECK (L NAD (MAP NOEDL T, 1D, NOXAET
1SN 0002 SUBRDUT INE PENERVIN, T, Y, PN ,NO)

c
‘ c
15N 0003 NOURLE PRECISION T, YINO,13), °o0
[
C
1SN 0004 RETURN
1SN 0005 END
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LEVEL 21.8 ( JUN T4 ) NS/360 FORTLAN w

COMPLLER NPTIONS = NAME= MAIN,OPT=202,L INECNT=00,STIE=0000K,

na92

0003

D204
0005
0906
107
nooe

2099
0010
0011

0012

0012
ants

0915

00l1e
0017

SMWRCEJEBCNTIC,NILIST NDECK JLOAD, AP NTEDT T 1Dy NUXREF
SUBROUT INE CMFECK

C CALTULATES AND PRINTS VALUES OF
c
c TOTUCICITIMGINUCY) = TNTAL ACTIVITY NUE TO NUCLINE THUC AT TIM: ITIM
C AS CALCULATFD 8Y SURRJUT INE CALC USTING THF
c GFAR SUARINYTINE
C ACTLINUT, ITIM) = TOTAL ACTIVITY DUE TO NUCLIDE T4UC AT TIME IT]w
4 AS CALCULATED BY SUSPOUTING TRAFUN, USING THE
C AATEMAN EQUATINNS
C AS WELL AS THF PERCENTAGE FRENR
C
L (TOTUCTUITIVNGINUC) = ACTLINUC,ITIMI)I®100, / ACTLINUC,ITIM)
C
C FOR YIMES TIM(ITIM), ITIM=] TO NTIN,
pé
DIMENSICN TRELIS) qTRUISIACTELS,365) 4P 15,300 RELEP(L15),RTIM(30L5),
. AWIGLEL1%,365)
COMMON ZINFLNW/ MO, T [MEP(30) FFI15,500
COMMON /3RANCHZ AL]15,15)
COMMON /MOHECK/ TOTUCT(565,15)
COMMON /NEPR/ LAMRRIIS) FEURMILS), TAUEXC (150, FSURFL15),75U1VILS5)
COMMON JINDEDZ A ASURG,DSUBGMSUPS, TAUBEF,TAUMLK, TAUES,TAUGR,
* TAUPH TAYRD , TAURSG , TAUSP 1), VSUAL , SMALLN,#HD
COMMON  ZNMAER S/ NUMNLC
COMMON ZTIME/ TIMUZES)INCRIZOILENDTIMID0) JMINTVL,NTIM
CNMMON 71NNEY / PTR AN
C
DOURLE PRECISION TIM,LNG2
INTEGER ENDTIH,PTR RDR
PEAL MSURBSH, TNCR ,LAMRD
C OIDIM IS THE MAXIMUM FIRST NIMFNSTIAN FN8 THE ARFAYS ACT, P, AND AWIGL,
C IT CORRESPONDS TN THE MAXTIMUM NUMRER OF NUCLIDES IN A THAIN,
DATA IDIM 215/
C
C PRINY HEADINGS FO2 TiME, TOTAL ACTIVITY COMPUTED 8Y THE GEAR
C SURANUT INE, TOTAL ACTIVITY COMPUTEN USING BATEMAN FQUATIONS, AND
€ RELATIVE E%RNR,

WEITE (PTR,100)
100 FORMAT ('1°,52X,"COMPARISHN OF TOTAL ACYIVITY* /
YOV, 10X *TIME (NAYS) ' 12X *TNTAL ACTIVITY (MICRNCUYRIES) Y,
12X, "TOTAL ACTIVITY (MICOOCURIES) ', 8X, "PERCENTAGE *,
TEFRRNORY /
O 35X "sa% GFAR SUBROQUT INE sset ] 7X, 'sse SATFEMAN ',
FEQUATINNS ®es)

DEFINE INPUT PARAMETERS FNR SUBROUTINE TRAFUN

TRIINUC) =RADIDACTIVE MHALF-LIFE (DAY) OF NUCLIDE 1.

TREINUCY =B INLNGICAL HALF-LIFE (DAY) NF NUCLIDE [ (USE LARSE VALUT
IC APPROXIMATFE A RINLOGICAL REMOVAL FACTOR OF ZERD.)

PLINUC,KPI=SOURCE STPENGTH (MICROCURIES/DAY) FOR NUCLIDE 1

FROM TIMEP(KP) TO TIMEP(KP&Ll) IF XP LT, MP AND P(INUC ,MP) =

SOURCE STRENGTH AT TIMES SURSFQUENT TN TIMERP(MP),

BRANCHIT , J)

NlalaRaleNalle e Be s e



5%
5%
15N
1Sy
158
TSN
15N
18N

1SN
1SN

TSN
LAY
1SN
1SN
TSN
1SN

1SN
1SN

18
2919
0920
0021
go2?
onzs
non2ée
2028

mn2e
02T

NI28
0029
0030
BLER!
2032
M35

0054
7035

e lsBal

e e lial

75

cARANCHING BATIO FRAM SPECIES J TN SPECIES [, J LFSS THAN
=8l 0 (INPUYT NATA = COMMOAN/IPANCH/ )

LNG2= DLIGIZ2.0D0)

NN 1 IRUC =] NUMNDC

TRETNUCY = LG22 / DQLG‘LAQR“II%UC!.

TA(INUC) = 1.0%50

Nl 6 KP=],MP

CALL SVYALITIMER(EPD S]1,52453,54)
6 DLINUC,KP) = FFLINUCKP) & ((S1¢S2)%A ¢ (153¢54)1%A507G)
1 CONT INUE

RYIY 15 A REAL ARPAY WHNSE VALUES A%F THE SAME AS THOSE FOR Tiwm,
NO T ITIMs]NTIM
T RTIMEITIMY = TIM{ITIM)
THE CALL TO TRAFUMN,
CALL TOAFUNIN,TZ,TH ARAMCHMP, TIMEP, PoMA, TIMEA,AWIGL,ACT)
BFCNMES
cALt TRAFUMINUMNUL s TP (TR B MP TIMEP P MTIM BT [M, AWIGL JACT, IDTH)
BEGIN [TI™ (NP TO CALCULATE PERCENTAGE ERPOKS,
DN 2 ITIM = 1,NTIM

ny 4 TNUC =] 4 MUMNUC
4 RELERCIMIC) = (TOTUCTCITIM,INUC! = ACTCINUC, ITIM)II*100./
c ACTLINUC, ITIM)
2 WRITE (PTR,3) TIM{TITIM), (TOTUCI(S TT1MaINUC) JACTLINUC, [TIMD,
C RELEF L INUCH, TNUC=1,NUMNU" )
EORMAT (' *,9X,D13.6 18X F13.6,25XeE13e6420Keidced 7 * 'y
. 16(40XsFLl30b¢26XeFL1306420XeFL23 /7 * D)
RETURN
END



LEVFL

sy

PN
I SN

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

1SN
TSN
15N
15N

ISN

Is™

1SN
1SN
ISN

1SN
1SN
1SN

1SN
1SN
1SN
1SN

.8 { JUN 74 ) NS/7350 FORYRAN H

29?2

0003
n0os

2008
oot
nooe
2099
0010
Ml
mi2

00173
2014
0015
0016

07

ooe

3020
0021
N023

0024
0025
nnz2e

Qo027
0029
20590
0031

AOANANANAAN

Tzl la s e b

TO

Cs

o lel o0

COMPTLER DPTIONS = MAME= MAIN,OPT=02,LINEINTY=60,SI1ZE=000/K,

SOURCE JEBCNDTIC yNOLIST GMNIDECK yLOADyMAP NIEDI T, I Dy NOXREF

SUBROUTING EFSDNSIT Ny T2, TRy BRANCH, P, 00,0408 T, TOTM)
THIS SUBRDUTINE COMPUTES THE MICROCURTES Q9 AND THE
MICROCUR [E=-CAYS OQWIGL NF 1 SPECTIES IF A 2ADIONUCLIDE
CHAIN, EVALUATION IS AT TIME T (DAYS) IN A COMPARTMENT
WITH FIBST-CRNER PEMNYAL PRWESSES WITH MHALF=TIME TR(])
({PAYS) FOR THE T-TH NUCLINE AND CONSTANT PRODUCT ION
QATE PUI) (VMICRNCUKTIES/NAY). TR(I) (DAYS) IS THE
QADINACTIVE HALF-LIFE NF THE [-TH NUCLIDE, THF INITIAL
AURDEN 1S QOMLIY (MICRNCURIES), BRANTHII,J) IS THF
FRACTION OF SPECIES J WHICH DISINTEGRATES TN SPECIES T,
WHERF J 1S LESS THAN . THUS ALL NON-ZEQN ENTRIES IN
BRANCH ARE PELTW THF MAIN DIAGONAL.

ALL DIMENSICHLS OF STZE 20 CORPESPUND TN Ny THE NUMPER OF
RANDINACT IVE SPECIES IN THE CHAIN,

IDI™ 1S THE MAXTMIUM FIRST DIMENSION FO2% THE ARRAYS ACT, P, ANO AWIGL.
IT CORRESPONDS TN THE MAXTIMUM NUMSER OF NUCLINES IN A CHAIN,

REAL TRUINI,TA(NI (BPRANCHEINIMGINTMI, PINIQOINI QINI,OWIGLINY
NOUBLE PRECISION LM(20),LMR(20),0(20),C(20,20),
] LOG2,TEMPQ, TEMPOW s EXL I o EXIL I, EXPFUN, EXPF]
If {T.G7.0.0) GO YO 10
00 S I=1,N
QUI¥=Q0(1)
QWIGL(T)=0.0
5 CANTINUE
G0 10 120
10 LOG2=NL0G(2.000)
COMPUTE DECAY AND RFEMOVAL CONSTANTS FROM HALF-TIMES,
00 20 I=1,N
LMRUT)=LIGZ/DBLEITR(T))
LMIT)=LDG2/DBLE(TBLIN) & LMR(T)
20 CONT INUE
IF TWO LM{T) ARE NEARLY EQUAL, SEPARATE THEM,

SKIP SFPARATION RNUTINE IF N=],
IFIN.FO.1) GD TO 45

REGINNING OF SEPARATION ROUTINE. .

N1l=N-1
KONDE IS A SWITCH FOR WHICH THE VALUE 1 MEANS ANOTHER
PASS SHOULD HE ™ADF,
KNNE =)
25 IF (KODE.NE. 1) GD TO 45
KNDE=0
BEGIN PASS.
DD 40 K=]1,N?
Kl=Ke]
DN 35 L=K1,N
IF LMIL) AND LMIK) ARF NFARLY EQUAL, SEPARATE THEM,
IF (DABSCLMILI/LMIK)-1,0000.GF.1.0D-6) GD TO 35
LML) =LM{K)*]1.00001D0
KNNE=1
15 CONTINUE



77

1SN 1032 40  CONTINUE
C QETHRYM FOR POSSIALY ANOTHER PASS,
ISN 0033 67 TN 25
C END OF SEPARATINN ENUTINE,
1SN 20346 65 CNONY INUE
c
C COMPUTE CNEFFICIENTS D(1)e CLY,J),
ISN 0035 DULI=PLLD/7LMLL)
1SN 0036 IF (N,EQ.1) GO YD 40
[SH 0058 DN 55 [=2,N
1SN 2039 NI)=0.0
1SN 0040 T1=1~1
1SN D04 no 50 J=l,11
TSN 0042 NEE)=N(T )ebFANCHIT s J)*0L J)
1°% 0045 0 CONTINUE
TSN 0044 OCIV=LMe e (I Z0MIT) & PLLD/LMLTD
1SN 0045 58 CONTINUE
154 0046 60 CLLy 1 0=00(00=21 1)
1SN 0067 IF (N.EQ. 1) GO TN 29
1S4 N049 DN 65 [22,MN
ISN 0050 I1=1-1
ISN 0051 on 15 J=1,11
1SN 0052 Cll431=0,0
ISN Q053 DD 70 K=J,!1
154 0084 ClYls ) =Cl14el) ¢ BRANCHITI X)*C(X,J)
1SN 0055 70 CONTINYE
TSN 0056 CLI =l IO LMR LI/ (LMD =LMISD))
1SN 0057 75 CONTINUE
1SN N058 Cti,I)=Q0(1)-D4(1)
IS8 N059 on 88 J=1,11
154 0060 CiTey¥=C{I,10-C(1, )
TSN G061 RO CONTINUE
1SN 0062 BS CONTINUE
C FND OF CALCULATION OF DII),e CHI,4),
ISN 00653 90 COMT INUE
C COMPUTE QUTI), MWMIGLITN, [=1,N
1SN 0064 D0 110 i=1,M
1SN 0N65S TEMPQ=0,0
ISN D046 TEMPQOW=0.0
1SN 0047 EXLI=FEXPFUN(=LMIT)*DBLE(T))
ISN 00418 EXILI=EXPFLILM(TIN,DALE(T))
1SN 0069 11=1-1
1SN D070 NN 100 J=1,11
1SN 0071 TEMPQ=TEMPQeC(T  JIS(EXPFUN(-LM{J)*DRLE(T)I-EXLT)
1SN 0072 TEMPQW=TEMPQN4C (T, JI®(EXPFLILM(J) JDRLE(T))I-FXILT)
ISN 0073 100 CONT INUE
1SN 0074 QUEIN=TEMPQeD( I poLM(II*EXLILTI*QO(T)=EXL]
1SN 0075 QWIGLIT )=TEMPQWeD( 1)*(DBLE(T)I-EXILII*QO(II®EX]ILT
ISN 0076 110 CONTINUE
1SN 0077 120 RETURN

1SN 0078 END



21.8 ( JuN 74 ) 057350 FORYRAN H

COMPILE® OPTIDMS = NAME= YAINGOPT=02,L INECNY=60,S17E=0000K,
SORCEJERCDIC NI IST o NIWECK qLIAD ¢ MEP (MNENTT, INyNIXAEF

1SN 2002 DOGUBLE PRECISION FUNCTION EXPFUN(T)
sy 0005 DONUBLE PRECISION T

1SN 0004 EXPEUN=C, 0DO

SN 0GOS TFIT LT .~180,000) G0 7O 10

TSN 0007 EXPFUN=DEXP(T)

1SN 9908 10 RETURM

1SN 900¢ END

TR RN~

P VI N,



LEVEL 21,8 ( JUN Te ) 05735) FORTYRAN H

COMPILER NPTIONS = NAMF= MAIM,0P7=02,LINSCNT=60,S12E=0000K,
SOURCE JFREDTC G NOLIST JNIDECK o LOAD G MAPGNDEDTT o IDyNOXREF
15N DNUBLE POECISINN FUNCTION EXPFLILM,T)
15N DNUBLE PRECISTON LM, T,LMT, .. PFUN
1SN LMT=LMsT
1SN (FILMT.LY.0.0300) GN TN 10
1SN 60 TN 20
159 19 XPFL=To{((((ILMT/T7,000~-1.0D0) % . MT/6,000+1.0001
SLMT/5,0N0~1,0D00)%LH4T/46,00041,0D0)%LMT/3,000-1.0000
t ®LMT/2,0N0¢1.000)
ISH GO YN 30
TSN 20 EXPF 1= 1. 0D0~EXPFUNI~LMT)) /LM
1SN 30 RETURN
1SN END




LEVEL

IS~

SN

TSN
1SN
1SN
1SN
1SN
1SN
1SN
ISN
154

15N

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

154

21.8

anag 2

1006

Q007
1708
0009
D0l o
0011
Qo012
o013
Q01 4
2018

0146

0018
0019
0020
0021
0022
(f023
0024
0026
0028

f JUN

COMP] 6

NN .

C

C
C
C

4 ) 057360 FIORTRAM H

B OPTIONS ~ NAME=  MAIN,NPT=02,L INECNT=60,S12E=0000K,
SOURGE E BEOTE ,NILTST JNOJE CK  LOAD, MAP,NOEDTT, 1 D, NOXREF
SURZOUTIS TRAFUNIN, TR TR, BRANCH MP , TIMEP P, MA, TIMEA, AWIGL ,ACT,
. Tim)
TRAFUN SUGGESTS TRANTFER FUNCTION,
WE ARE CONSIDERING N RADINACTIVE SPECIES IN A CHAIM IN A BINLOGICAL
COMUVARTYMENT, TRUT) AND TB(I) ARE THE RADINACTIVE HALF-LIFF (DAYS)
AND RIOLOGICAL HALF~TIME (DAYS), “ESPECTIVELY, OF THE [-TH SPECIES
TN THE COMPARTMENT, BRANCHIT,J) 13 THE 3RANCHING RATIO OF SPECIES
I YO SPECIES I, WHMERE J 1S LESS Thay T. THE INFLOW RATE OF FACH
SPECTES IS GIVEN AS A DISCRETE FUNCTION OF TIME BY THME ARRAYS
TIME® (DAYSY AND P (MICROCURTES/DAY), O(1,KP) IS THE INFLUWA RATE
OF SEECIES T FROM TIMEP(XP) TN TIMEP(KEsL1), AND P(I,MP) IS THE
RATE AT TIMES SURSFQUFNT T0O TIMER(MPY, AWIGLIT,KA) IS THE
MLATED ACTIVITY (MICROCURTE=DAYS) N THE COMPARTMENT UP TD
TIMEAGKAD. THE YIMF ARRAYS MUST BE ARRANGED IN INCOEASING DRDER.
CTET4MAD 1S THE ACTIVITY FI% NUCLIOE I (MiCROCURIES) IN THE
MPARTMENT AT TIMFA(KAY,

THI% 1S THE MAXIMUM FIRST DIMENSION FOR THE ARRAYS ACT, P, AND AWIGL.
TT CORPESPONDS TO THE MAXTMUM NUMBER NF NUCLINDES TN A CHAIN.
TH MAXIMUN DIMENSTION 20 FIR THE ARPAYS PTEMP,ATEMP AND AWTEMP CORRES~
IS OTO N LTHE NUMBEE NF RADINACTIVE NUCLIDES IN THE CHAIND.
PEAL TRAMITBIN) yBRANCHUIDIM, IDIM),ACT(IDIM, 365)
AEAL TIMEO(300,P(I1DIM,30), TIMEA(MA) JAWIGLEIDIM,365)
REAL PYEMP(20) ,ATEMP (20) ,ANTEMP( 20)

FOR TALH TIMEP(KPY AND THE CORRESPONDING COLUMN Pls,KP) 0OF
PAYES, USE RFESID TTERATIVELY TO CALCULATE THE CONTRISUTION
TO AWIGLA®,KA) AT TIME TIMFLA(KA), FIRST INITIALIZF AWIGL AND ACT
" ]CD'\.
COMMIN ZINDEP/ A ZASURG,DSURG MS' 0B, TAUBEF , TAUMLK, TAUES, TAUGR ,
s TAUPH, AURD,TAUF ;, TAUSP,U,VSUBC ,SMALLD,RHD
COMMON /SOURCEZ FOL15)
CALL ZEROMITDIM,MA,AWIGL)
CALL ZEROM(TDIM,MA,ACTY
NO 25 KPp=] ,mMp
on 10 '*l'.‘
PTEMPLIN=PI [ ,kP)
12 CONTINUE
DO 20 MA=] ,MA
CALL ZEROVIN,ATEMP)
IF XP=1, SET INITIAL TOTAL ACTIVITY [N THE SYSTEM EQUAL TN THAT
DETERNINED BY FO(I), I=1 TO N AND S1,52,53,54.
IF (XKP _ME, 1) GO YO 40

CALCULATE TOTAL INITIAL ACTIVITY (MICROZCURIES) IN RAGTIME COMPARTMENTS
FeSeG AND R,
YIEln = 0.0
CALL SVALITZERD,S1,52,53,54)
0N 41 [=1,N
41 ATEMPLEY = ((S1+S2)1%A ¢ (S3+54)%ASUBG) * FO(1)
40 CALL ZEROVIN,AWTEMP)
Til=TIMEP(KP)
IF (T1.GT.TIMEA(KA)) GO TO 20
IF (KP LT . MP) T2=TIMEP(KPs])
IF (KP.EQ.MP) T2=TIMFA{KA)



R T

e e e e e

1SN

1SN
1SN
TSN
1SN
1SN
1SN
1SN

203%0

2031
0052
0033
0034
02035
2036
0057
no3n

81

CALL RESIDIN TR, TH ,BRANCH,ATEMP ,PTEMP,T],T2,
b AUTEMP TIMEAL(KE), IDIM)
DO 1% I=1.N
AWIGLIT JXA)=AWIGLI T KADSANTEMP(T)
ACTEI,XA) = ATEMP(L) » ACT(I,xA)
15 CONTINUE
20 CONTINUE
25 CONTINUE
RETURN
END
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LEVEL 21.8 ( JUN 74 )

82

NS/7360 FNRYOAN H

CCMPILER NPTICMS = NAME=  “ATM,0PT=02,L INECNT=69,512E=0000K,

1SN 0002
1SN 0003
1SN 0004
9N 0005
1SN D006
sy 0007
1SN 0008
1SN 0009

RRE W W e )

SNPCELFRODIC,NILIST NECK JLTAD,MAPMOEDT T, TDNIKEEF

SUBRNYT INE ZEROMINM,A)
DIMENSTION AN M)
nn 10 t=1,M

00 10 J=1.,M

AlT,0)=0.0

CONT [NUF
RETURN
END

e B



LEVEL 2148 t JUN 74 )

057562 FORTRAN H

COMPILER OPTINNG = NAME= MATN,NPT=02,L INECNT=60,512E=0000K,

1S4 902
154 00973
154 002046
1SN 0009
1S4 0006
158 0097

10

SOUECELERCOIC NILIST yNODECK o LOAD g MAPJNOEDI T, I D NOXREF
SURRNUTIMNE ZEROVIN, VY
NTMENSION VIN)
MM 10 T=1,N
Viir=0.C
QETYRN
END

i




e T E R PV SN

LEVEL 21.8 ( JUN 74 )

1SN

TSN
1SN
TSN
1SN
TSN
1SN
TSN
(L
1SN
15N
1SN
15N
158
1SN
1SN
1SN
1SN
158
1SN
ISN

TSN

057350 FORTRAN H

COMPILER OPTINNS ~ NAMF= MAIN,0PT=02,L INSINT=60,512E=0000K,

0002

2003
0004
290%
7006
n008
2009
0210
0011
012
0914
0015
M6
no17
nol18
009
0220
0021
noz2
0023
0024
0025
2026

aRalalsBeNaNe ol lel

SOCCE G FRCDIC,NOLIST NODECK (LOAD , MAP (NOED T T, [D,NOXREF
SUBROUT INE RESIDIN, TR, TR, BRANCH, AP 4T, T2,AW,T,IDIM)

COMPUTES MICRYCURTF-DAYS “FSINENCF AW(I) OF THF [=-TH BADIOACTIVFE
SPECIES N A CHAIN DF N NUCLIDES, PARAMETERS TR, TR,AND

BRANCH ARE AS [N SUSRIUTINF TRAFUN, INPUT [S A PULSE VFCTNR

P (MICROCURIES/ZNDAY) FOOM TIME T1 T) T2 (DAYS). INITIAL VECTNR

NF ACTIVITIES IS A (MICPOCURIFS), AND A IS UPDATED TN SHOW

FINAL ACTIVITIES, AW 1S EVALUATED AT TIME T, N CASE T IS

LESS THAN T1, S IS UNCHANGED AND AW IS ZEan,

INIM 1S THE MAXIMUM FIRST NIMENSINN NF THE ARRAY BRANCH,
THE MAX IMUM DIMENSINN 20 FO8 THE APRAYS Al,P1 AND AWl CORKESPONDS TO
N [ THE NUMRER OF NUCLIDES IN THE CHAIM) .

10

15

20

25
30

REAL TRUNILTBIMIGAINDI o PINI G AWIN) L BRANCHLIDIM, INIM)
REAL AL(200,PL1120),AWLL20)
CALL ZEROYIN,PL1)
IF (T1.67,72) G609 T2 20
TTEMP=AMAX L1 (0.0, AMINLITY,T2)~T1)
CALL RESONSITTEMP N, TR, TB, BRANCH, P, A AL AW, INIM)
N0 10 I=1.N
A(L)=ALLT)
1€ (T.LF.T2) G0 TN 30
TTEMP=T-T2
CALL RESDNSUTTE 4P Ny TR TH, BEANCH,PL,A,AL,AWL, IDIM)
00 15 I=1,N
AfT)=ALCT1)
AWiI =AWl )eANILD)
CONTINUF
CONTINUE
TTEMP=AMAXI(0.0,T=T1)
CALL RESDNSITTEMP N, T3, TR, BRANCH, PL.A,AL, AW)
N0 25 I=1,N
AlLI)=ALLT)
RETURN
END



LEVEL 2148 ( JUN T4 ) 087360 FNATRAN H

COMPILER OPTIONS ~ NAMEs MAIN,NPT=02,L [MECNT=60,51ZE=0000F,
SOMBCELERCOIC,NOLIST  NINECK JLOAD AP SNNED LT, 1D, NOXREF

1SN 0002 SUBROUTINE SVALIT,51,52,53,54)
L
C RETURNS VALUFS OF INTERCEPTION FRACTIONS S1452,S3,54 AT YIME T (DAYS).
c
1SN 0003 COMMON /HRVST / HART [M(30) NHARY
1SN 0004 COMMON JEMER G/ FMERGE(30)
SN 2005 NOUBLE PRECISION HARTIM
1SN 0006 REAL M,MFOS1
1SN 0007 MFOSL = 1.0
ISN 0008 SL0=0.00075
1SN 0009 ATAU=1,24F-4
1SN 2010 $1=0.0
ISN 0011 99 1 I=1,NHARY
1SN 0012 TFUT .GF ENERGF (1 ). AND. T LY. HARTIM(I)) GO TO 2
ISN 0016 1 CONTINUE

C IF T DNDES NOT LIE BETYWEEN EMERGE(I) AMD HARTIM(!) FOR ANY I=1 7O
C NMARYV, THEN S1=0,

ISN 0015 GO 70 3
ISN 0016 2 TO=EMERGE(I])
1SN 0017 M = MFOSI*(1.0-FXP(-ATAUS(TE*2-TO*s2} 1))
SN 0018 Si= SLO*(M*#%),545)%250,.0
ISN 0018 3 CONTINUE
ISN 0020 TF{S1.LE.1.0) GO 7O 4
C S1 SHOULD NCT EXCEED 1.
ISN 0022 WRITE(3,5) S1
1SN 0023 S FORMAT('0S]l VALUE (°*,F10.3,%) TOO LARGE®)
ISN 0024 sTOP
1SN 0025 4 §2= 1.0 =51
1SN 0026 $3= 0.25
ISN 0027 S6= 0.75
ISN N028 RETURN

1SN 0029 END



L

LEVEL

15N

r

. 1SN

E 1SN
1SN

' 15N
15N

i 1SN

, 1SN
1SN

e I

86
21.8 1 JUN 74 NS/.E) FORTRAN H
COMPILER OPTINNSG = MAME= MAIN,NPT=02,L INECNT=60,512F=0000K,
SAURCE GFBCDIC  NOLIST NODECK LOAD G MAPNOEDT T, I Dy NOXEEF
0002 SURGAUT [N” =A®YST
C DEFINES HARVESTY TIMES (DAYS)
f
- HART (ML), T=1 TO NMAL,
C
C AND FOMMUNICATES THESE VALUES TO SURRDUTINE CALC VIA
C COMMNY BLOCK /HRVYST/,
c
09301 DNUALE PRECISINY HARTIM
0004 COMMON JEMERG/ EMERGE(30)
0005 COMMNON /HRYST/Z HARTTIM(30),NHARY
0nones NHARY = )
non7 EMERGE( Y = TO.
0008 HART [M(]1) = |75.0D0
000s 2ETURN
2910 L)



a7

LEVEL 21,8 € JIN 74 ) NS/36) FNARTRAN H

FOMPILER DOTIONS = NAME= MAIN,0PT=02,L INECNT=60,512F=0900K,
SICCE JERCDIC,NILTST GHNNDECK JLOAD ¢MAP JNOED T T, IDyNOXREF

158 0N02 SUREOUT INF TIMDEP (T,TAUPT)
C
f EAPAARER AR R SR RR R TR R R R
r & SARNUTINE T I M D F P »
P S8 4800 AR B Aa e bR ERER NS
€
r TIMDFD RETUPHS TAUPT(I) = TRANSFER COEFFICIENT FROM P Te ¥ (SUBRSUR~-
f FACE SATL POM TN OLANT INTFEINR) FOR NUTLIDES NAMNUC 1D, T=1,NUNNUC,
r  TAUPY (S BASED ON THF TIMF [INTERVAL CONTAINING T,
C
ISN 3993 DIMENSICN TAUPT(LS)
c
1S4 0004 COAMMON MHEYST 7 HARTIM(30) NHARY
1S4 70925 FOMMNN JEMEEG/ EMERGEL3D)
TSN JJ)é COMMNN /CROPS/ MFOD
1SN 0007 COAMMON ZNAMES/Z MAMNUC(LS)
1SN 2008 COAMMON  ZNUMRR S /NUMNLC
1SN 2009 COAMMON /DERY LAMRR(15),FSUBM(15), TAUEXC(15),FSUBF{15),85U81VI15)
S8 910 CAMMON ZINDEP/ A ASURBG,NSUBGMSJBB, TAUREF, TAUMLK , TAUES, TAUGR,
. TAUPH ,TARD, TAURG, TAUSP U, VSURC ,SMALLD 4RMO
i
1SN 0011 DAYRLE BREFCISINN  NAMNUT ,HARTIM
1SN 2012 RAFAL L AMK2 MSURR MF ()
C
1SN 00173 ATAU = L.24F -4
C
£ FIND THF TIME INTEGVAL (EMERGE(J) TO HARTIM(J) ) CONTAINING T.
1SN 2914 N7 10  J=L,NHARY
1SY 2015 IF (T GF, EMERGE(J) LAND, T LT. HARTIM(JID GO TO 20
1SN 0017 10 CONY [NUE
c
€ Y IS NOT IN ANY OF THE GIVEN TIME INTERVALS (EMERGE(J) TO HARTIM(J) )
1SN 0018 nl 15 1= 1 ,NUMRUC
159 0919 TAUPT(1I) = 2,0
1SN 0020 15 CONT INUF
c
£ FND OF PROCFSS TF T IS DUTSIDE OF THE GIVEN TIME INTERVALS.
1SN 2021 60 YO 30
c
£ T [S [N THE TIME INTFQyAL EMFRGE(J) TO HARTIM({J). TO IS EQUAL
£ T THE EMERGENCE TIME FOR THE CROP INTERVAL.
TSN 0022 20 T0 = EMERGE( S
c
C CALTULATFE TAUPTY FNR FACH NUCLIDE IN THE CHAIN,
151 0023 nn 2% I=]1,NUMNUC
1SN 0924 UONT = 2,0 * ATAY ® T & EXP(-ATAU # (T#*%2 -~ To%x2))
1SN 925 TAUPT(I) = (MFO *= UDNT & BSUBIVIIIY /7 (10000.0 & A & SMALLD=PH))
1SN 0L 6 25 CONTINUE
c
1SN 0027 30 RETURN

1SN 0028 END



e s o e

LEVFL 21.8 ¢ Jm

158

T4

COMPILER PPTIONS = NAME=

un2

0003
0004
n00=
0006
BLL R
2909
0ol
0012
9013

SN

IS CALLED BY SUBRNUTINE CALL YO DETERMINE WHETHER OR MOT TIME T (DAYS) IS

A HARVEST TIMFE, THE VALUFE OF [ANS IS SET YO

88

NS/56) FORTEAN M

MAINGOPT=02,LINECNT=60,5126E=0000K,
SOURCE JERCDIC,NALIST yNODECKLOAD, MAP NDEDT T, 1D, NOXREF
SUBRRDUTINE QUERY (T, [ANS)

1 IF T IS A HARVEST TIwE,

0 IF NOT,

OUFRY SEARCHES THE ARRAY HMARTIM, WHICH IS NEFINED BY SUBRDUTINE HAPVST,
IR ORDEP TN OFTERMINE WHETHER (OF NOT T 1S A HARVEST TIME, [.E. WHETHER
NOT  T= HARTIM(J) FOR SOME J=] TO NHARV,

COMWMON /MRVST/ HARTIM(30! ,NHATY

ONURLE PRECISION HAR ™M,V

ne

[ANS = 0

D0 1 J=1NHARY

IF (T.EC.,HARTIM{J)) IANS=]

IFCTANS.EQ.1)
CONT INUE
RETURN

END

GO

0 2



LEVEL 21.8 ( JUN T4 ) NS/363d FNETRAN H

COMPTLER OPTIINS = NAME= MAIN,OPT=02,L INECHT=60,SIZE=0000K,
SNURCELFRIDIC,NILIST NDDECK , LOAD g MAP ZNOEDT T, I D NOXRFEF

IR EEE————
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¢
C RAGTIME
(emmmc e cne cnm—— - ——————————— o s o g i e g o o . S S SO et O
r
€ PRNGRAM AUTHORS : J,C.PLEASANT, L M. MCOUWELL-BOVER, AND G.G.KILLOUGH
3 HEALTH AND SAFETY RESEARCH DIVISION
c DAK RIDGE NATIONAL LASORATORY
C NAK RINGE, TENNESSEF® 37836
C
ot o e o o
C
r PYR (S USEC T REPRESENT THE UNIY NUMBER ASSOCIATED WITH THE LINE
f OPRINTER, RCR IS USED TO EPRESENT THE UNIT NUMBER ASSOCIATED wiTH
t  THE CARD READE®,.
C
1SN 0002 COMMON /I1NDFY 7/ PTR,RNR
ISN 0003 INTEGER PTR,RD%
1SN 0004 RpR = §
1SN 0005 PTR = &
C
IS8 0006 1FLAG = O
r
c IFLAG IS A PARAMETER PASSED I[N SUSRNAUTINE INPUT WHICH DIRECTS
C THE FLOW OF THE PRNGRAM, [F [FLAG IS SFT TN ZFRO, THE ENTIRE
C SUSROUTINE IS EXECUTED AND IFLAG IS SET EQUAL TN INE, THIS
c FNARLES A BRANCH TN AE MADE ARNDUND THE PORTION NF CNDE THAT INPUTS
C THE NUCLIDE INDEPENDENT PARAMETERS ON SUCCESSIVE CALLS FOR THE
c VARTIOUS CHAINS BEING STUDIED,
C
ISN 0207 REAC (RDR, 10) NTHAIN
1SX 0008 10 FNAMAT (10X,12)
C
1SN 0009 N0 20 1 = 1.NCHAIN
1SN 0010 CALL INPUT (IFLAG)
ISN 0011} CALL OUTDAT
1SN 0012 CALL CALCIN
ISN 00i3 CALL HARVST
1SN 0014 CALL CALC
1SN 0015 CALL CHECK
ISN 2016 20 CONTINYE
€
1SN 0017 SToP
1SN 0018 END
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Job Control Language (JCL) fu~ RAGTIME

Job control language varies from one computer installation to
another. For execution of RAGTIME on the IBM 360/91 at Oak Ridge
National Laboratory, the following JCL arrangement has been used:

//gobname JOB (charge no.),'X-10 7509 PLEASANT'
//*CLASS_TPU9T=44S5,10=2.8 REGION=270K
/*RBUTE_XEQ CPU9L
//_EXEC_F@RTHCLG,REGION. G@=270K ,PARM. G@="EU=-1"
//F@R7T.SYSIN DD _*

source decks (RAGTIME MAIN and subroutines)

/t
//LKED.GEAR DD DSN=T.GGK05716.GEAR,DISP=SHR,UNIT=SPDA,
// _DCB=(RECFM=FB,LRECL=80,BLKSIZE=800)
//LKED. SYSIN DD *
INCLUDE_GEAR
" N
//G@.FTO3F001_DD_SYS@UT=A,DCB=(RECFM=VBA,LRECL=137 ,BLKSIZE=1000)
//G@.FT017001 DD *

data deck

/ﬂ

/7
The underline (_) is used to indicate a space. The ulL 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.q., 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.

Following is a brief description of values and options specified
for the sample run conducted, which considers a chronic deposition term
(F;) of 1 uCi 9065y per m? per day, beginning /0 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-dependent 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
r -a (t?2 - t,)
m = m? Ll -e ! ¢

, (B.1)
where m? = final mass of grain at harvest (grams/plant); to = time of
emergence of grain (days), and ‘. > growth coefficient (day=?). AIll of
these input parameters represent averages for a number of grain varie-
ties. For the cample run of RAGTIME, the following values were used:

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

Reference or section

|
| FORTRAN Speciftic of report containing
Parameter name for value used discussion
o A 1,000 m? 4
Ag ASUBG 10,000 m? 4
a ATAU grains 1.24 x 10-* day-? App. B
By, B(2,1) 1 (= radioactive branching Sect. 6.1
radio from “°Sr to *9Y)
Biv BSUBIV(I) 0.290 for *“Sr, <, 3 £
0.00430 for *°Y
d SMALLD 20 cm 4
Dg DSUBG 0.15 kg m=* A
Fi(t) F(I,T) Fo(t) = 1 pCi m™? day™! App. B
Fa(t) = 0 pCi m™? day™!
(Fe); FSUBF(1) 3.0 x 10-* for “OSr 2
5.8 x 10-3 for *0Y
(F")1 FSUBM(I1) 2.4 x 10=3 for *9Sp 2
2.0 x 10=5 for 0y



Table B.1 (continued)

Reference or section

: FORTRAN Specific of report containing
3 Parameter name for Value used discussion

W LAMRR( ) Ay = 6.66 x 105 day~! 6

Az = 0.26 day™!
m M grains n: [1 - fe-a'(tz ; tO)] s L2 1, 1
where t represents time (days)

"b MSUBB 200 kg 4

M MFOS1 grains 1 g/plant App. B = |

H: MFO grains 250,000 g App. B

n NSUBL grains 0.455 1

P RH@ soil 1.4 g/cm=? 4
" 5y 51 grains 0.00075 m- 545y 1

5, 52 grains 1 -5 Sect. 3.1

Sg S3 pasture 0.25 Sect. 4.1

Se 54 pasture 0.75% Sect. 4.1

SL SL grains 0.00075m™" - 455 1

5 SLO grains 0. 00075 1
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Table B.1 (continued)

Reference or section

FORTRAN Specific of report containing

Parameter name for Value used discussion

Yoget TAUBEF 3.81 x 10-3 day= 4

| TAUES 0.0495 day - 4,7

et TAUEXC(1) 2.0 x 103 day~' for “9Sr, 4

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

tg', Vc/(Ang) 6.67 x 10=3 day Sect. 4.1
(tg,b)i TAUGB( 1) [(Ff)i('exc)ivc]mg Sect. 4.2
(tg,c)i TAUGC( 1) [(Fm)i tmilkvc]wg Sect. 4.2

Xy TAUGR 0.0495 day-! 4, 7

-1
Tailk TAUMLK 2 day 4
to.h TAUPH 1.096 x 10~* day—! 4. 8
» 0.

(tp t)i TAUPT(I) grains [HfU(t)Biv]/(I0.000 x Adp) App. B
T, 4 TAURD 1.096 x 10-* day-! 4, 8

, TAURG 2.74 x 10~% day-! Sect. 4.1
Ts.p TAUSP 6.93 x 10-% day-! Sect. 2.1

e TIMBH 20 days 5

101
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Table 6.1 (continued)

Reference or section

FCRTRAN Specific of report containing
Parameter name for Value used discussion
th TIMCH 2 days App. B
to T0 grains 70 days App. B
U U 5.5 liters 4
2
e -at(t2 - t.o)
U(t) ubD@T grains Zatte » L2 ty, 1
where t represents time (days)
¥ VSUBC 10 kg day™! 4
w " grains Z50 plants m~2 App. B

a » 2 3
The subscript i used with parameter names refers to the itk nuclide (i = 1 fer *OSy,

i =2 for °20Y).

L

el
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Table B.2. Format of input parameters for RAGTIME

MEHATN 1

2
Sw9n 0,0
yauo 0,0

1
040D 1,000
0,0F0 NGgNED

1
Sx9n Yaou 1.0

1
5 inh
| AMER SKYiH,b6H F=08
FSURM SR04 Ee}
FSUKE SRY(Q3, 0 Fwid
ASUKTYSKRYI02,9 =01
TAURXCSWKACO, 002
| 4MRE Y90 2, k0 =il
FSIHKM Y90 2,0 Feub
FSUEF Y90 S A F=03%
KSUKTIyYQD 4,3 t=03}
TALUEXCYQD 0,002
A 10000
ASUIHG 10060 ,0
NSUIKE 0.1
NSUKG N, 15
SHALLD 20,0
N 0495
De 0,25
n3 1,0
nu 1.0
MK 200,
R 1.4
TALIKEF 0,003%)
TAIM « 2.0
TALIR™ 0,3%
TALI( ™ 1.0
TAUERS 0,049
TAUGR 0,049%
TAURD N,00010964
TAUIRD V0001098
TAlIweG N,00NB2TH
TAUSP 0,000609%
TALIT™ 0o
1 %.S
v 025
VSitul 10,0
VSLIMS PAN000000,0
LAMEH 1 ,OE+01
| AMTH | OF+01
L AMKEE S5.0E=07

ANMEH S.,Nt=n1
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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.1) in deriving time-dependent values
for the interception fraction &5 and a normalized version of this
equation in the derivation of values for the transfer coefficient
(tp.t)i' The fraction 5, may be viewed as the ratio of *the projected
surface area (m?) of the grain to the area (m?) of the land on which
vhe crop is grown. Thus, 5; is related to the specific area,

g = Projected surface area of grain (m?)
g mass of grain {(grams)

by the equation
. 5| mw (B.2)

where m = mass of grain per piant (grams), and w = number of plants per

square meter of land. The specific area, § may be fitted to an

L’
equation of the form
o b
in which S0

L and n_are empirical constant. 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 5, is calculated from Egs. (B.2)

and (B.3) to be
S = 0.C0075 m0-545
For the root uptake compartment Ti’ again only grains were con-

sidered in the sample run. The rate (microcuries day-!') 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 suhsurface soil 1ol 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

2 2
-ar(t = to)
U(t) = 1-e (B.4)
and M? = total mass (grams) of crop at harvest -ime grown on land

associated with one man's food supply. The rate of root absorption of

radioactivity, (r_ P (microcuries day~!) 15 assumed to be the prod-

o,t
uct of the rate of 1nc.ease of grain mass M U(t)(grams day~') and the

radioactivity concentration in grain (mlcrocurves gram™'), the latter
quantity being approximated by

B:u"s T (B.5)

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

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

M 0(t) By,
(5 ¢ I‘ 000 x Aaa '

where

2
0)

"

Uct) 2a t-e




106

Factors describing growth rate [i.e., U(t) and at] were again Jerived
from empirical data available for grains! and are consistent with those
used in estimating interception of airborne radionuclides by grains.
Values of Biv (see T.“%e B.1) were derived from empirically obtained
data for the elements Sr and Y.%»7

For compartments Bi and Ci‘ respectively representing beef and
milk concentrations of 9°Sr and “°Y, all parameters were defined ind
assigned values in Sect. 4 of this document, with the exception of

h h -1
(‘exc)i' (Ff)i' (Fm)i’ tb‘ and tc. A constant value of 0.002 day-!,
adopted from TERMOD,* has temporarily been assigned to (Iexc)i' This
value for (v ). represents the fractional weight gain per day for a

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

tration is due only to growth. In this sense, 1t represents the lower
limit for (Iexc)i’ and thus may underestimate loss from the beef com-
partment because metabolic turnover, which may be element-specific, is
negiected. Values for Ff ind Fm (Table B.1) were taken f-om a review
or literature concerning uptake of these elements by cattle and subse-
quent transfer to meat and milk, respectively.

The holdup times for compartments Bi and Ci were specified using
values either given in, or derived from, the U. S. Nuclear Regulatory
Commission's (USNRC) Regulatory Guide 1.109 (October, 1977) 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, thrcugh 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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