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RIVER-RAD: A COMPUTER CODE FOR SIMULATING
THE TRANSPORT OF RADIONUCLIDES IN RIVERS

D. M. Hetrick, L. M. McDowell-Boyer, A. L. Sjoreen
D. J. Thorne, and M. R. Patterson

ABSTRACT

A screening-level model, RIVER-RAD, has been developed to assess the potential fate
of radionuclides released to rivers. The model is simplified in nature and is intended to
provide guidance in determining the potential importance of the surface water pathway,
relevant transport mechanisms, and key radionuclides in estimating radiological dose to man.
The purpose of this report is to provide a description of the model and a user’s manual for
the FORTRAN computer code.

1. INTRODUCTION

A screening-level model for simulating the transport of radionuclides in rivers has been
developed to assist in determining the importance of this pathway in estimating radiological
dose to man. The purpose of the present report is to provide a description of the model
RIVER-RAD — a computer program that combines the river portion of the screening-level
multimedia model TOX-SCREEN (McDowell-Boyer and Hetrick, 1982; Hetrick and
McDowell-Boyer, 1984) and the radioactive decay and daughter buildup algorithms from the
MLSOIL model (Sjoreen et al., 1984). In addition, a sediment bed compartment has been
included in the model. RIVER-RAD was developed to provide guidance in determining the
importance of the surface water pathway, relevant transport mechanisms, and key
radionuclides through screening-level calculations.

The RIVER-RAD computer code is written in FORTRAN. The program reads two
data files provided by the user — WATER.IN and RADIO.IN — and outputs results in two
files — OUTPUT.USR and OUTPUT.RIV (these file names are in OPEN statements in the
code and thus can be changed easily). The code is not interactive in that it does not prompt
the user for information during execution, but reads all data from the two input files.

A complete description of the model and the assumptions used are given in Sect. 2 of
this document. The structure of the program and subprogram descriptions are given in Sect.
3. Section 4 describes how to use RIVER-RAD and gives a complete description of the
input data. A description of the code output is given in Sect. 5. A discussion is included in
Sect. 6. A listing of the program is given in Appendix A, and Appendix B provides a table
of important parameters that are used frequently in the program and their definitions, to
allow the user quick access to this information. Example input data are given in Appendix
C, and the corresponding output from RIVER-RAD is provided in Appendix D. Appendix
E compares model results to analytical calculations.



2. RIVER-RAD — MODEL DESCRIPTION

Radionuclides are transported through a river system in RIVER-RAD via a
compartmental linear transfer model (see Fig. 1). The river is divided into reaches
(compartments) of equal size, each with a sediment compartment below it. The movement
of radionuclides is represented by a series of transfers between the reaches, and between the
water and sediment compartments of each reach. Within each reach (for both the water and
sediment compartments), the radionuclides are assumed to be uniformly mixed. Upward
volatilization is allowed from the water compartment, and the transfer of radionuclides
between the reaches is determined by the flow rate of the river. Settling and resuspension
velocities determine the transfer of adsorbed radionuclides between the water and sediment
compartments. Radioactive decay and decay-product buildup are incorporated into all
transport calculations for all radionuclide chains specified by the user. Each nuclide may have
unique input and removal rates. Volatilization and radiological decay are considered as linear
rate constants in the model.
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Fig. 1. River system in RIVER-RAD. See page 7 for parameter definitions.




21 RADIONUCLIDE TRANSPORT IN A RIVER REACH

The rate of change of activity of radionuclide i (i=1 for parent and i=2,n for daughters)
in the water column of a river reach is given by
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activity of nuclide i in the water column (Ci),

activity of j (j<i), a parent of daughter i, in the water column (Ci),

radioactive branching ratio from nuclide j to nuclide i (j<i),

activity of nuclide i in the sediment column (Ci),

activity of j (j<i), a parent of daughter i, in the sediment column (Ci),

depth of the water column (m),

depth of the sediment layer (m),

OV + @y k, (s7),

first-order volatilization rate constant (s),

the rate at which radionuclide i enters the reach (Ci/s),

river flow rate (ms),

volume of reach (m?),

settling velocity of adsorbing particles from the water column to the sediment
layer (m/s),

resuspension velocity of the adsorbing particles from the sediment layer to the
water column (m/s),

sedimentation velocity or rate of burial (m/s).

fraction of radionuclide in dissolved phase in the water column (see Sect. 2.2),
fraction of radionuclide in particulate phase in the sediment layer (see Sect. 2.2),
fraction of radionuclide in particulate phase in the water column (see Sect. 2.2),
first-order radiological decay constant, nuclide i (s?).

The activity of all radionuclides in a reach at time 7 are obtained by solving the set of
simultaneous equations represented by Egs. (1) and (2). In RIVER-RAD the initial activities
of the radionuclides are assumed to be zero. In the first reach of the river, a source, P(t),
can be input for the parent radionuclides only. However, more than one radionuclide chain
can be handled in one simulation. Thus, a parent for one chain can be a daughter in another
chain that is input to the code. Subsequent river reaches receive input sources for both
parent and daughter radionuclides from the preceding reaches.



The system of equations given by Eqgs. (1) and (2) can be expressed as a vector-matrix
differential equation. The matrix operator method of Lee (1976) is used for solving the
system in RIVER-RAD. This method has been described in detail for MLSOIL, a model of
radionuclide transport through soil (Sjoreen et al., 1984), and thus will not be discussed here.

2.2 THE DETERMINATION OF DISSOLVED AND SORBED RADIONUCLIDES

Some elements in the lanthanide and actinide series have high distribution coefficients
and thus a high affinity for adsorption to sediments. Radionuclide interactions with sediment
are modeled by use of the distribution coefficient, K, defined as

- nansofndimnclidetdsabed/gsdl
¢ ‘atoms of radionuclide dissolved / mL water

It follows that the fractions of the radionuclide activity in the dissolved (e,,) and sorbed
(a@,,) forms of the water column are

1
“l' 1 + K"S (3)
and K,+S @)
ATy T
and in the dissolved («,,) and sorbed (&,,) forms of the sediment layer, are
1
fu " 1°K,s5, ©)
and
K5,
P 6
&y = T X5, ©)
where
S suspended sediment concentration in the river (g/mL),

S, = sediment concentration in the sediment bed (g/mL).

The RIVER-RAD model gives the user the option of either entering or calculating S. The
sediment concentration S (g/mL) can be calculated as follows:
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where
Y, = the sediment density (kg/m®),
Y = water density (1000 kg/m®),

and the following formula from Laursen (1958) can be used to compute ¢ :

: A A LA ®
Cc= — — -1 ’
' ;Pl HI] ( Te d Ve
where
c = mean sediment concentration (wt % ),
d; = median sediment particle diameter (m) of size class i,
f() = Laursen’s function,
g = acceleration of gravity (m/s?),
H, = water depth (m),
i = sediment size class,
)2 = fraction of bed material of diameter d,,
s = slope of the river (m/m),
W, = fall velocity for d; (ms),
1y’ = boundary shear associated with sediment particles (kg/m?),
T, = critical tractive force (kg/m?).
The boundary shear (t,’) is estimated from
1 (4Y) ©)
° " 590.0928 lu, ’
where
v = the flow velocity (m/s).

The constant 590.0928 (m/s?) is provided in Laursen’s work (1958). The critical tractive
force t_ is expressed as

T = ¢(7' = Y)d[ ’ (10)

where

¢ = the Shields factor (Laursen, 1958).
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This latter force represents the limit below which particles of size class i will not move. In
RIVER-RAD, values for the parameters w, and ¢ are computed by use of cubic splines that
were fit to curves given in Fields (1976) and Bagnold (1966), respectively. (The user can
input an overriding value for w, if so desired.) Laursen’s function f is also computed by use
of a cubic spline that was fit to the curve given in Laursen (1958). Only one size sediment
class i is allowed by the model. Thus, the only parameters required by RIVER-RAD to use
Laursen’s formula to calculate sediment concentration are d;, s, and y,. Typical values for
these parameters can be found in McDowell-Boyer and Hetrick (1982). All other parameters
needed, such as water depth, H,, and river velocity, v, are always input to RIVER-RAD
whether or not Laursen’s formula is used.

3. STRUCTURE OF THE RIVER-RAD PROGRAM

This section presents the overall structure of the RIVER-RAD computer program and
summarizes each routine in the code. The listing of the program can be found in Appendix
A

3.1 SUBROUTINE STRUCTURE

RIVER-RAD consists of 17 routines in all, 10 that were adapted from the TOX-
SCREEN model (Hetrick and McDowell-Boyer, 1984) and 7 that were modified from the
MLSOIL model (Sjoreen et al., 1984). The logical structure of RIVER-RAD is diagrammed
in Fig. 2. The MAIN program calls subroutine READIN to read the input data, initializes
variables needed later, and calls subroutine EXEC to begin execution. If the settling velocity
is not known and left as blank or 0.0 in the input data, READIN will call subroutine VFALL
to compute it, given the median sediment diameter in the river bed. EXEC first determines
if the suspended sediment concentrations for the river are input or calculated using Laursen’s
formula. If the sediment concentrations have not been input, EXEC calls SEDCON, which
in turn calls FUNLAU and SPLEVA, to compute them. Subroutine ALPHA is called by
EXEC to compute the dissolved and adsorbed fractions for each radionuclide for both the
water column and the sediment layer in the river [see Eqgs. (3)-(6)]. EXEC then calls the
WATER routine, which passes the source, the initial conditions, the removal rates, and the
time step to the DECSRC subroutine, which makes calls to MATACT and its functions
(ADDEPS, CPROD, PRODUC, VPRDUC, and CVPRD) to calculate radiologic decay and
buildup. These calculations are done for one river reach at a time. Each decay chain is also
done separately (i.e., one system of equations). However, results for the same nuclides from
different decay chains are added together in the model. The resulting activities of each
nuclide in each river reach (for both the water column and sediment layer) are stored in
COMMON and the EXEC subroutine calls OUTPUT to write out the results.

The system of equations [Eqs. (1) and (2)) is formulated on a monthly basis, that is, the
source terms for the parent radionuclides and the water velocity of the river are input as
monthly values. All other input parameters are constant. However, since the equations of
the model are written with an explicit time step, a 1-day time step is used in the model to
increase accuracy. The output of the model contains end-of-the-month values of radionuclide
activities in dissolved, adsorbed, and total form for both the water and sediment compartments



for each reach of the river. The monthly results for volatilization represent the summation
of results of the 1-day time steps. More details on the output are given in Sect. 5.
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Fig. 2. Structure of RIVER-RAD program.



3.2 SUBPROGRAM DESCRIPTIONS

The RIVER-RAD subroutines are discussed below (in alphabetical order after the
MAIN program). If the user desires more details about the code, Appendix B provides a list
and description of important parameters in the code, in alphabetical order.

3.2.1 The MAIN Program

The MAIN program of RIVER-RAD calls the subroutine READIN to read the input
data. Parameters needed by the model are initialized to 0.0 and stored in COMMON to be
passed to other subroutines. Then MAIN calls subroutine EXEC to start the simulation.

322 Subroutine ALPHA

Subroutine ALPHA computes the fractions in the dissolved («,, and «,,) and sorbed
(x4, and a,,) forms of each radionuclide [see Egs. (3)-(6)]. ALPHA computes and stores
these fractions separately for each parent radionuclide and its daughters.

3.2.3 Subroutine DECSRC

DECSRC organizes the decay data and removal rates into a matrix array that is passed
to subroutine MATACT to solve the system of differential equations described by Egs. (1)
and (2). The resulting activities for all radionuclides and daughters are stored for both the
water and sediment compartments. The results are summed by nuclide, regardless of the
chains to which they belong. This subroutine was adapted for RIVER-RAD from the
MLSOIL computer code (Sjoreen et al., 1984).

3.2.4 Subroutine EXEC

EXEC is the main connecting link between the major routines SEDCON, ALPHA,
WATER, and OUTPUT. The number of time steps (NSTEPS) per month used by the model
is set in this subroutine. In the present version, NSTEPS is 30, implying 1-day time steps.
If monthly sediment concentrations for the river are not input by the user, subroutine
SEDCON is called to compute them. EXEC then calls ALPHA (once per month) to
compute the fractions for the dissolved and sorbed forms of each radionuclide for the water
and sediment compartments. Subroutine WATER is called every time step to compute the
activities for the radionuclides in each reach of the river, again for both the water and
sediment compartments. Finally, subroutine OUTPUT is called at the end of EXEC (once
per month) to write end of the month results to an output file.

3.2.5 Subroutine FUNLAU

This subprogram is used to compute Laursen’s function and other parameters needed
for computing sediment concentration in the river by Laursen’s formula. The Shields factor,
¢, is computed based on the sediment particle diameter, d. This factor is computed by
SPLEVA (see Sect. 3.2.10), which performs a cubic spline interpolation. The curve used for
¢ is from Bagnold (1966). The coefficients of the cubic spline were computed separately for
the curve and appear in DATA statements in FUNLAU. In other words, FUNLAU passes



d and the appropriate coefficients to FUNCTION SPLEVA, and ¢ is computed. The critical
tractive force [Eq. (10)] is then computed using ¢, the water density, the sediment density,
and d. The independent variable needed for Laursen’s function [Eq. (8)] is computed using
the settling velocity w, (see subroutine VFALL below), the acceleration of gravity, and input
parameters for water depth and river slope. Finally, Laursen’s function is computed by use
of a cubic spline that was fit to the curve given by Laursen (1958). These results are passed
back to subroutine SEDCON, where the sediment concentration is computed.

3.2.6 Subroutine MATACT

MATACT solves the system of linear ordinary differential equations defined in Eqgs. (1)
and (2) using matrix methods to obtain the activity of each nuclide. The solution is based on
the method described in Sjoreen et al. (1984). Four subroutines, CPROD, PRODUC,
VPRDUC, and CVPRD, are called by MATACT to perform matrix and scalar multiplication
of matrices and vectors. Function ADDEPS is used to perform additions; an addition is set
to zero if it is less than machine epsilon to prevent loss of significance errors.

3.2.7 Subroutine OUTPUT

The sole purpose of subroutine OUTPU' is :o -/rite out results from the RIVER-RAD
calculations to a file named OUTPUT.RIV. More details about the output are given in Sects.
4 and S.

3.2.8 Subroutine READIN

The READIN subroutine reads the input data for the RIVER-RAD model from two
files: RADIO.IN and WATER.IN. These input data are discussed thoroughly in the next
section. After reading the data, READIN outputs the data into the file OUTPUT.USR.
This helps the user determine whether the data were input correctly. Where appropriate,
various warning messages are written into this file if the program can recognize that the data
are incorrect or illogical. See Sect. 5 on output for further discussion of this file.

READIN has the option to call subroutine VFALL if the settling velocity (parameter
SETVEL) is not known and is left blank or set to 0.0 by the user in input file WATER.IN.
READIN calls VFALL to compute the settling velocity given the median sediment diameter.

3.2.9 Subroutine SEDCON

This subroutine is an optional routine that can be used to compute suspended sediment
concentrations for the river if these values are unknown. Values for the median sediment
diameter of the river bed, sediment density, water density, average depth, and slope of the
river must be input in READIN to use SEDCON. SEDCON will call FUNLAU (see Sect.
3.2.5) to assist in computing the sediment concentration of the river using Laursen’s formula
(Laursen, 1958).



3.2.10 Function SPLEVA

The sole purpose of SPLEVA is to evaluate a cubic spline function using Horner’s rule
(Forsythe et al., 1977). SPLEVA is used by both subroutine SEDCON and FUNLAU.

3.2.11 Subroutine VFALL

This subroutine is used to compute the sediment fall or settling velocity, w,, based on
the median sediment diameter d. A cubic spline interpolation is performed by SPLEVA in
this computation. The curve used for the fall velocity is from Fields (1976). The coefficients
of the cubic spline were computed separately for the curve and appear in DATA statements
in VFALL (ie., VFALL passes d and the cubic spline coefficients for the curve to
FUNCTION SPLEVA, and w, is calculated).

3.2.11 Subroutine WATER

This subprogram passes the radionuclide source term (parent radionuclides into first
reach of river only), the removal rates for each radionuclide from one reach to the next plus
the volatilization rate, the removal rate of each radionuclide from the water compartment due
to settling, the removal rate from the sediment compartment due to :csuspension and
sedimentation, and the initial activities of the nuclides for each reach (for each time step one

=ach at a time) to subroutine DECSRC, where the decay and daughter ingrowth are
saulated. Upon return from DECSRC, the activities for each reach are stored to be used
as the initial activities for the next time step and for flow from reach to reach. Likewise, the
cctivities of the radionuclides in the sediment compartment below each reach are stored. Also,
the volatilization from the river is summed from all reaches for each month and stored.

4. RIVER-RAD OPERATION

This section presents the necessary information on how to run the RIVER-RAD
computer code. A complete discussion of input data is included. While reading this section,
it will be helpful to refer to Appendix C, which contains sample input data.

4.1 MODE OF OPERATION

Before the execution of RIVER-RAD is possible, the user must first prepare two input
data files: RADIO.IN and WATER.IN. These files are requested by OPEN statements
within the code. RADIO.IN contains the listing of the parent radionuclides and their
daughters, as well as their decay matrices (see Appendix C). This file is provided to the user
with the code, but instructions will be given here so that the user can modify RADIO.IN if
necessary. WATER.IN includes information, such as the number of years the user wants the
simulation to run, the names and source terms of the parent nuclides, the river water velocity,
the dimensions for the reaches, the volatilization rates and distribution coefficients K, for the
radionuclides, and the sediment parameters (see Appendix C). These files are described in
detail below.
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During execution, RIVER-RAD writes results into two files: OUTPUT.USR and
OUTPUT.RIV (these {iics are also specified by OPEN statements in the code). These
output files are discussed further in Sect. 5.

RIVER-RAD has been run on several different computers, including IBM compatible
PC’s (286, 386, and 486), an IBM RISC 6000, and a VMS VAX 8600. The following section
discusses in detail how the input data should be constructed by the user.

42 INPUT DATA

Tables 1 and 2 will aid the user in preparing the input files WATER.IN and
RADIO.IN, respectively. Three types of standard FORTRAN format codes appear in Tables
1 and 2: the A, E, and I formats. The A format code is used in transmitting data th.. ..ce
in character format, the E format code is used in transmitting real data, and the I format code
is for integer data. For the E and I formats, leading, embedded, and trailing blanks in a field
of the input card are interpreted as zeros. In E format, if the decimal point is present, its
position overrides the position indiczted by the d portion of the format field descriptor
(Ew.d), and the number of positions specified by the w portion of this field must include a
place for it. For E formats, the E may be omitted from the exponent if the exponent is
signed (i.e., 1.0E+1 may be typed 1.0-+1).

Table 1 is used to prepare file WATER.IN. Note that the names of the parent
radionuclides (parameter NUC, card set 3, Table 1) in file WATER.IN r:ust be read exactly
as they appear in file RADIO.IN (see parameter DAUGHTER, card 2, Table 2). The code
reads the parent nuclide name NUC from file WATER.IN, then searches file RADIO.IN for
the same name in order to retrieve names of the daughters as well as the decay data. In the
example files given in Appendix C, the names of the radionuclides are left justified in the
field of character format A8. The nuclide names are given as isotope symbols (e.g., SR-90,
Y-90, etc.). Also, in file WATER.IN, the first 20 columns of each line are reserved for
comments, such as the name(s) of the parameter(s) that is(are) included on that line (e.g.,
see the file in Appendix C).

For the volatilization rate, k,, and the soil-water distribution coefficient, k, (Table 1,
card set 8), the values of the parent are given first, followed by values for each of the
daughters given in the order that they are read (see Table 2, card 2)\. -If more than one
parent is desired in a simulation, then values for k, and k, are given for parent number 1 (see
Table 1, card set 3) and its daughters first, followed by parent number 2 and its daughters,
etc. Values are always given for each daughter, even if a daughter had appeared previously
for another parent. Note that data for k, and k, are not given for short-lived daughters.

The user has the option of either entering the settling velocity w, (Table 1, card set 11)

or leaving it blank or 0.0 and the code will compute it via subroutine VFALL. In either case,
the parameter (SETVEL) is written to file OUTPUT.RIV.

11



Table 1. Water parameters input sequence (file WATER.IN)

Card Parameter Columa Definitions
act Format Bame Type pasition Uhits and comments
1 (28X,12) JYRS Integer 29-30 o) Number of years to be
(Right justified) simulated; limited to 10
due to dimensioning
2 (2BX,12) NNUC Integer 29-30 ) Number of parent radio-
(Right justified) nuclides to be simulated;
limited to 10 due to
i iouing

r nuclide T=1'on line 3,

3 (20X.A8) NUC () Character 21-28 0] Radionuclide name of
(I=1, NNUC) parent nuclide I=1. Enter
NNUC lines

nuclide. Th‘ sonrceforparentlul is entered on two.
s for year I[YRs= nes for [YR=2, etc. for JYRS. The source for
radionuclide 1=2 wou dan for each year on 2 lines, Repeat for NNUC parents,

4 (20X,6E103) WQINR Real  21-30 I=1 MON=1,YR=1 Cis Radionuclide source rate
(line 1) (LMON/IYR) 3140 I=1 MON=2,[YR=1 into reach 1 of the river
. for parent I, month MON

: and year [YR. MON=1
71-80 I=1,MON=6,IYR=1 signifies the month
October
4 (20X,6E103) WQINR Real 2130 I=1, MON=7,IYR=1 Cis
(line 2) (LMON,IYR) .
7180 I=1,MON=12,[YR=1
5 (20X,6E103) WVELR Real  21-30 for MON=1,IYR=1 m/s The average water velocity
(line 1) (MON,IYR) 31-40 for MON=2,]YR=1 of the river for month
. MON and yesr IYR.
. Repeat Set S for each year
7180 for MON=6,IYR=1 for JYRS years

5 (20X,6E103) WVELR Real  21-30 for MON=7, [YR=1 mAs

(line 2) (MON,IYR)
71-80 for MON=12IYR=1
6 (28X,12) NR Integer 29-30 ) Number of reaches that
(Right justified) river is broken into;
limited to 20 due to
dimensioning

12



Table 1 (continued)

Card Parameter Column Definitions
set Format Bame Type position Units and commeats
7 (20X,3E103) WLENR Real 21-30 m Length of each river reach
(all reaches have same
dimensions)
WWIDR Real 3140 m Average width of the river
WDEPR Real 41-50 m Average depth of the river

ts u’gh

ters for each chain 1. There are SIZE(1)+SIZE(2)

8 (20X,2E103) WKVR Real 21-30 s?! Volatilization rate constant
an for daughter J of parent I
I=1, NNUC (J=1 is parent and J=2,
J=1, SIZE (I) SIZE (1) are daughters).
(see Table 2 See Sect. 4.2 for more
for definition details
of SIZE)
SWKDR Real 3140 (atoms/g) / Soil-water distribution
@n (atoms/mL) coefficient for parent I,
I=1, NNUC daughter J (see
J=1, SIZE () explanation for WKVR)
9 (26X,A4) SEDRIV  Character 27-30 ) If total suspended
(Right justified) sediment concentration in
the river is known, type
YES in columns 28-30;
otherwise, type NO in
columns 29-30
If SEDRIV is YES, then card set 10 is: -
10 (20X,6E10.3) SEDCR Real  21-30 for MON=1, [YR=1 kg/m®>  Average suspended
(line 1) (MON, IYR) 31-40 for MON=2, [YR=] sediment concentration in
* river for month MON and
. year IYR. Repeat Set 10
71-80 for MON=6, [YR=1 for each year for JYRS
years. MON=1 signifies
month of October
10 (20X,6E103) SEDCR Real  21-30 for MON=7, [YR=1
(line 2) (MON, IYR) :

71-80 for MON=12, [YR=1
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Table 1 (continued)

Card Parameter  Type Column Definitions
set Format name postion Units and comments
10  (20X3E103) DENSDR  Real 21-30 giem®  Sediment density in river
DENWR  Real 3140 giem®  Water density
SLOPER Real 41-50 ) Slope of river bed

11 (20X,6E103) DIASDR Real 21-30 mm Median sediment diameter
SEDCS Real 3140 kg/m®  Solids concentation in

sediment layer

SDEPR Real 41-50 ] Depth of sediment layer

RESVEL Real 51-60 mmjir  Sediment resuspension
velocity

SEDVEL Real 61-70 mmATr  Sedimentation velocity
from bottom of sediment
layer

SETVEL Real 7180 ms The settling velocity (if
left blank or 0.0, VFALL
subroutine used to
compute it)



Table 2. Nuclides Decay Data Parameters Input Sequence (file RADIO.IN)

Card Parameter Column Definitions
sct Format Bame Type position Uhits and comments
1 () SIZE(I) Integer 13 ) The length of the
(Right justified) radionuclide chain.
Includes the parent plus
the number of daughters.
1 is the index for the chain
NEXTRA(I) Integer 446 O] The number of short-lived
(Right justified) daughters for chain I
P (1X,8(A8,2X)) DAUGH- Character 2-9 for J=1 ) The names of parent and
TER 10-17 for J=2 its daughters. I is the
@an 18-25 for J=3 index for the chain; J=1 is
J=1, SIZE (I) etc. the index for the parent

and J=2 to SIZE (I) are
indices for daughters

3 (A8,3)

4 (8E10.3)

EXNAME Character 1-8 )
a.n
J=],
NEXTRA(I)
PARNUM Integer 9-11 6
@b (Right justified)
J=1,
NEXTRA (I)
DECAY Real 1-10 for J=1K=1
KD 11-20 for J=1K=2
J=1SIZE(T) etc. for SIZE(I)
K=1SIZE(I) lines of matrix

Name of short-lived
daughter for chain I. If
NEXTRA > 1, next line
would contain name of
second short-lived
daughter, etc.

Number of the index in
parameter DAUGHTER
that is parent for short-
lived daughter
EXNAME(J,I)

Decay matrix for chain I
(sec Sect. 4.2). There are
SIZE(]) lines in this set

15



The decay matrix (Table 2, card set 4) is defined as follows:

a4 = - A,

a; = Mby,,
where

A, = the decay constant for nuclide i in 5. The decay constant = In(2)/half-life.
b; = the branching fraction from nuclide j to nuclide i (unitless).

The matrix is lower triangular. Decay data for short-lived daughters are omitted from the
decay matrices because their activity is set equal to that computed for their parent (see card
set 3 of Table 2).

5. DESCRIPTION OF CODE OUTPUT

This section gives a detailed description of what is written into the two output files
OUTPUT.USR and OUTPUT.RIV. The reader is referred to Appendix D, which contains
the RIVER-RAD output that was written during execution of the code using the sample
input <..:a from Appendix C.

5.1 RESULTS WRITTEN TO OUTPUT.USR

The input data to RIVER-RAD are written to file OUTPUT.USR so that the user can
determine if they were input correctly. The input parameter names, the definitions, the units,
and the values for the parameters are listed in this file. The file includes a listing of the
daughters for the parent nuclides (the parent names come from file WATER.IN, and the
daughters of the parents ate read from RADIO.IN). The model flag (SEDRIV) that the user
inputs to determine whecher ihe suspended sediment concentrations of the river are either
input directly or are calculated in the model is listed, and the option chosen is explained.
Following the definitions of the parameters, a table is printed showing the monthly
magnitudes of the source terms for each of the parent nuclides. -

Where feasible, the RIVER-RAD computer code checks the input data, and if an error
(an obviously illogical value or choice) is detected, a message is printed into file
OUTPUT.USR and execution stops. For example, if the parameter NUC(I) (Table 1, card
set 3) is not input correctly so that it will match the parameter DAUGHTER(1,]) (Table 2,
card 2), the following message will appear: "NUCLIDE NOT IN DATABASE -
STOP", where is the name that the user typed for parameter NUC in WATER.IN.
Numerous other checks such as this one can be found in the computer program. Also, some
checks are made during actual execution of RIVER-RAD (i.e., after the input data are read).
If errors are detected, messages will be written into this file. Thus, the user should always
check file OUTPUT.USR carefully, especially if execution stops prematurely.
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5.2 RESULTS WRITTEN TO OUTPUT.RIV

The calculated monthly radionuclide activities and media interaction terms are printed
into a file named OUTPUT.RIV. The contaminated surface area of the river is printed first.
Thereafter, for each month, the activity (Ci) for each radionuclide (in the dissolved or neutral
form, the adsorbed form, and the total form) is printed for each river reach for both the water
and sediment compartments. Also, the media interaction rates in Ci/mon are printed for each
radionuclide. Note that volatilization is the only interaction term considered in the RIVER-
RAD model at present. All the other media interaction rates (deposition on water, surface
runoff, groundwater runoff, and washload) are assumed to be 0.0 in the present model and
are printed as such in OUTPUT.RIV. See Appendix D for examples.

6. DISCUSSION

This report has provided a description and subroutine structure of the RIVER-RAD
model, input requirements and format, and description of output from the RIVER-RAD
computer code. The RIVER-RAD model is a combination of the river portion of the TOX-
SCREEN program (Hetrick and McDowell-Boyer, 1984), modified to include a sediment
compartment, and the routines used to compute radioactive decay and buildup from the
MLSOIL model (Sjoreen et al., 1984). Thus, proven routines have been used in the
development of RIVER-RAD. All the subprograms of RIVER-RAD have been tested by
doing preliminary stand-alone computer runs for each routine. For example, the results
computed by subroutine SEDCON were checked by writing a driver routine that supplied
SEDCON with the appropriate parameters. Where possible, these results were compared
with hand computations.

Once the subroutines were assembled to form RIVER-RAD, numerous additional
checks were made to ensure the results were correct. For example, the results for RIVER-
RAD were compared with TOX-SCREEN results (using the river portion only) for isotopes
that had no daughters. The results from the two models matched very closely; note that the
solution techniques differ between the two models. To check results for daughters, a
"regular” run was performed for an isotope and its daughters, using three river reaches and
assuming there was no settling to the sediment compartment (Case 1). The RIVER-RAD
program was modified temporarily to take the results for the parent and daughters from Case
1 for the first reach and input these results to the first reach (Case 2). The results for the
first reach from Case 2 were found to equal the results from the second reach in Case 1.
Also, the model was run to steady state using a constant source term and constant river water
velocity. The steady-state results compared closely with the analytical solutions for both the
water and sediment compartments. Thus, much effort was put forth in checking and
rechecking code calculations.

RIVER-RAD results from the first reach of a river are compared with an analytical

equation for ingrowth of activity of a radioactive daughter in Appendix E. The code was
temporarily modified not to allow any settling to the sediment compartment for these results.
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The equation cannot be compared with model results for downstream reaches below the first
reach because these reaches receive daughters.

At present, RIVER-RAD does not include media interaction rates, such as deposition
on water, surface runoff, groundwater runoff, and washload. Thus, the only way to input such
rates is to include them in the input source term. RIVER-RAD has the capability to easily
add media interaction terms if needed.

The input data in Appendix C used for the sample computer runs that produced the
output in Appendix D were hypothetical. It was the authors’ intent to show the capabilities
of the model through use of these examples, not to show an actual application. It is hoped
that RIVER-RAD can be used as a screening device in identifying radionuclides that are
highly unlikely to pose a problem even under conservative assumptions.
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APPENDIX A

LISTING OF RIVER-RAD

The MAIN program is given first, followed by the subprograms in alphabetical order.

RIVER-RAD .
RIVER SCREENING-LEVEL MODEL FOR RADIONUCLIDES
D.M. HETRICK, L.M. MCDOWELL-BOYER, A.L. SJOREEN,
D.J. THORNE, AND M.R. PATTERSON
QAKX RIDGE NATIONAL LABORATORY
JUNE, 1802
DEVELOFED TO ASSESS THE POTENTIAL FOR ENVIRONMENTAL ACCUMULATION OF
RADIONUCLIDES RELEASED TO SURFACE WATER (RIVERS).

ananoanoaaaaoan

PARAMETER (NDAU=10,NDAU2=20, NNUCL=10,NUCALL=200, NYRS=10 ,NREACH=20)
COMMON/MEDIA/AWQINR, WAQOUR (RUCALL , NREACH) ,
$ SWQINR, SWQOUR, SURROF , GRWROF

COMMOR /WPARR /WVELR(12,RYRS) , WQINR(KNUCL, 12, KYRS),
$ CONRIV(NDAUZ, NRUCL, RREACH) , CONOLD (NDAU, NNUCL) ,
$ - NR,WWIDR,WLENR, WDEFR, WVOLR, AREAR

REAL*8 CONOLD,CORRIV

==~ READ DATA
CALL READIN

~== INITIALIZE VARIABLES (VOLATILIZATIOR TERMS,
--- RUNOFF TERMS, EIC.)

anoaa aaa

DO 30 k=1,NR
DO 20 J=1,NNUCL
DO 20 I=1,NDAU
CONOLD(I,J)=0.0
CONRIV(I,J,K)=0.0
20 CONRIV(I+NDAU,J,K)=0.0
30 CONTINUE

SURROF=0 .0
GRWROF=0.0
c
C --- CALL ROUTINES FOR EXECUTION LEVEL
c
CALL EXEC
c
C --- END OF EXECUTION -STOP
c
STOP
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SUBROUTINE ALPHA

PARAMETER (NDAU=10,NNUCL=10,NYRS=10)

COMMON/SDPARR/SEDCR(12, NYRS) , DIASDR, DENSDR, DENWR, SLOPER,
S SEDCS, SDEFR, SETVEL, RESVEL , SEDVEL, CONSDR
COMMON/EQUIL/SWKDR(NDAU, KNUCL)

COMMON/FLAGS /SEDRIV
COMMON/ALPHAS/A1R(NDAU, NNUCL) , A2R (NDAU, NNUCL ) , A1S (NDAU, NNUCL) ,
] A28 (NDAU, RRUCL )

COMMON /NUM/RNUC , RNEW, SIZE (NNUCL ) , REXTRA(NNUCL ) , PARNUM( 2, NNUCL)
INTEGER SIZE,PARNUM

DATA EPS/1.0E-5/

IWP=12

CONSDR IS IN KG/M**3, NEED G/ML, SO MULTIPLY BY .001
COMPUTE ADSORPTION TERM (ADSORB) AND DENOMIRATOR (DENOM)

aaaaaqQ

DO 20 I=1,RNUC
DO 20 J=1,SIZE(I)
ADSQRB=SWKDR(J, I )*CONSDR*. 001
DENQM=1, 0+ADSORB
ADSORBS=SWKDR(J, I)*SEDCS*. 001
DENQMS=1 . 0+ADSORBS
c
C COMPUTE ALPHA 1 & 2 FOR RIVER (WATER & SEDIMENT).
c

AIR(J,I)=1.0/DENOM

AZ2R(J, I)=ADSORB/DENOM

A1S(J,I)=1.0/DENOMS

A2S(J, I)=ADSORBS/DENOMS

IF((AIR(J,I)+A2R(J,I)-1.0).LT.EPS.AND.

$  (A1S(J,I)+A2S(J,I)-1.0).LT.EPS)GO TO 20
c
C WRITE ERROR MESSAGE
c

WRITE (IWP, 10)
10 FORMAT(1X,'ERROR IN ALPEA ROUTINE, ALPHAS FOR RIVER DO NOT ADD UP

810 1.0}

STOP
20 CONTINUE
c

RETURN

END

SUBROUTINE CFROD(A,B,C,M,KR)
REAL*8 A(M,M),B,C(M,M)
DO 10 I=1,N
DO 10 J=1,K
10 A(I,J)=B*C(1,J)
RETURN
END

SUBROUTINE CVPRD(A,B,C,M,N)
REA: ~8 A(M),C(M),B
DO 10 I=1,N
10 A(T)=B*C(I)
RETURN
END
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subroutine DECSRC(i,k,A0,P,TIME,LAMR,ISTEP, NSTEPS,A)

CAARR AR AR AT AR RN R AR AN AT AR AR AN AA T AN RAT AR RRAT RN TR T RT AR RN A RN AR NI hAh

DECSRC
Computes decay of source term; uses GG Killough’s algorithm
for Lee’'s method for solving the decay matrices

AL Sjoreen

c

c

c

Cc

c

o]

C

c Oak Ridge National Laboratory
c P.0. Box 2008

c Oak Ridge, TN 37831

c

(o] Created: October, 1888
c
[
c
(o
c
c
c
c
c

Updated: 3/15/90
MODIFIED: 4/14/92 BY D.M. HETRICK FOR USE IN RIVER-RAD

Makes calls to: MATACT and its functions

NOTE!! this subroutine assumes that all source nuclide names will be
found in the data base.

D T e L
PARAMETER (NNUCL=10,NDAU=10, NDAU2=20, NUCALL=200, NREACH=20)
COMMON / ALPEAS /A1R(NDAU, RNUCL ) , A2R(NDAU, NNUCL ) , A1S(NDAU , NRUCL) ,

8 A2S (NDAU, RRUCL)
COMMON /WRATES /WKVR(KDAU , NNUCL )
COMMON/NUM/RNUC, NNEW, SIZE(NNUCL ) , NEXTRA (NNUCL ) , PARNUM(2 , NNUCL )
COMMON/DEC/DECAY (NDAU, NDAU , NNUCL ) , DECAYSRC (NUCALL )
COMMON /CHAR /NUC (NUCALL ) , DAUGBTER (WDAU, NRUCL ) , EXNAME (2, NNUCL)
COMMON/OUT /WVOLAR (RUCALL ) , ACTR1 (NUCALL , NREACH) ,

$ ACTR2(NUCALL , NREACH) , TOTACR (NUCALL , NREACH)
COMMON/MEDIA/AWQINR , WAQOUR (NUCALL , NREACH) ,
$ SWQINR, SWQOUR, SURROF , GRWROF

CHARACTER*8 NUC,DAUGHTER, EXNAME
REAL*8 LAMR(NDAU2),TIME
c REAL intdecsr(NUCALL)
REAL*8 C(NDAU2,NDAU2),A0(RDAU2),P(NDAU2),A(NDAU2),AI(RDAU2)
integer size,actout (NUCALL), parnum
time is in aseconds

i is the index of the source nuclide
nnew is the total number of scurce nuclides plus daughters

00000

actout(l) = i

00

check if any members of this chain are already present in another chain
do 40 mm=2,size(l)
do 35 n=1,nnew
if(nuc(n).eq.daughter(mm,i)) then
actout(mm) = n
80 to 40
endif
35 continue
nnew = nnewtl
nuc(nnew) = daughter(mm,i)
actout(mm) = nnew
40 continue
if(nextra(i).le.0)go to 52
c
¢ nextra(i) is the number of short-lived daughters for chain i
c
do 50 mm=1,nextra(i)
do 45 n=1,nnew
if(nuc(n).eq.oxname(mm,i)) then
actout (mmt+size(i)) = n
go to 50
endif
45 continue
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50
52
¢

nnhew = nnewtl

nuc(nnew) = exname(mm,i)
actout (mmtsize(i)) = nnew
continue

continue

¢ set data for solution subroutine call

c

55

60

do 60 mm=1,size(i)
mmpsiz=mmtsize(i)
a(om) = 0.d0
ai(mm) = 0.d0
a(mmpsiz)=0.0d0
ai(mmpsiz)=0.0d0
do 55 n=1,size(i)
c(ntsize(i),mopsiz)=decay(mm,n,i)
c(n,mm) = decay(mm,n,i)
c(mmpsiz,ompsiz)=c(mmpsiz,mmpsiz)-lemr (mmpsiz)
c(om,mm) = c(mm,mm) - lamr(mm)
ngiz2=size(i)*2
call matact(C,A0,P,ndau2,nsiz2,time,A,Al)

¢ integrated result is in Ci(or Bq)-yr

c

65

do 65 n=1,size(i)
intdecsr(actout(n)) = intdecar(actout(n)) + ai(n)/secyr
decaysrc(actout(n)) = decaysrc(actout(n)) + a(n)
decaysrc(actout(n)+nnew) = decaysrc(actout(n)+nnew) +
a(ntsize(l))
wagour (actout(n),k)=waqour(actou: n),k)+
a(n)*wkvr(n,: *alr(n,i)
if(istep.lt.nsteps)go to 65
actrl(actout(n),k)=actrl(actout.:.),k)+a(n)*alr(n,i)
actr2(actout(n),k)=actr2(actout(n), k)+a(n)*s2r(n,i)
actrl(actout(n)+nnew,k)=actrl(actout(n)+nnew,k)+
a(n+size(i))*als(n,i)
actr2(actout(n)+nnew,k)=actr2(actout(n)+nnew,k)+
a(ntsize(i))*a2s(n,i)
totacr(actout(n),k)=decaysrc(actout(n))
totacr(actout(n)+nnew,k)=decaysrc(actout (n)+nnew)
continue

¢ store results for short-lived daughters

70

if(nextra(i).le.0)return
do 70 n=1,nextra(i)
nn = ntsize(i)
intdecsr(actout(nn)) = intdecsr(actout(mm)) +
- ai(parnum(n))/secyr
decaysrc(actout(mn)) = decaysrc(actout(mn)) + a(parnum(n,i))
decaysrc(actout (nn)+nnew)=decaysrc(actout (nn)+nnew)+
a(parnum(n,i)+size(i))
waqour (actout (nn) , k)=waqour(actout (nn),k)+a(parnum(n,i))*
wkvr(parnum(n,i),i)*alr(parnum(n,i),i)
if(istep.lt.nsteps)go to 70
actrl(actout(nn),k)=actrl(actout(nn),k)+a(parnun(n,i))*
alr(parnum(n,i),i)
actr2(actout(mm),k)=actr2(actout(nn),k)+a(parnum(n,i))*
a2r(parnum(n,i),i)
totacr(actout(nn),k)=decaysrc(actout(mm))
actrl(actout(nn)+nnew,k)=actrl(actout (nn)+nnew,k)+
a(parnum(n,i)+size(i))*als(parnum(n,i),i)
actr2(actout(nn)+nnew, k)=actr2(actout (nn)+nnew,k)+
a(parnum(n,i)+size(i))*a2s(parnum(n,i),i)
totacr(actout (nn)+mnew, k )=decayarc(actout (nn)+nnew)
continue
return
ond
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SUBROUTINE EXEC

c
c
PARAMETER (NUCALL=200,NYRS=10, NREACH=20)
COMMON /EX/ JYRS
COMMON /MEDIA/AWQINR , WAQOUR (NUCALL , NREACH) ,
$ SWQINR, SWQOUR , SURROF , GRWROF
COMMON / SDPARR /SEDCR (12, NYRS ), DIASDR, DENSDR, DEMWR , SLOFER,
L] SEDCS, SDEFR, SETVEL ,RESVEL , SEDVEL , CONSDR
COMMOR /FLAGS / SEDRIV
REAL MO
DATA NMO/4BH ¥O/,YES, 4B YES/
c
C --- RUN FOR JIRS
c
c
C --- TIME STEP IS 1 DAY, ESTEPS IS NUMBER OF STEPS PER MONTH
c
DY=1.0%24.0*3600.0
RSTEP3=30
DO 20 I=1,JYRS
c
DO 20 IMO=1,12
c
C -~- FIND SEDIMENT CONCENTRATION
c
IF(SEDRIV.EQ.YES) COMSDR=SEDCR(IMO,I)
IF(SEDRIV.XQ.N0) CALL SEDCON(IMO,I)
CALL ALPHA
[
c
C --- DO MONTILY RADIONUCLIDE CYCLE SIMULATION
c
DO 10 ISTEP=1, RSTEPS
c
C
AVQINR=0 .0
SHQIER=SWQOUR
c
C CALCULATE SOIL TO WATER RATE
[+
SHQOUR= ( SURROF +GRWRCT )
c
c
C CALL WATER SUBROUTINE FOR CALCULATION OF WATER ACTIVITIES
C & IFTERACTION TERMS BETWEER WATER & AIR
c
CALL WATER(IMO,I,DT,ISTEP,NSYEPS)
10 CONTINUE
c
c
C OUTPUT RESULTS
c
CALL OUTPUT(IMO,I)
20 CONTINUE
c
€ --- REIURN TO MAIN PROGRAM
c
RETURN
o0
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SUBROUTINE FUNLAU(DIASED,DENSED,DENWAT,WDEPTH, SLOPE, TCRIT,

S FUNC, TOFFAC,RATIO)

PARAMETER (NYRS=10)

COMMON/SDPARR/SEDCR(12, NYRS) , DIASDR, DENSDR , DENWR, SLOPER,
] SEDCS, SDEFR, SETVEL , RESVEL, SEDVEL , CONSDR

DIMENSION SVFL(26),F(26),BFUNC(26),CFUNC(26),DFUNC(26),DIATHE(22),
S SHIELD(22),BTHETA(22),CTHETA(22),DTHETA(22)

DIATHE, SHIELD, BTHETA, CTHETA, & DTHETA ARE PARAMETERS
NEEDED IN SPLINE CALCULATION OF SHIELDS FACTOR (THETA) BELOW.

(e N s e Nel

DATA DIATHE/.O01,.015,.02,.03,.04,.06,.08,.1,.15,.2,.3,.4,.6,.8,
$1.0,1.5,2.0,3.0,4.0,6.0,8.0,10.0/

DATA SHIELD/1.0,.60,.43,.275,.20,.17,.12,.085,.06,.05,.038,.034,
$ .032,.033,.034,.04,.045,.053,.056,.058,.06,.08/

DATA BTHETA/-112,5423,-51,66603,-22.79358,~-10.40648,-4,580516,
8 -1.203952,-2.603676,~1.131346,-.19630815,~,1830883,
§ -.08868714,-.02216312, .0003529924,.005751148, .006642417,
§ .01262521,.008858734,.005609170,.001708586, .001042143,
8 .0001248412,-.00004150783/

DATA CTHETA/7350.127,4825.127,949.3631,289.3460,203.2402,
8 -124.421,54.43484,10,18166,~.4825736, .7488376, .3853741,
§ .00986621,.04271434,~.01572356, .02017901,-.008214317,
$ .0008773615,-.003924926,.00002234224,-.0003545637,
§-.0001040873, .00002081275/

DATA DTHETA/-168333.3,-258384.3,-22000.54,130.0753,-6961.17,

§ 2980.931,-587.553,-131.0040,8.208074,-1.177545,
8§ -1.085026,-.04525312,~.0073965, .05983912, -.01802848,
$ .005927786,-.001534096,.001315756,-.00008281766,
8 .00004174808, .00002083333, .00002083333/

SVFL, F, BFUNC, CFUNC, DFUNC ARE PARAMETERS NEEDED IN SFLINE CALCULATION
OF LAURSEN’S FUNCTION (FUNC) BELOW.

e ReNeKel

DATA SVFL/-4.80517,-3.81202,-3,21887,-2.81341,-2.52573,~2.30258,
S -1.60044,-.91620,-.51083,~,22314,0.,.60315,1.38629,1.79176,
$ 2.07944,2.30258,2.99573,3.688088,4.00434,4,.308203,4.60517,5.20832,
8§ 5.99146,6.38693,6.68461,6.90776/

DATA F/1.253,1.411,1.568,1.688,1.758,1.762,1.9860,2.197,2.398,

8 2.565,2.773,3.496,4.887,5.768,6.397,6.867,8.455,9.245,8.0804,
8§ 10.127,10.275,10.545,10.6682,10.799,10.878,10.033/

DATA BFUNC/.2288840,.2309644,.2149268, .3161113, .2240758, .1409309,
8 .2907453, .4480850,.4939646, .7882218, .9613132,1.468371,2.224274,
§ 2.227120,2.096494,2.233934,1.642620,1.487729,1.100183, ,6203903,
§ .6281968,.2352389, .2356600, .2792161, . 2636840, . 2254239/

DATA CFUNC/-.007068473,.01006856,-.03320577, .2827604,-.5985552,
8 .2229258,-.006787031, .2350501, -.1240681,1.150371,~-.3791451,
$ 1.112114,-.02300823, .03002671,-.4840906,1.100025,-1.953107,

8§ 1,720847,-2.441297,.4807183,~.466067,~.1008493,.1014568,
8§ .005984327,-.05895511,-.1114897/

DATA DFUNC/.008241137,~.02081047,.2587504,-1.022335,1.228582,

S -.1104606, .1162986,-.2052353,1.47