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Summary 

 

The computer code ECOREA-RICE is a dynamic compartment model that is 

specially designed for estimating the transfer of radionuclides deposited onto flooded 

rice-fields after an accidental release. The model consists of six independent 

compartments including rice-body, grain, surface water, root-zone soil, fixed soil and 

deep soil, and takes into account the transfer processes including radioactive decay, 

percolation, leaching, shoot-base absorption, root-uptake, weathering, translocation, 

fixation in soil by adsorption and desorption, and soil-mixing by plowing. The surface 

water compartment and the shoot-base absorption from the surface water to the rice-

plant are introduced to account for the flooded condition of rice-fields. The rate of the 

change of radioactivity in compartments is expressed by a set of the first order ordinary 

differential equations, which are solved by the fourth order Runge-Kutta algorithm. 

Input to the program includes the deposition date, transplanting date, ear 

emergence date, harvest date, soil data, the biomass data of rice-plant, and rate constants 

associated with transfer processes. Output includes the list of input data, the activity of 

radionuclides in compartment, the rate constant, and the transfer factor of rice-body and 

grain with time. 
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1. Introduction 

Radionuclides released accidentally from nuclear facilities contaminate the 

agricultural system and can accumulate in the human body through various terrestrial 

pathways. A dynamic food-chain model is essential to estimate the time-dependent 

radiological consequences to humans. A number of dynamic models have been 

developed for the assessment of the radionuclide transport in the food-chain and human 

ingestion dose resulting from acute fallout events that may occur unexpectedly during 

different times of the year (Whicker and Kirchner, 1987; Müller and Pröhl, 1993; 

Abbott and Rood, 1994; Hwang et al., 1998). Most dynamic food-chain models refer to 

the agricultural system of dry farming fields, and usually divide a soil system into three 

compartments, i.e., surface soil, root-zone soil, and deep soil, to account for the transfer 

of radionuclide within the soil. However, a rice-plant that is the most popular food crop 

in East Asia, especially in Korea and Japan, has different cultivation practices from the 

dry farming fields. There is normally the flooding of irrigation water onto the soil 

during the growth stage of the rice. Accordingly, the existing models that have been 

developed for dry farming fields are not generally appropriate for the prediction of the 

transport of radionuclides deposited onto the flooded rice-field.  

In some transport experiments of radionuclide with rice-plants, it is shown that 

the flooded rice absorbs more cesium from the contaminated water than from the soil 

(Myttenaere et al.,1969; D'Souza and Mistry, 1980). The enhancement of the absorption 

occurs as a result of the shoot-base absorption, a generic term including the absorption 

from the stem bases and surface roots before being fixed by the soil. It is therefore 

necessary for a transport model to consider the shoot-base absorption in addition to the 

root-uptake.  

Recently, we developed a dynamic compartment model ECOREA-RICE to 

estimate the transfer of radionuclide released accidentally onto the flooded rice-fields 

(Keum et al., 2004a). This document is the users’ guide for the computer code 

ECOREA-EICE (Keum et al. 2004b). Chapter 2 describes the governing equations and 

transfer processes of model. Chapter 3 describes the program structure of ECOREA-

RICE. This facilitates the understanding of the code structure and the function of 

subroutines by the users. Since occasions may arise that the users need to modify the 
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code, Chapters 2 through 3 should help them to trace the code so they can make 

necessary adjustments for their purposes. Chapter 4 contains the input data guide. For 

each application, the user needs to prepare one external input data file and to specify its 

file name in MAIN module of the program. In appendix a source program is listed and 

an example of input data file is given. 
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2. Model  

2.1 General description 

The computer program ECOREA-RICE has been contrived to simulate the 

transport of radionuclides deposited onto flooded rice-fields after an acute fallout. 

Figure 1 shows the concept of the model that consists of six independent compartments, 

i.e., rice-body, grain, surface-water, root-zone-soil, fixed-soil and deep-soil, and takes 

into account the transfer processes including radioactive decay, percolation, leaching, 

shoot-base absorption, root-uptake, weathering, translocation, fixation in soil by 

adsorption and desorption, and soil-mixing by plowing. The structure of the model and 

transfer processes considered are similar to the existing dynamic compartment models 

(Whicker and Kirchner, 1987; Müller and Pröhl, 1993; Abbott and Rood, 1994; Hwang 

et al., 1998). However, in the present model there are two distinct characteristics, which 

are different from the existing models. One is the introduction of a surface compartment 

to conceptualize the flooding water by irrigation during the growth season that is normal 

in rice cultivation. The other is the introduction of the shoot-base absorption that 

represents the direct transfer of radionuclide from the flooding water to the rice-plant. 

With the assumption of the first-order linear transfer rate between the 

compartments, the rate of the change of the radioactivity of each compartment is 

expressed by  

   Rice-body compartment: 

    bodywtrdswbsbarootbup
body AAA

dt
dA

)(,, λλλλλ ++−+=                       (1) 

Grain compartment: 

  gaindbodytrswgsbarootgup
grain AAAA

dt
dA

λλλλ −++= ,,                         (2) 

   Surface-water compartment: 

    swpcgsbabsbadbodyw
sw AA

dt
dA

)( ,, λλλλλ +++−=                           (3) 
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Figure 1. Conceptual diagram of the model ECOREA-RICE 

 

surface  

 water 

 

root-zone

soil 

grain  

 

plant body 

deposition 

after transplanting 

root-uptake 

of body 

leaching 

to deep soil 

percolation 

translocation 

shoot base  

absorption 

of body 

deposition 

before transplanting 

 

fixed soil

deep soil

interception 
irrigation  

and  plowing 

adsorption 

desorption 
root-uptake 

of  grain 

shoot base  

absorption 

of grain 

weathering 



 5 

 

 

Root-zone-soil compartment: 

rootadslcgupbupdfixeddesswpc
root AAA

dt
dA

)( ,, λλλλλλλ ++++−+=             (4) 

   Fixed-soil compartment: 

    fxieddesdrootads
fixed AA

dt
dA

)( λλλ +−=                                   (5) 

   Deep-soil compartment: 

    deepdrootlc
deep AA

dt
dA

λλ −=                                           (6)    

where  

      bodyA  : radioactivity of rice-body compartment (Bq/m2) 

grainA  : radioactivity of grain compartment (Bq/m2) 

        swA  : radioactivity of surface water compartment (Bq/m2) 

        rootA  : radioactivity of root-zone soil compartment (Bq/m2) 

        fixedA  : radioactivity of fixed-soil compartment (Bq/m2) 

        deepA : radioactivity of deep-soil compartment (Bq/m2) 

        dλ : radioactive decay constant (d-1) 

bup,λ : root-uptake absorption rate of body (d-1) 

gup,λ : root-uptake absorption rate of grain (d-1)  

trλ : translocation rate constant (d-1)  

        lcλ : leaching rate constant (d-1)  

        pcλ : percolation rate constant (d-1)  

        bsba,λ shoot-base absorption rate of body (d-1)  

        gsba,λ : shoot-base absorption rate of grain (d-1)  

        wλ : weathering rate constant (d-1)  

        adsλ : adsorption rate constant (d-1)  

        desλ : desorption rate constant (d-1)  

 

Numerical integration of above equations is implemented by a fourth order Runge-Kutta 

method (Press et al., 1992).  
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2.2 Transfer Processes 

2.2.1 Percolation  

This transfer process describes the movement of radionuclide from the surface 

water into the root-zone soil by the difference in concentration. The value 5x10-2 (d-1) is 
used as default value for the reference percolation rate constant ( pcλ ). There is no 

occurrence of resuspension in the flooded rice-fields, so the value is 2 or 3 times higher 

than what was derived with the consideration of the resuspension from the dried surface 

soil (Langham, 1972; Anspaugh et al., 1975). 

2.2.2 Plant growth  

      Body and grain are different from each other in the rate of growth and the 

amount of biomass. The seasonal change of biomass of each part is estimated during the 

growing time from  

     
bi

tk
bibm

bibm
body BeBB

BB
tB

ggb +−
= −)(

)(                                      (7) 

     
gi

tk
gigm

gigm
grain BeBB

BB
tB

ggg +−
= −)(

)(                                      (8) 

where 

     gmbm BB ,  : maximum biomass of the body and grain, respectively (dry-kg/m2)  

     gibi BB ,  : initial biomass of the body and grain, respectively (dry-kg/m2) 

     gggb kk ,  : growth rate constant of the body and grain, respectively (d-1)  

     gt  : growth time (d) 

 
The default input value for the biomass growth is gmB  is 1.55 (dry-kg/m2), gmB  is 

0.82 (dry-kg/m2), biB  is 0.1 (dry-kg/m2), giB  is 0.01 (dry-kg/m2), gbk  is 0.1 (d-1), 

and ggk  is 0.17 (d-1), which was obtained from the experimental result (Choi et al., 

2002). Rice-body includes the period between transplanting and harvest, and the grain 

between ear-emergence and harvest. The ear starts to emerge normally after the body is 

fully developed. Total growing time of rice is approximately 5 months.  
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2.2.3 Root-uptake 

Root-uptake rate ( upγ ) is estimated from (Whicker and Kirchner, 1987) 

        
dt

dB
d

CR i

soilsoil

i
iup ρ

λ =, ,   grainbodyi ,=                            (9) 

where 

dtdBi / : time derivative of the biomass of each part of the rice (Bq/m2d) 

     CR  : soil-to-plant concentration ratio (Bq dry-plant kg-1 per Bq dry-soil kg-1) 
       soild  : depth of the root-zone soil (m) 

   soilρ : apparent soil density (kg/m3) 

 

The time derivative of biomass growth is calculated by Eqs. (7) and (8). The default 
value of grainCR  (0.02) and bodyCR  (0.05) was taken from a reference (Lee et al., 

1991). The apparent soil density is assumed to be 1040 kg/m3 (Hwang et al., 1998). 

Since the root of a Korean rice-plant is known to be mostly within a depth less than 

0.22m (Lee, 1996), the depth of the root zone soil is assumed to be 0.22m. 

2.2.4 Shoot-base absorption 

Shoot-base absorption represents the direct absorption of the radionuclide from 

the flooded surface. With the assumption that the rate of the shoot-base absorption is 

proportional to the biomass of each part, which is estimated from  

      max,,
)(

sba
im

i
isba B

tB
λλ = ,  grainbodyi ,=                             (10)  

where max.sbaλ (d-1) is the maximum shoot-base absorption rate constant obtained at the 

fully developed time. The default value of max.sbaλ (2x10-4 d-1) was obtained by fitting 

the model to experimental data (Keum et al., 2004a). The same value of max.sbaλ is 

applied to both the body and grain.  
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2.2.5 Soil-mixing by plowing 

Soil mixing occurs artificially by plowing before transplanting the rice. It leads 

to the desorption of the radionuclide into the irrigation water if the soil is already 

contaminated. This process occurs only in the case of the deposition before 

transplanting. With the assumption of a local equilibrium between the soil and water, the 

concentration of the surface water immediately after plowing and irrigation can be 

estimated from 

)/(1 soilswdsoilsoil

root
sw ddKd

A
A

φρ ++
=                                   (11) 

where    

swd  : depth of surface water (m) 

φ  : average porosity of soil (-) 

       dK : soil-pore water distribution equilibrium coefficient (m3/kg) 

 
In the model the default value for the depth of the surface water ( swd ) was 0.03 m, 

which is the average irrigation water level during the growing season of a rice-plant in 
Korea. The porosity (φ ) of a Korean rice-field soil is known to be about 0.4 (Lee, 1996). 

The equilibrium distribution coefficient ( dK ) is given by Müller and Pröhl (1993): 1.0 

(m3/kg) for cesium and 0.1 (m3/kg) for strontium and iodine. 

2.2.6 Leaching 

Leaching process represents the transport of radionuclide from the root-zone soil 
to the deep soil where root-uptake is unavailable. The leach rate constant ( lcλ ) is 

generally calculated by 

      
)1(

inf

φ
ρ

φ
λ

dsoil
soil

lc K
d

W

+
=                                        (12) 

where infW (m/d) is the infiltration velocity of the surface water in root-zone soil (m/d). 

The value 5.5x10-3 (m/d) is selected for the water infiltration velocity (Lee, 1996) 
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2.2.7 Fixation 

Radionuclides may become fixed to clay particles in the soil by adsorption, 

thereby making them less available for root-uptake. For most elements, the fixation 

process is known to be fairly rapid, but Cs-137 is slowly adsorbed over long periods of 

time. We used the values of 1.9x10-3 (d-1) and 2.1x10-4 (d-1) for the adsorption and 

desorption rate constant, respectively, which were taken from Whicker and Kirchner 

(1987)'s work. These values account for approximately 90% of the fixation of Cs-137 in 

the root-zone soil after a 5-y period. 

2.2.8 Interception  

After being released into the atmosphere, radionuclides are partly deposited onto 

plant surfaces. The ratio of the amount deposited onto plants to the total deposited 

amount is defined as the interception fraction. In many studies, the interception fraction 
( intf ) is expressed by the empirical relationship developed by Chamerlain(1970): 

       )(
int 1 tBtef α−−=                                              (13) 

where α (m2/dry-kg) is an interception constant and )(tBt (dry-kg/m2) is the total 

biomass at the time of deposition. 

2.2.9 Translocation 

Translocation denotes the transfer of radionuclides into the inner tissue or edible 

part from the plant surface. This process becomes dominant in the early stage after 

being deposited directly onto the plant surface. The generally used translocation rate 
constant ( trλ ) is 5.5x10-3 (d-1) for cesium, 8.5x10-3 (d-1) for iodine, and 1.0x10-3 (d-1) for 

strontium (Whicker and Kirchner, 1987)  

2.2.10 Weathering 

Weathering removes radionuclides from the plant surface to the flooding water 
or soil surface. The generally used weathering rate constant ( wλ ) is 4.95x10-2 (d-1) for 

all radionuclides but iodine is 8.67x10-2 (d-1) (Miller and Hoffman, 1983). If 

radionuclides are not directly deposited onto the plant surface, there is no process of 

weathering as well as translocation. 
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3. Program Structure of ECOREA-RICE 

      ECOREA-RICE, which is written in FORTRAN 77, consists of one MAIN 

routine and 7 subroutines as shown in Figure 2. The MAIN module is used to specify 

the name of input and output files, the print option, and the time interval for integration, 

and to write calculation results. The MAIN program calls the subroutines 

DATA_INPUT, YINICON, RK4, FCMODEL, and CALDAT. Subroutines are described 

below 

3.1 Subroutine DATA_INPUT 

      This subroutine reads input data sets 1 through 7 as described in section 4. It 

also prints all the input information. 

3.2 Subroutine YINICON  

      This subroutine identifies the initial value of variables, calls subroutine 

BIO_MASS to determine the amount of biomass at the time of deposition, and calls 

subroutine JULDAT to change deposition date into Julian day number. If radionuclides 

are simultaneously deposited onto the rice-body and the surface water, the fraction of 

radionuclides deposited onto the surface of rice-body is calculated by Eq.(13). If 

radionuclides are deposited onto only the surface water, the initial activities except the 

surface water compartment are all set to zero. If radionuclides are applied into the root-

zone soil before transplanting, the initial activities except root-zone soil compartment 

are all set to zero. 

3.3 Subroutine BIO_MASS 

    This subroutine calculates the biomass of rice-plant with biomass input constant 

supplied from subroutine DATA_INPUT.  

3.4 Subroutine RK4 

    This subroutine is the solver of the model equation using the fourth order Runge-

Kutta method. 
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Figure 2. Program structure of the computer code ECOREA-RICE 
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3.5 Subroutine FCMODEL 

    This subroutine defines the model equations (1) to (6), and calls subroutine 

BIO_MASS to calculate the amount of biomass at time t. In this subroutine some rate 

constants are also calculated with the basic input data.  

3.6 Subroutine CALDAT (julian, mm, id, iyyy) 

    The subroutine CALDAT changes Julian day into calendar date. Here julian is 

input as Julian day number, and the routine outputs mm, id, iyyy as the month, day and 

year. 

3.7 Function JULDAT(mm, id, iyyy) 

    The function JULDAT changes calendar date into Julian day. In this routine julday 

returns the Julian day number corresponding to the date specified by month mm, day id 

and year iyyy, all integer variables 



 13 

 

 

4. Data Input Guide 

Input data file consists of the title of problem and 7 data set. All data sets must 

be preceded by a data set name 

4.1 Title –problem identification and description 

FORMAT (8A10) 

4.2 Data set 1: define radionuclide  

    1 UNFORMATED CHARACTER, 1 UNFORMATED REAL 

1. RADNAM = name of radionuclide  

2. RD = decay constant of radionuclide (d-1) 

4.2 Data set 2: dates 

    12 UNFORMATED INTEGER 

1.NYEAR= total calculation years 

2. DM, DD, DY= deposition date (month, day, year) 

3. BM, BD= transplanting date (month, day) 

4. GM GD= ear emergence date (month, day) 

5. DSM, DSD =no-surface water date (month and day) 

6. HM, HD = harvest date (month and day) 

4.3 Data set 3: biomass data 

     6 UNFORMATED REAL 

1.GRB= growing constant of rice-body (default: 0.1 d-1) 

2.GRG= growing constant of grain (default: 0.17 d-1) 

3.BODYMAX= maximum biomass of rice-body (default: 1.55 kg/m2) 

4.GRAINMAX= maximum biomass of grain (default: 0.82 kg/m2) 

5.BBI= initial amount of biomass of rice-body (default: 0.1 kg/m2) 

6.BGI= initial amount of biomass of grain (default: 0.01 kg/m2) 
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4.4 Data set 4: interception, percolation, translocation, weathering 

4 UNFORMATED REAL 

1.ALPHA= interception factor (default: 0.0 m2/kg)  

(If there is no deposition onto the surface of rice-body, ALPHA=0) 

2.RPC= percolation rate constant (default: 5x10-2 d-1) 

3.RTR= translocation rate constant (default: 0.0 d-1) 

(If there is no deposition onto the surface of rice-body, RTR=0) 

4.RW= weathering rate constant (default: 0.0 d-1) 

(If there is no deposition onto the surface of rice-body, RW=0) 

4.5 Data set 5: shoot-base absorption and root-uptake 

4 UNFORMATED REAL 

   1.RBAB= maximum shoot-base absorption rate constant (default: 2x10-4 d-1) 

2.RBAG= maximum shoot-base absorption rate constant (default: 2x10-4 d-1) 

3.CRB= concentration ratio between soil and rice-body (default: 0.05) 

4.CRG= concentration ratio between soil and grain (default: 0.02) 

4.6 Data set 6: leaching  

     6 UNFORMATED REAL 

1.WINF= water infiltration rate (default: 5.5x10-3 m/d) 

2.THETA= porosity of soil (default: 0.4) 

3.SDEPTH= depth of root-zone soil (default: 0.22 m) 

4.WDEPTH= depth of surface water (default: 0.03 m) 

5.RWOP= soil bulk density (default: 1040 kg/m3) 

6.KD= equilibrium distribution coefficient between soil and pore water  

(1.0 m3/kg for Cs, 0.1 m3/kg for Sr and I) 

4.7 Data set 7: soil fixation 

     2 UNFORMATED REAL 

    1. ADS= adsorption rate constant (default: 1.9x10-3 d-1) 

2. DES= desorption rate constant (default: 2.1x10-4 d-1) 
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5. Application 

     Three independent deposition experiments were designed to study the transfer of 

radionuclides released accidentally onto rice-fields, and performed in a greenhouse at 

KAERI (Korea Atomic Energy Research Institute). The model ECOREA-RICE was 

applied to the analysis of the simulated deposition experiments.  

5.1 Overview of deposition experiment 

Soils were taken from the five different rice-fields within 5km of the Kori, 

Younggwang, and Uljin nuclear power plant in Korea, respectively. For each 

experiment, rice was cultivated in five different culture pots with the standard farming 

procedure. In Table 1 the deposition date of Cs-137 and growing date of rice-plant for 

the simulated experiments are summarized. 

 In the experiment with Kori soil, a solution of 137Cs was independently applied on 

three different times: May 2, June 1 and August 12, 1998. The first application was to 

simulate the deposition before transplanting and the other two were to simulate the 

deposition during the growth. For the deposition before transplanting, a mixed solution 

of 137Cs was directly applied to the dried soil surface. Subsequently, the contaminated 

soil was uniformly mixed up to the depth of about 0.15m using a trowel, and plowed 

once more with an irrigation at 10 days before transplanting (May 11). For the 

deposition during the growth, a mixed solution of 137Cs was evenly applied on the 

surface of the irrigation water without the contamination of the plant surface using a 

micropipette.  

In experiments with Uljin and Younggwang soils, a solution of 137Cs was treated a 

time into a dry soil on May 4, 1999 and May 10, 2001, respectively. These experiments 

were to investigate the transfer of the deposited radionuclide to plant when rice is 

cultivated consecutively for years in the contaminated soil.  

The level of the surface flooding water was about 2-5 cm (average 3 cm) 

throughout the period of irrigation, irrespective of soil. Irrigation water was supplied 

from the time of plowing until mid-September, so no surface water was observed 

around the end of September for all the experiments. 
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Table 1. Deposition date of Cs-137 and growing date of rice-plant  

 

* KR: Kori, YK:Younggwang, UJ:Uljin 

 

 

Soil* 
Transplanting

date 

Ear- 

emergence 

date 

Harvest 

Date 

Deposition 

date 

Treatment 

method 

Farming 

period 

(year) 

KR 

May 20, 1998 Aug. 16 Oct. 12 May 2, 1998

June 1, 1998

Aug. 12, 1998

Soil 

Surface water 

Surface water 

1 

YK 

May 22,1999

May 25, 2000

May 22, 2001

May 22, 2002

May 22, 2003

Aug. 13 Oct. 12 

Oct. 11 

Oct. 15 

Oct. 15 

Oct. 15 

May 4, 1999 Soil 

5 

UJ 

May 22, 2001

May 22, 2002

May 22, 2003

Aug. 13 Oct. 15 

Oct. 15 

Oct. 15 

May 10, 2001 Soil 

3 
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All the rice harvested was dried after separating the straw and ears. The activity 

of each part was measured by a γ-spectrometer equipped with HPGe. The counting time 

ranged from 0.5 to 2 hours depending on the samples and the detection error was within 

10%. Further detail of the experiment is elsewhere (Choi et al., 2002). 

5.2 Calculation condition 

      The initial conditions corresponding to the present experiment are given by  

o
dproot AA = , 0===== deepfixedswgrainbody AAAAA             (14) 

for the deposition before transplanting, and  

o
dpsw AA = , 0===== deepfixedrootgrainbody AAAAA             (15) 

for the deposition during the growth. o
dpA (Bq/m2) is the activity of the radionuclide 

applied per the unit cultivation area.   

Table 2 shows the transfer processes occurring at each growth stage. 

Interception, translocation and weathering transfers are not involved because there was 

no direct deposition onto the plant surface. The shoot-base absorption and root-uptake 

of the rice-body began immediately after transplanting, and the percolation and leaching 

occurred during the period of irrigation. After ear-emergence, the shoot-base and root-

uptake absorption of the grain starts and continues until harvest. 
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Table 2. Transfer processes occurring at each stage of growth 

 

(Deposition before transplanting) 

Transfer process DP1~IR  IP~TP   TP~EE   EE-NSW  NSW~HV 

Radioactive decay 

Percolation 

Fixation  

Leaching 

Shoot-base absorption of body 

Shoot-base absorption of grain 

Root-uptake of body 

Root-uptake of grain 

yes      yes      yes       yes        yes 

no       yes      yes       yes        no 

no       yes      yes       yes        yes 

no       yes      yes       yes        no 

no       no       yes       yes        no 

no       no       no        yes        no 

no       no       yes       yes        yes 

no       no       no        yes        yes 

 

(Deposition during the growth ) 

Transfer process DP2 or DP3~EE     EE-NSW     NSW~HV 

Radioactive decay 

Percolation 

Fixation 

Leaching 

Shoot-base absorption of body 

Shoot-base absorption of grain 

Root-uptake of body 

Root-uptake of grain 

        yes              yes           yes 

yes              yes           no 

yes              yes           yes 

        yes              yes           no 

        yes              yes           no 

        no               yes           no 

        yes              yes           yes 

        no               yes           yes 

DP1: deposition (May 2), DP2: deposition (June 1), DP3: deposition (August 12), IP: irrigation 

and plowing (May 11), TP: transplanting (May 21), EE: ear emergence (August 16), NSW: no-

surface-water (September 30), HV: harvest (October 12)  
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5.3 Results 

5.3.1 Simulation result   

    Figures 3 to 6 show the time-dependent activity of the surface water, root-zone soil, 

rice-body, and grain compartments for the experiment with Kori soil, respectively. In 

the figure the abbreviations, DP, IP, TP, EE, NSW, and HV stand for deposition, 

irrigation and plowing (May 11), transplanting (May 21), ear-emergence (August 16), 

no-surface-water (September 30), and harvest (October 12), respectively. In the case of 

deposition before transplanting (DP1, May 2), the activity of the surface water increases 

sharply at 10 days before transplanting (IP, May 21) as a result of irrigation and plowing. 

The plowing leads to soil mixing and the irrigation causes the desorption of the 

radionuclide from the soil into the surface water. Percolation, shoot-base absorption or 

both gradually decrease the activity of the surface water after irrigation. However, the 

effect of shoot-base absorption and percolation is likely to be negligible because of the 

very low surface water activity. In the cases of deposition during the growth (DP2, June 

1 and DP3, August 12), the surface water activity decreases gradually from the 

beginning of deposition due to the percolation and shoot-base absorption. For the 

deposition of June 1, the water activity reduces to a level less than 1% of the initial 

activity, while it diminishes to a level of about 10% of the initial activity for the 

deposition of August 12. The surface water begins to dry up due to evaporation from the 

termination of irrigation so that its activity drops drastically at the time of no surface 

water (NSW, September 30). Actually a week or more may be required for the drying of 

the surface water, but the model assumes that the surface water is instantly dried on the 

date of NSW.  

    The activity of the root-zone soil for the deposition of May 2 (DP1) decreases from 

the beginning of irrigation and plowing due to the leaching and fixation processes, and 

reduces to about 73% of the initial activity at the time of harvest. For the depositions of 

June 1 (DP2) and August 12 (DP3), the activity of the root-zone soil increases sharply at 

the early stage after deposition due to percolation, and afterwards decreases gradually 

due to the leaching, root-uptake and fixation processes. It is interesting that in the case 

of the deposition of August 12, the activity of the root-zone soil has jumped to about 8% 
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Figure 3. Calculated activity of flooded surface water compartment 

(DP1: deposition (May 2), DP2: deposition (June 1), DP3: deposition (August

12), IP: irrigation and plowing (May 11), TP: transplanting (May 21), EE: ear

emergence (August 16), NSW: no-surface-water (September 30), HV: harvest

(October 12)) 
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Figure 4. Calculated activity of root-zone soil compartment 

(DP1: deposition (May 2), DP2: deposition (June 1), DP3: deposition (August

12), IP: irrigation and plowing (May 11), TP: transplanting (May 21), EE: ear

emergence (August 16), NSW: no-surface-water (September 30), HV: harvest

(October 12)) 
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Figure 5. Calculated activity of rice-body compartment 

(DP1: deposition (May 2), DP2: deposition (June 1), DP3: deposition (August

12), IP: irrigation and plowing (May 11), TP: transplanting (May 21), EE: ear

emergence (August 16), NSW: no-surface-water (September 30), HV: harvest

(October 12)) 
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Figure 6. Calculated activity of grain compartment 

(DP1: deposition (May 2), DP2: deposition (June 1), DP3: deposition (August

12), IP: irrigation and plowing (May 11), TP: transplanting (May 21), EE: ear

emergence (August 16), NSW: no-surface-water (September 30), HV: harvest

(October 12)) 
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of the initially deposited amount at the time of NSW. This result arises from the 

assumption that the radionuclide in the surface water is instantaneously transferred into 

the root-zone soil at the time of NSW. The jump effect of the activity becomes stronger 

when the deposition is closer to harvest. However, it does not influence practically on 

the flux of the root-uptake from the root-zone soil.  

The activity of the rice-body and grain increases in the order of the deposition of 

May 2 (DP1), June 1 (DP2), and August 12 (DP3). This originates from the difference 

of the dominant transfer process. Figure 7 shows the flux of the shoot-base absorption 

and the root uptake of the body and grain as a function of time. The root-uptake (RU) 

and the shoot-base absorption (SA) are represented by lines and symbols, respectively. 

It is noted that the shoot-base absorption does not exist after the time of no-surface-

water (NSW). In the case of the deposition of May 2 (DP1) the flux of the root-uptake 

of the body is much higher than that of the shoot-base absorption, indicating that the 

root-uptake absorption dominated the transfer of the radionuclide to the body. On the 

contrary, in the case of the deposition of August 12 (DP2) and June 1 (DP3), the flux of 

the shoot-base absorption of the body is much higher than that of the root-uptake. The 

flux of the shoot-base absorption of the body is the highest at the early stages of the 

deposition of August 12, when the rice-body is fully developed. Conclusively, when the 

deposition occurs during the growing season, the shoot-base absorption is predominant 

and leads to a higher activity of the rice-body. 

The flux of the root-uptake of the grain shows a similar pattern and amount in spite 

of the deposition time (Figure 7B). It suggests that the time-derivative of the biomass of 

the grain follows the same trajectory until harvest for the case of the deposition before 

ear-emergence, and also the activity of the root- zone soil has a similar amount during 

the growth of the grain. However, the flux of the shoot-base absorption of the grain is 

strongly dependent on the time of the deposition due to a great variation of the surface 

water activity. In the deposition of August 12 (DP3) the transport of radionuclide from 

the surface water to the root-zone soil that is caused by percolation would be expected 

to be small due to the short time between the date of deposition and ear-emergence so 

that the surface water activity decreases only a little, and eventually leads to a high 

shoot-base absorption flux. As a result, the highest activity of the grain is obtained at the 

case of the deposition of August 12 (DP3) as shown in Figure 6. The comparison 
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Figure 7.  Flux of root uptake and shoot-base absorption of rice body

and grain with time 

(deposition (June 1), DP3: deposition (August 12), TP: transplanting (May

21), EE: ear emergence (August 16), NSW: no-surface-water (September 30),

HV: harvest (October 12)) 
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between the flux of the shoot-base absorption and the root uptake of the grain shows 

that the former value is about 10 times higher than the later one for the deposition of 

August 12, while it is preferably about 10 and 104 times lower for the deposition of June 

1 and May 2, respectively. It indicates that the activity of the grain would be controlled 

by the shoot-base absorption for the deposition of August 12, and the root-uptake for the 

deposition of May 2 and June 1.  

5.3.2 Sensitivity of the input rate constant on the transfer factor 

When radionuclide is accidentally released from nuclear facilities, the transfer of 

radionuclide to an agricultural product is affected by the deposition time as well as the 

growth stage of the plant. In this case, the following transfer factor (TF ) may be 

effective to account for the transfer of radionuclide to the plant (Choi et al., 1998).  

 

)(Bq/m areaunit per  depositedactivity  total
kg)-(Bq/dryharvest at plant  ofpart each  ofion Concentratkg)-/dryTF(m 2

2 =    (16) 

 

The concentration at harvest is calculated by dividing the activity of each part of the 

plant to the amount of biomass. The sensitivity of the transfer factor to the input rate 
constants ( bup,λ , gup,λ , adsλ , desλ , max,sbaλ , and pcλ ) was investigated by varying one 

of the constants by as much as 0.1 or 10 factors of the reference value while keeping the 

other rate constants fixed for each run. 

Figure 8 shows the sensitivity of the transfer factor for the rice-body to the input 

rate constants for the experiment with Kori soil. In the case of the deposition of May 2 

(DP1) the transfer factor for the rice-body is the most sensitive to the rate of the root-
uptake of the body ( bup,λ ), which varies within about two orders of magnitude. The 

effect of the parameters gup,λ , max,sbaλ , and pcλ  is negligible, while the fixation 

related parameters adsλ  and desλ  show a little effect. As shown in Figure 3, the 

activity of the surface water is very low for the deposition of May 2, and therefore the 

flux of the shoot-base absorption and percolation is not high enough to affect the 

activity of the rice-body. On the contrary, in the cases of the deposition of June 1 (DP2) 

and August 12 (DP3), the transfer factor for the rice-body is very sensitive to both the 
shoot-base absorption ( max,sbaλ ) and the percolation ( pcλ ), of which the effects are 
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Figure 8. Sensitivity of rice-body transfer factor to input rate constants 
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opposite to each other. Although percolation leads to the enhancement of the root-

uptake, it is not greater than the decreasing effect of the shoot-base absorption as a 

result of percolation, and thus percolation influences inversely the transfer factor for the 

rice-body. The effect of shoot-base absorption is relatively strong for the deposition of 

August 12 (DP3), compared to June 1 (DP2). Since the rate of shoot-base absorption is 

proportional to the plant-growth, its effect appears higher when the rice-body is fully 

developed. In conclusion, the rate of root-uptake is a key factor determining the transfer 

factor for the rice-body when the deposition occurs before transplanting (TP), and the 

rates of the shoot-base absorption and percolation when the deposition occurs during the 

growing season. 

The sensitivity of the transfer factor for the grain to the input rate constants for 

the experiment with Kori soil is shown in Figure 9. The transfer factor for the grain for 
the deposition of May 2 (DP1) is the most sensitive to the parameter gup,λ , indicating 

the favorable root-uptake of the grain over the other transfer processes. For the same 

deposition date, the fixation process gives a little variation of the transfer factor for the 

grain within the range of the parameter studied, and the shoot-base absorption and 

percolation show no effect. In the case of the deposition of June 1 (DP2), the effect of 

root-uptake is still greater than that of shoot-base absorption. This is somewhat different 

from the case of the rice-body where the shoot-base absorption is stronger for the same 

deposition time. The shoot-base absorption of the grain starts at the time of ear-

emergence (EE). As a result, the root-uptake is more effective when the time between 

the deposition and ear-emergence is longer, because more of the radionuclide can be 

transferred to the root-zone soil by percolation. However, we obtain different results 

when the rate of percolation is very low. For example, when the rate constant of the 

percolation is as much as a 0.1 factor of the reference value, the mass transfer by 

percolation is so small that the activity of the root-zone soil, consequently the flux of 

the root-uptake becomes very low. In this case, the shoot-base absorption appears more 

predominant than the root-uptake. On the other hand, for the deposition of August 12 
(DP3), the effect of shoot-base absorption ( max,sbaλ ) and percolation ( pcλ ) is significant, 

but the effect of root-uptake ( gup,λ ) via percolation seems to be very small. As the time 

between the deposition and harvest is relatively short, the shoot-base absorption has 

relatively more influence on the transfer of the radionuclide to the grain.  
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5.3.3 Comparison of model prediction with experimental transfer factor 

     Figure 10 shows the comparison of the model prediction with the experimental 

transfer factor for the experiment with Kori soil. Measured transfer factors were in the 

range of 1.3x10-4 to 4.0x10-4 (May 2), 2.3x10-4 to 1.0x10-3 (June 1) and 1.8x10-3 to 

6.9x10-3 (August 12) for the rice-body, and 4.4x10-5 to 1.4x10-4 (May 2), 1.3x10-4 to 

4.5x10-4 (June 1) and 1.0x10-3 to 4.2x10-3 (August 12) for the grain, respectively. The 

variation of the measured data is dominantly ascribed by the difference of the soil 

properties as the soil was sampled at five different sites. In general, the rate of root-

uptake rate and leaching is dependent on the soil properties such as pH, cation exchange 

capacity (CEC), and the content of clay, potassium and calcium in soil. Unfortunately, 

there is no well-defined relationship of the soil properties with the rate of root uptake 

and leaching. Thus the present study assumes that the rate of root uptake and leaching is 

independent of the soil properties. 

 The predicted transfer factors agree within one or two factors with the 

experimental data for each deposition. Also the present model simulates well the 

observed trend of the experiment, of which the transfer factor is increased in the order 

of the deposition of May 2 (DP1), June 1 (DP2), and August 12 (DP3). This result is 

only possible with consideration of the shoot-base absorption in the model. In the model 

without the pathway of shoot-base absorption, the radionuclide is transferred to the 

plant through the pathway of root-uptake via percolation after deposition when the 

radionuclide is applied onto the surface water. This will preferably lead to a result 

opposite to the experiment because the earlier deposition allows for more transfer of the 

radionuclide through the root-zone soil. 

Figure 11 shows the comparison of the model prediction with the experimental 

transfer factor obtained consecutively for years for the experiments with Uljin and 

Younggwang soils. The model predictions agree within the discrepancy of maximum 

about 3 factors with the experimental transfer factor for both the rice-body and grain. In 

general, the transfer factor reduces with year when the deposition occurs onto soil 

before transplanting of rice since the concentration in root-zone soil decreases with time 

and subsequently the transfer to plant via root-uptake. However, the third year transfer 

factor for Uljin soil and the fourth year transfer factor for Younggwang soil show some  
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Figure 10 Comparison of model prediction with experimental transfer

factor for the experiment with Kori soil 
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Figure 11 Comparison of model prediction with experimental transfer

factor for experiments with Uljin and Younggwang soils 
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higher value than the results for previous years. This seems to be ascribed to the 

variation of the biomass of rice-plant obtained yearly. The fifth year transfer factor of 

grain for the experiment with Younggwang soil is in a good agreement with the model 

prediction. This result encourages that the long-term experiment is still effective to test 

the validity of model.  
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Appendix 

 

A-1: List of source program 

A-2. An example of input data file 
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