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Abstract 
 
For the purpose of evaluating a dose rate to an individual due to a long-term release of nuclides from a HLW 
repository, a biosphere assessment model and an implemented code, ACBIO, based on the BIOMASS 
methodology have been developed by utilizing AMBER, a general compartment modeling tool. To 
demonstrate its practicability and usability as well as to observe the sensitivity of the compartment scheme, 
the concentration, the activity in the compartments as well as the annual flux between the compartments at 
their peak values, were calculated and investigated. For each case when changing the structure of the 
compartments and GBIs as well as varying selected input Kd values, all of which seem very important among 
the others, the dose rate per nuclide release rate is calculated separately and analyzed. From the maximum 
dose rates, the flux to dose conversion factors for each nuclide were derived, which are used for converting 
the nuclide release rate appearing from the geosphere through various GBIs to dose rates (Sv/y) for an 
individual in a critical group. It has also been observed that the compartment scheme, the identification of a 
possible exposure group and the GBIs could all be highly sensitive to the final consequences in a biosphere 
modeling. 
----------------------------------------------------------------------------------------------------------------------------------- 

Keywords: Biosphere modeling; AMBER; Flux to Dose Conversion Factor; HLW repository; Safety 
Assessment 
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1. Introduction and Background 
 
Currently, 18 PWR type and 2 CANDU type nuclear power plants (NPPs) are in operation in Korea, from which the 
cumulative amount of spent nuclear fuels (SFs) of 7,286MTU (3,397 MTU from PWRs and 3,889 MTU from CANDUs) 
had been generated by the end of 2004 and they are currently being stored temporarily at each NPP site. 
A long-term R&D program dedicated to the safe and direct disposal of high-level radioactive waste (HLW) has been 
carried out at the Korea Atomic Energy Research Institute (KAERI) since early 1997, to develop a conceptual Korea 
High-Level Radioactive Waste Repository System (KRS) by the end of 2007 for a direct disposal of SFs which will be the 
only type of HLW produced in Korea. 
In the meantime, a preliminary reference geologic repository layout, accounting for such established criteria and 
requirements as waste and1 typical, but yet generic site characteristics was envisaged in 2002 (Kang et al., 2002). 
According to its basic concept, which is similar to that of the Swedish KBS-3 (KBS, 1983), the SF is encapsulated in a 
corrosion resistant canister and then emplaced in separate deposition holes surrounded by a high density bentonite clay 
placed at the bottom of the tunnels constructed at a depth of about 500 m in a host crystalline rock. 
For a licensing process of the repository, the final step of a series of safety and performance assessments should be 
concerned with how nuclides released from the geological media could make their farther transfer into the biosphere thus 
giving rise to doses to human. 
Unlike the case of the geoshpere, the distinct characteristics of a biosphere modeling include: a potential release and a 
subsequent exposure, not in the near future with rather unreliable predictions of the human behavior at the time of a 
release. And also unlike a near- and far-field geosphere such as a near-field engineered structure and a natural geological 
media, the biosphere is not conceived as a barrier in itself that could be accurately designed or optimized, which always 
causes the necessity for a site-specific modeling approach whenever possible. 
Although, through every step of a whole biosphere modeling, the nuclides transport from various geological media to the 
biosphere might somehow need to be accounted for in detail and in a coupled manner, however to a large extent, a 
biosphere modeling can be done independently with its linear behavior, without knowing what happens in the geosphere, 
making an access possible to it in a separate manner, as is currently being done in many other countries. In general, to 
demonstrate the performance of the repository, the dose exposure to a critical group due to a nuclide release from the 
repository should be evaluated and the results compared to the dose limit presented by the regulatory bodies, as the safety 
and performance criteria for a HLW repository are usually expressed in terms of a quantitative risk or a dose. 
In this regards, the objectives of this study, among a few others, are simply twofold; 1) to develop a stand-alone tool, a 
computer code, by which the biosphere can be evaluated, exclusive of a geosphere modeling for a safety assessment of a 
HLW repository, and 2) to show its practicality and sensitivity in accordance with several modeling assumptions through 
some illustrations for a dose evaluation. Accordingly the final goal of this study is to construct a dose assessment model 
ACBIO (currently, version 2), by which a dose to individuals due to a long-term nuclide release from a HLW repository 
system can be predicted and evaluated. This could be used as a biospheric part of the total safety assessment necessary for 
demonstrating the performance of a repository and the safety of it as well. 
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During the last few years through a series of safety assessment studies, nuclide release behavior from the near- and far-
field of a repository system has been investigated, although being rather largely focused on the near-field of the repository 
system (Lee, 2005; Kang et al., 2005; Lee et al., 2005a; Lee et al., 2005b; Lee et al., 2005c; Lee et al., 2004a; Lee et al., 
2004b). To evaluate the consequences due to such a nuclide release in view of the dose rate, recently, and not only to 
demonstrate a methodology, but also to show how much a reference repository is safe from a generic point of view, 
biosphere models are being continuously developed and modified at KAERI (Lee et al., 2005d; Lee et al., 2005e; Lee et 
al., 2004c; Lee et al., 2004d). Since these models are still not site-specific, rather detailed biosphere models become 
necessary to account for the various site-specific FEPs and scenarios associated with a nuclide transport and transfer in 
both the geosphere and the biosphere as progress in the development of the KRS takes place.  
Among a few other possibilities, the KRS might be expected to be located in or at least pretty near a coastal area and 
situated in crystalline bedrock dominated by granite covered by such typical layers as unsaturated vadose, groundwater 
flowing aquifer and surface soils in a mountain area, several kilometers inland from the coast as conceptually drawn in 
Fig. 1. This could be a reasonable case in view of the Korean socio-geographical situation. 
In such a case, fresh water bodies such as running rivers, lakes, shallow or even deep wells and near seawater as well as 
sediments beneath such water bodies could be principal geosphere-biosphere interfaces (GBIs), into which nuclides 
appear from the geosphere and get ready to spread into the biosphere. And also throughout the major part of the KRS area, 
there could exist terrestrial vegetation through irrigations from various sources of surface fresh waters as well as fishing 
activities both on the rivers and in the sea areas. 
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Fig. 1. Conceptual description of the geospheric- and biospheric HLW repository system. 
 

2. Modeling and Methodology 
 
The long-term nuclide behavior in a varying ecosystem, which is controlled by slow processes, whereas the turnover time 
of the human food chain is relatively too short, is very difficult to model. Furthermore, the nature of the future biosphere, 
the living pattern and the behavior of humans, and even an exposed population are very uncertain at the time of a nuclide 
release. A possible solution to overcome such problems when undertaking a modeling could be the application of a special 
approach, namely a reference biosphere concept based on general human habits and biosphere conditions that currently 
prevail, which has been developed as part of BIOMASS, an IAEA international joint research project (BIOMASS, 1999) 
and which was initially explored by the BIOMOVS II Reference Biosphere Working Group (RBWG) in the BIOMOVS II 
study (BIOMOVS II, 1996; Dorf et al., 1999; Klos et al., 1999). Since then, in many biosphere modeling studies, adopting 
such a reference biosphere concept have been applauded as a desirable approach in the circumstances of the uncertainties 
associated with the biosphere as previously mentioned. Accordingly this study is also based on such a reference biosphere 
concept. 
In order to answer two fundamental questions about what should and why should it be calculated through a biosphere 
modeling, a system description is necessary and the relationship between the chosen features, events and processes (FEPs) 
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involved in the repository and biosphere system from a site-specific point of view should be identified so that the 
assessment context provides the premises for the development of a biosphere assessment model. 
The BIOMASS proposes a complete procedure to develop the biosphere model, providing a systematic methodology 
based on key steps by which a conceptual and mathematical modeling can be made: first of all, defining the assessment 
context such as the goals of the assessment, description of the repository, GBIs as source terms, various assumptions, and 
many other things needed for the requirements for a biosphere assessment. In other words, to determine such as an 
assessment context, the modeling scope in which the description of the environment and the life style in the future is 
complied, by constructing the biosphere to be evaluated and the people group who are supposed to be exposed should be 
provided. The assessment purpose as well as the endpoints, which are associated with the regulations and a definition of 
the exposure target groups to be assessed and an in depth description of the repository system and long-term 
characteristics associated with its environment should also be prescribed in this step. 
Once completed, in the next step, such biosphere components as the climate, geographical/topographical information, 
human activities, surface water bodies and biota are then characterized to describe the whole biosphere. Interaction matrix 
showing the nuclide transfer pathways with selected FEPs associated with the nuclide behavior in the biosphere system 
can then be constructed (e.g., as shown in Fig. 2.). This process is usually based on a case-specific FEP list which could be 
developed from available generic FEPs such as international BIOMOVS II list (BIOMOVS II, 1996) and the NEA 
Working Group list (NEA, 1998) by screening out non-relevant FEPs. And then conceptual models of the biosphere 
system could be constructed by identifying the relationships between the FEPs by utilizing various methods (e.g., such as 
a rock engineering system (RES) which is used in this study (Hudson, 1992).  
And finally, with the assessment purpose to demonstrate the safety and performance of a repository, or even the validity of 
a disposal concept, the quantitative consequences of the assessment as well as the choice of a critical exposure group, 
which is the selected group of people whose dose assessments are commonly the highest as will be discussed later, should 
be described as the primary safety indicator, when compared to the regulations, which will be estimates of the annual 
individual dose equivalents to members of the hypothetical critical group. 
Originally developed in the context of a rock engineering system, the RES matrix in Fig. 2 adopts a top down approach, 
which provides possible interactions, allocated to off-diagonal elements (ODEs), each of which is related to a FEP that 
occurs between two leading diagonal elements (LDEs), but it has to be noted that sometimes FEPs themselves are 
included within LEDs, though. And then a mathematical description is implemented into a computer code by which the 
calculations for the consequences are finally carried out with various spectrum input data. 
To construct an appropriate basis for a definition of the exposure target, a critical group concept is necessary. The concept 
or assumption of a critical group, which has been developed by ICRP (ICRP, 1977), for a normal routine release case for a 
biosphere assessment, has been widely used worldwide for its logicality without a prejudice for exposure groups in 
advance. If exposure groups and their characteristics are identified first without recognizing the critical group at the 
beginning of an assessment, the exposure pathways are then defined according to the fact about how particular nuclides 
transport through various biosphere pathways. Unlike the rather conventional approach, where the characteristics of the 
potentially exposed individuals are identified first along with the relevant exposure pathways, this critical group approach 
has been used in many biosphere modeling studies including H12 (JNC, 1999) and a dose assessment for the Yucca 
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mountain (Smith et al., 1996). 

 
3. RES Matrix 
 
To describe the biosphere characteristics and then finally to construct the conceptual model based on the key steps 
discussed in the previous section, and also by considering the assessment context and general geographical conditions 
assumed for the local biosphere in and around the KRS system, an interaction RES matrix was set as shown in Fig. 2. 
 

 
Fig. 2. Biosphere interaction matrix showing ODEs following clockwise interactions between LDEs. 
 
Through this study, a linear compartment model for a nuclide transfer among various biosphere component systems under 
the assumption of a rapid mixing in each compartment volume is applied. The principal biosphere components such as a 
deep well, aquifer, and so on are allocated in the LDEs which will appear as compartments so that the conceptual model 
can be dirctly converted into a mathematical model by considering the mass balance among those compartments.  
A total of 18 LEDs have been chosen, 13 of which are selected as physical compartments and the rest of which (such as 
atmosphere, flora, and fauna) are related to the exposure pathways in the biosphere. Although the loss term is not taken 
into account in the RES matrix, in view of the mass balance it should appear when it is implemented into the 
mathematical model as a final sink term. All the nuclides entering the river water, whether they are from a GBI or other 
compartments, are assumed to be transported irresistibly to the local marine water and then eventually to distant sea water. 
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The only activity that was not considered for the current study among all the ODDs shown in the figure is an ingestion of 
drinking water from a contaminated deep well, which is assumed to be developed only for an irrigation, not for a direct 
drinking. 
Among those compartments, a nuclide transport is expressed as a transfer. The resulting transfer between two 
compartments due to various processes is then described by a simple transfer coefficient expressed as an inverse of the 
turnover time. Such a turnover of the nuclides in each compartment can be calculated by solving a series of first-order 
differential equations as expressed in Equation (1) to obtain the nuclide concentration in it by accounting for the nuclide 
mass and dimension of a compartment, which is ready to give rise to doses to a human through various biosphere 
pathways. 

 
4. Mathematical Model 
 
Through this study, the concept of compartments has been introduced for representing the components of a modeling 
domain. The biosphere is discretized into compartments over which the properties associated with each compartment are 
all averaged making all the compartments simple nodal points as much as possible. From a theoretical point of view, each 
compartment is dimensionless and has many shapes, but consists of only one homogenized, fully mixing material. 
The material balance in and around a compartment, which is connected to some other compartments by considering a 
change in the mass of nuclide m existing in compartment i is expressed as: 

( ) 







+−








++= ∑∑

≠≠ ji
imiij

ij
iinjji

i mmtSnm
dt

dm λτλτ                            (1) 

where 
i, j = subscripts denoting compartment i and j, respectively, 

im = mass of nuclide m in i (Bq), 

in = mass of a parent nuclide n in i (Bq), 
( )tSi = mass flow rate into i (Bq/y), 

mλ , nλ = decay constants of nuclides m and n, respectively (1/y), 

ijτ = transfer coefficients of nuclide m from i to j.  

In Fig. 3, two conceptual and mathematical models are shown separately, accounting for each different biosphere 
modeling compartment structure for farming land, a river, and the local sea have been implemented by using the AMBER 
(Enviros, 2002), which is a dynamic compartmental modeling tool that allows users to build their own models to represent 
the migration, degradation and fate of contaminants in an environmental system. 
This is from some conceptual assumptions which have been derived from the RES matrix developed for the study and 
shown in Fig. 2. Unlike other compartments, nuclide concentrations in the flora, fauna, and atmosphere are separately, but 
rather simply calculated by assuming that they obtain an equilibrium with regards to the concentrations which are 
dynamically calculated in other associated compartments. 
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Nuclide concentration in foodstuff in the food chain pathways is then calculated by assuming an instant equilibrium 
between the compartments and the plants and animals as well as their environment. Uptake of nuclides by a terrestrial 
vegetation is modeled to be quantified simply by applying soil to plant concentration factors for crops or root-uptake 
factors and translocation factors, by which portions of a root-uptake and portions of a surface deposition could be 
described. Specific transfer coefficients are also used when calculating the nuclide transfer to such common animal 
products as milk and beef. Nuclide uptake by aquatic biota is calculated by using a bioaccumulation factor or 
concentration ratio for fresh and marine water organisms. 
Due to this nuclide concentration, each group of individuals can be exposed internally by an ingestion and inhalation as 
well as externally by a direct exposure in plumes. Ingestion and inhalation of nuclides directly from soil, water and 
sediment or from living organisms such as the nuclides from them when a farther nuclide transfer to man through the food 
chain is made, may lead to an internal exposure. External exposure could take place by nuclides deposited on the ground 
or when immerging in a contaminated plume of air and water. 
Exposure due to food is calculated by a concentration in foodstuff, multiplied by consumption rates as well as nuclide-
specific dose coefficients for a conversion of the radioactivity rate (Bq/y) to a dose rate (Sv/y). All other exposures due to 
water and air are also similarly calculated. For an external exposure dose, the exposure time needs to be calculated. 

 

 
                                               (a) 
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(b) 
Fig. 3. Compartment for a mathematical modeling: (a) ACBIO1 with a relatively simple compartment scheme and (b) 
ACBIO2 with an extended compartment scheme. 
 

4.1. Equations for the intercompartment transfers 
 
The equations used to calculate the transfer rates between compartments, unless otherwise notified, are based on a simple 
reasoning and various sources of literature accounting for the availability of the needed data (JNC, 1999; Smith et al., 
1996; Karlsson et al., 2001; Eagan et al., 2003). 
For a liquid phase, an irrigation and flooding, infiltration and recharge, and a river flow to the sea and a marine dispersion 
are considered as a transfer between compartments. 
The transfer rate coefficient, irrτ due to an irrigation, flooding, river flow, and marine dispersion applied to the surface 

soil compartment from the water compartments is given by: 

comp
irr V

Q
=τ                                                        (2) 

where 
Q = irrigation, flooding, river flow, or marine dispersion rate, equal to annual volume of water which is taken by other 

compartments (m3/y), 
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compV = volume of the compartment (such as well, river, and marine water from which water is taken or discharged) (m3). 

The transfer rate coefficient, infτ  in soil or sediment by an infiltration and recharge is given by: 

sedsedwsed

d

dRd
d
θ

τ =inf                                                (3)  

where 

dd = annual infiltration/recharge rate (m/y), 

sedRd = retardation coefficient for the soil compartment from which an infiltration/recharge is coming (-), 

sedwθ = water-filled porosity of the soil compartment from which an infiltration/recharge is coming (-), 

sedd = depth of the soil compartment from which infiltration/recharge is coming (m), which is calculated by using: 

( )
sed

sedw

gsedsed
sed KdRd

θ
ρθ−

+=
1

1                                       (4) 

sedθ = total porosity of the sediment or soil compartment (-), 

gsedρ = grain density of the sediment of soil compartment (kg/m3), 

sedwθ = water-filled porosity of the sediment or soil compartment (-), 

sedKd = sorption coefficient of the sediment or soil compartment (m3/kg). 

For a solid phase, an erosion, dredging and meandering, resuspension from the beds of the water compartments, bed load, 
and the transfer from water to suspended matter are considered. 
The transfer rate coefficient, eroτ  by an erosion is given by: 

sed

sed
ero d

E
=τ                                                        (5) 

where 

sedE = erosion rate for such solid compartments as sediment and soil (m/y), 

sedd = depth of compartment (m). 
The transfer rate coefficient, dreτ  for a dredging and meandering is given by: 

rs

dm
dre V

V&
=τ                                                        (6) 

where 

dmV& = volumetric rate of the sediment deposited in the surface soil compartment due to dredging and meandering (m3/y), 

rsV = volume of the river sediment compartment (m3). 

A fraction of the suspended matter is assumed to precipitate to the upper sediments of river and ocean through gross 
sedimentation. Therefore, the transfer rate coefficient, sedτ  for a sedimentation is described by (Karlsson et al., 2001): 

sed

sink
sed d

v
=τ                                                        (7) 

sinkv = particle settling velocity (m/y). 
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Under the assumption that a fraction of the deposited material on the sediments is resuspended back into the water 
compartments, then the remaining part is assumed to be accumulated on the compartments for a farther transport into the 
deeper sediments, thus the transfer rate coefficient, resτ  for a resuspension is described as (Karlsson et al., 2001): 

( )f
d
G

sed

s
res −= 1τ                                                    (8) 

where 

sG = sediment growth rate (m/y), 

f = fraction of accumulation (-). 
If the transfer rate associated with a chemical and a biological process could be modeled by a single parameter by the 
utilization of a sorption and a desorption, it could provide a distribution between the water body and the suspended matter 
at an equilibrium, but not necessarily instantaneously (Karlsson et al., 2001; Nordlinder et al., 1997). 
The transfer rate, sorτ  from the water body to the suspended matter is expressed as a sorption rate with which a particle 

concentration and a distribution coefficient are associated. This process is time-dependent thus requiring some time for a 
sorption equilibrium. Therefore the rate is given by: 

ds
keq

sor KM
T

2ln
=τ                                                  (9) 

where 

sM = mass of suspended matter per volume in the water compartment (kg/m3), 

dK = distribution coefficient equal to the ratio of the nuclide concentration in the solid and soluble (m3/kg), 

keqT = half-time of the reaction velocity to reach sorption equilibrium (y), which is of low importance especially when it is 

very short relative to the water or suspended matter residence times making the equilibration (Karlsson et al., 2001). 
And the rate, desτ from a suspended matter back to water is given:  

keq
des T

2ln
=τ                                                       (10) 

In ACBIO2, a direct exchange between the sediment and the soluble in the water body is excluded unlike ACBIO1 (see 
Fig. 3) where no suspended matter is considered like the H12 study (JNC, 1999). 
Net sedimentation by which the transfer rate, netτ  from the local marine sediment to the final sink compartment is made 

is given by: 
( )

msedmsed

nfmsed
net dRd

SRd 1−
=τ                                             (11) 

where 

msedRd  = retardation coefficient for the local marine sediment compartment (-), 

nfS = net sedimentation rate to the final sink compartment (m/y), 

msedd = depth of the local marine sediment compartment (m), in which msedRd  is similarly expressed with a different 

subscript as (4). 



 15

Bed load transfer rate, bedτ  from the river sediment to the marine sediment is given by: 

( )( ) rsedgrsedrsedrsedrsedw

lrsed
bed VKd

BKd
ρθθ

τ
−+

=
1

                          (12) 

where 

rsedKd = sorption coefficient of the river sediment compartment (m3/kg), 

lB = bed-load of the river (kg/y), 

rsedwθ = water-filled porosity of the river sediment compartment (-), 

rsedwθ  = total porosity of the river sediment compartment (-), 

grsedρ = grain density of the river sediment compartment (kg/m3), 

rsedV = volume of the river sediment compartment (m3). 
The transfer coefficient, horτ  describing the horizontal flow of nuclides with a groundwater flow from a saturated aquifer 

to a river water is expressed based on the water balance by: 

aqfaqf
hor d

R
θ

τ =                                                          (13) 

where 
R = runoff (m3/m2-y), 

aqfd  = depth of the saturated zone (m), 

aqfθ = total porosity of the aquifer compartment (-). 

Processes associated with a transfer between a saturated aquifer and a deep unsaturated vadose soil zone are a diffusion 
and capillary rise which cause an upward flow from the saturated zone during a dry period, while it is a precipitation in 

the opposite direction. The upward transfer rate coefficient, upwτ  from an aquifer to a vadose is given by: 

aqfaqf

up
upw d

F
θ

τ =                                                     (14) 

where 

upF = upward flow (m3/m2-y) which is similar to Equation (13). 

For the downward transfer, the dowτ  transfer rate coefficient is given by: 

sedcompsedw

down
dow Rdd

FR
θ

τ +
=                                                   (15) 

where  

downF = downward flow (m3/m2-y). 
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The nuclide distribution between dissolved and solid fractions in the saturated aquifer can be described by just one 
parameter, i.e., Kd similar to that in (9). Under such an assumption that the transfer rate coefficient for this case, disτ  is 

described by: 

( ) ( ) ( )
keq

sed
aqf

aqf

aqfaqf

keq
dis T

RdKd
T

2ln12ln
=

−
=

θ
θρ

τ                          (16) 

where 

aqfρ = soil particle density of the aquifer compartment (kg/m3), 

aqfKd   = sorption coefficient of the aquifer compartment (m3/kg). 

 

4.2 Equations for the dose exposure modes 
 
The annual individual dose, rwD to humans due to drinking water is given by: 

rwingfwrw CDINGD =                                              (17) 

rwD = individual dose from a consumption of potable water (Sv/y), 

fwING = individual ingestion rate of freshwater (m3/y), 

ingD = dose coefficient for an ingestion (Sv/Bq), 

rwC = nuclide concentration in the river water compartment (Bq/m3). 

Similarly, the annual individual dose, cropD to humans from the ingestion of agricultural crops is given by: 

cropcropingcrop CINGDD =                                           (18) 

where 

cropING = annual consumption rate of the crop (Kg/y), 

cropC = nuclide concentration in the crop (Bq/kg-fresh weight of crop or Bq/m3), which is calculated by: 

( )( )
( ) ( ) ( )










 +−
+

−
−+

=
cropcrop

transcrop
rwicropcrop

gssss

sscropcropcrop
crop WY

FF
Cd

CSFCF
C

1
1

1
µ

ρθ
 (19) 

cropCF = concentration factor for the crop (Bq/kg-fresh weight of crop/Bq/kg-dry weight crop), 
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cropF  = fraction of an external contamination on the crop lost due to food processing (-), 

cropS = soil contamination on the crop (kg-dry weight soil/kg-fresh weight soil), 

ssC = nuclide concentration in the surface soil compartment (Bq/m3), 

ssθ = total porosity of the surface soil compartment (-), 

gssρ = grain density of the surface soil compartment (kg/m3), 

cropµ = interception fraction for irrigation water on the crop (-), 

icropd = depth of the irrigation water applied to the crop (m/y), 

rwC = nuclide concentration in the river water compartment (Bq/m3), 

transF = fraction of the activity transferred from external to internal plant surfaces = translocation factor (-), 

cropY = yield of the crop (kg/m2), 

cropW = removal rate of irrigation water from the crop by weathering processes, equal to the weathering rate (1/y). 

Annual dose due to a consumption of animal products is also given by: 

prodingprodprod CDINGD =                                          (20) 

where 

prodD = individual dose from a consumption of the animal product (Sv/y), 

prodING = individual consumption rate of the animal product (m3/y), 

prodC = nuclide concentration in the animal product (Bq/m3), which is calculated by: 

( ) airssana
wsswgssss

ssass
fwarwfoddfoddprodprod COBRINGCINGCINGCCFC +

+−
++=

ρθρθ1
 (21) 

prodCF = concentration factor for the animal product (day/kg-fresh weight of product), 

foddC = nuclide concentration in the animal fodder (Bq/kg-fresh weight of fodder), 

foddING = consumption rate of fodder by the animal (kg-fresh weight/day), 

fwaING = consumption rate of water by the animal (m3/day), 
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ssC = nuclide concentration in the surface soil compartment (Bq/m3), 

ssaING = soil consumption rate by the animal from the surface soil compartment (kg-wet weight of soil/day), 

ssθ = total porosity of the surface soil compartment (-), 

gssρ = grain density of the surface soil compartment (kg/m3), 

sswθ = water-filled porosity of the surface soil compartment (-), 

wρ = water density (kg/m3), 

aBR = animal breathing rate (m3/h), 

anO = occupancy time of the animal in the surface soil compartment (h/day), 

airssC = nuclide concentration in the air above the surface soil compartment (Bq/m3), which is calculated by: 

( )
( )

ss
ss

ss

gssss

ss
airss dust

R
RCC 1

1
−

−
=

ρθ
                                (22) 

ssR = retardation coefficient for the surface soil compartment (-), 

ssdust = dust level in the air above the surface soil compartment (kg/m3). 

Although it may be quite different in view of the current life pattern, for a simplicity, four animal types are assumed here 
to be consumed by humans; cows, sheep, pigs and chickens through this study, the nature of the fodder consumed depends 
on each type of animal. It is assumed that the cows and sheep consume pasture, the pigs root crops, and the chickens grain. 
Additionally, some inadvertent soil consumption when they are fed is assumed to be irresistible. 

The term foddC  should be replaced by cropC in Equation (19) for pigs and chickens, but excluding a loss term due to 

food preparation (i.e., 0=cropF ), unlike the case for the cows and sheep by using the following equation: 

( )
( ) pastpastpast

rwipastpast

gssss

sspastpast
fodd INGNWY

CdCSCF
C

+
+

−
+

=
µ

ρθ1
                 (23) 

pastCF = concentration factor for pasture {(Bq/kg-fresh weight of pasture)/(Bq/kg-dry weight of soil)}, 

pastS = soil contamination on pasture (kg-dry weight soil/kg-fresh weight of pasture), 

pastµ = interception fraction for the irrigation water on pasture (-), 

ipastd = depth of the irrigation water applied to pasture (m/y), 

pastY = yield of the pasture (kg/m2), 

pastW = removal rate of the irrigation water from the pasture by weathering (1/y), 
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N = stocking density of the animals (1/m2), 

pastING = consumption rate of pasture by the animal (kg-fresh weight of pasture). 

Consumption of soil or sediment is evaluated by: 

( ) wsedwgsedsed

sed
ingsedsed

CDINGD
ρθρθ +−

=
1

                         (24) 

where 

sedD = individual dose from a consumption of the soil or sediment (Sv/y), 

sedING = individual consumption rate of the soil or sediment (kg/y), 

sedC = radionuclide concentration in the soil or sediment compartment (Bq/m3), 

gsedρ = grain density of the soil or sediment compartment (kg/m3), 

sedwθ = water-filled porosity of the soil or sediment compartment (-), 

wρ = density of water (kg/m3). 

Nuclide concentrations in the food from an aquatic system are determined by use of the concentration ratios or 
bioaccumulation factors for the edible part of the aquatic species relative to the total concentration in the water 
compartments. 

Individual dose, aquifoodD  from a consumption of an aquatic foodstuff is given by: 

310−= aquifoodwwingaquifoodaquifood CFCFFDINGD                        (25) 

aquifoodD  = individual dose from a consumption of the aquatic foodstuff (Sv/y), 

aquifoodING = individual consumption rate of the aquatic foodstuff (kg/y), 

wFF = fraction of activity in the water (-), which is calculated by: 

ww
w Kd

FF
α+

=
1

1
                                                (26) 

wC = nuclide concentration in the water compartment (Bq/m3), 

aquifoodCF = concentration ratio for the aquatic organism {(Bq/kg-fresh weight of edible fraction of aquatic 

organism)/(Bq/l-filtered water)}, 

wKd = sorption coefficient for the water compartment (m3/kg), 

wα = suspended sediment load in the water compartment (kg/m3). 
Dose due to inhalation of dust, dustD  is given by: 

airsedsedinhdust COBRDD =                                          (27) 

inhD = dose conversion factor for an inhalation (Sv/Bq), 
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sedBR = human breathing rate in the sediment or soil compartment (m3/h), 

sedO = individual occupancy in the sediment or soil compartment (h/y), 

airC = nuclide concentration in the air above the sediment or soil compartment (Bq/m3), which is calculated by: 

( )
( )

sed
sed

sed

gsedsed

sed
air dust

R
RCC 1

1
−

−
=

ρθ
                              (28) 

sedR = retardation coefficient for the sediment or soil compartment (-),  

seddust = dust level in the air above the sediment or soil compartment (kg/m3]). 
Similarly, dose due to an inhalation of aerosol, aeroD is given by: 

aerowataeroaeroaeroinhaero TCOAirBRDD =                               (29) 

aeroBR = human breathing rate in the area affected by aerosols (m3/h), 

aeroAir = aerosol level in the air in the area affected by aerosols (h/y), 

aeroO = individual occupancy in the area affected by aerosols (h/y), 

watC = nuclide concentration in the water (Bq/m3), 

aeroT = aerosol concentration factor = sea-spray enhancement factor (-). 
Dose due to external irradiation from soil or sediment, exsedD is given by: 

sedextssedexsed CDOD =                                              (30) 

sedO = individual occupancy in the soil/sediment compartment (h/y), 

extsD = dose conversion factor for an external irradiation from soil or sediment {(Sv/h)/(Bq/m3)}. 
Similarly, dose due to an external irradiation from an immersion in water, exwatD is given by: 

watextwwatexwat CDOD =                                             (31) 

exwatD = individual dose from an external irradiation from an immersion in water (Sv/y), 

watO = individual occupancy in water (h/y), 

extwD = dose conversion factor for an external irradiation from an immersion in water {(Sv/h)/(Bq/m3)}. 

 

5. Illustrations and Results 
 
As mentioned previously, typical appearances of nuclides in the biosphere can take place in the GBI regions where the 
groundwater finally discharges. As the KRS is assumed to be located near a coastal area, the nuclide release to the 
biosphere from the geosphere can occur through a groundwater discharge from various sources of surface water bodies as 
well as sea water. Therefore, the nuclide release rate from the geosphere to the biosphere can be taken as a source term 
having nuclide fluxes. For the current study, only rivers and wells excluding sea water are chosen as possible GBIs for 
simplicity. The surface waters are used for all human needs including agricultural irrigation activities. Also the nuclides 
released from the geosphere are assumed to be dispersed instantly after entering the GBIs which are regarded as starting 
points for the biosphere. 
The nuclides, which have been chosen because they are considered as typically appearing ones from SF are given in Table 
1 where the decay chain considered is as follows: 
238 Pu  234U 230Th 226Ra ; 
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239 Pu 235U 231Pu 227Ac ; 
240Pu 236U 232Th 228Ra ; 
241Pu 241Am 237Np 233Pa 233U 229Th ; 
241Am 237Np 233Pa 233U 229Th ; 
242Cm 238Pu 234U 230Th 226Ra ; 
244Cm 240Pu 236U 232Th 228Ra . 
Three exposure groups including the farming, freshwater fishing and marine water fishing groups are defined by 
accounting for the classification of an exclusive intake of local produce with relevant assumptions. 
As previously discussed, such hypothetical exposure groups are to be closely related with the GBIs as well as the 
exposure pathways in the biosphere according to the current, typical life style in Korea. The exposure groups are regarded 
as a self-sustaining agricultural and/or fishing society by assuming that they only consume produce locally produced from 
the contaminated compartments. 
The pathways through which each exposure group is exposed are shown in Table 2, which was similarly done in H12 
(JNC, 1999) as Japan is very similar to Korea in almost all aspects of its life style and ecosystem. Consumption rates are 
also listed in Table 3 (KMHW, 2002). As listed in Table 4, some parameters involved in the transfer processes between the 
compartments are adopted by a consideration of the typical Korean geographical situation through literature. Other 
additional data, almost all of which was collected from various literature (JNC, 1999; Smith et al., 1996; Karlsson et al., 
2001; Eagan et al., 2003) where available, for describing the compartment system and for the exposure pathways to 
calculate the exposure doses was also adopted. 
 
Table 1. Nuclides having the flux of 1Bq/y and their decay chain  

Parent Daughter ln(2)/half-life Chain 

Cm-244 Pu-240 0.0383 

Pu-240 U-236 0.000106 

U-236 Th-232 2.96E-08 

Th-232 Ra-228 4.95E-11 

Ra-228 Th-228 0.121 

Th-228 NULL 0.363 

4N 

Pu-241 Am-241 0.0481 

Am-241 Np-237 0.0016 

Np-237 Pa-233 3.24E-07 

Pa-233 U-233 9.38 

U-233 Th-229 4.36E-06 

Th-229 NULL 9.44E-05 

4N+1 

Cm-242 Pu-238 0.000147 

Pu-238 U-234 8.77E+01 

U-234 Th-230 2.83E-06 

4N+2 
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Th-230 Ra-226 9.00E-06 

Ra-226 NULL 0.000433 

 

Pu-239 U-235 2.88E-05 

U-235 Pa-231 9.85E-10 

Pa-231 Ac-227 2.11E-05 

Ac-227 NULL 0.0318 

4N+3 

H-3 NULL 12.33 

C-14 NULL 0.000121 

Ni-59 NULL 9.19E-06 

Co-60 NULL 0.132 

Ni-63 NULL 0.00722 

Sr-90 NULL 0.0238 

Nb-94 NULL 2.00E+04 

Tc-99 NULL 3.25E-06 

I-129 NULL 4.41E-08 

Cs-135 NULL 3.01E-07 

Cs-137 NULL 0.0231 

FP/AP* 

*FP/AP denotes fission product and activated product 
 
Table 2. Exposure pathways 

Intake Pathway Farming 
Freshwater 

Fishing 
Marine Water 

Fishing 

Grains n/a n/a 

Rice n/a n/a 

Green Vegetables n/a n/a 

Root Vegetables n/a n/a 

Crops 

Fruit n/a n/a 

Beef, Cow liver, Cow milk FW fish Marine Fishing 

Pork FW crustaceans 
Marine 
crustaceans 

Mutton n/a Marine mollusks 

Animal produce/ 
Aquatic foodstuff 

Chicken, Chick liver, Chick 
eggs 

n/a 
Seaweed 

Water Water 

Ingestion 

Others 
Soil Sediment 

Sediment 

Inhalation Dust Dust Dust 
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   Aerosol 

Water Water Water 
External Irradiation 

Soil Sediment Sediment 

 
 
Table 3. Consumption rate for an adult, compared to the H12 study  

 H12  ACBIO 

Foodstuff Unit Best estimate
Best 
estimate 

rice 
kg-
fw*/y 59.8 81.9

grain kg-fw/y 28.5 29.6

root vegetables kg-fw/y 47.2 8.9

green vegetables kg-fw/y 26.7 98.3

Agricultural 
produce 

fruits kg-fw/y 28.5 62.7

beef kg-fw/y 8.8 9.7

mutton kg-fw/y 0.6 0.6

pork kg-fw/y 9.5 13.3

chicken kg-fw/y 7.4 4

cow liver kg-fw/y 0.2 6.7

chicken river kg-fw/y 0.3 0

chicken eggs kg-fw/y 15.4 6.7

Animal 
produce 

cow's milk kg-fw/y 46 32.9

freshwater fish kg-fw/y 0.4 1Freshwater 
products freshwater 

crustaceans kg-fw/y 0.2 0.1

marine fish kg-fw/y 14.9 12.4

marine 
crustaceans kg-fw/y 2.9 3.9

marine mollusks kg-fw/y 1.8 1.5

Marine 
products 

marine plants kg-fw/y 1.9 2.2

water m3/y 0.61 0.61Others 

soil kg-fw/y 0.037 0.037
1fw denotes fresh weight 
 
Table 4. Best estimates for the selected parameters involved in the transfer processes between compartments (JNC, 1999; 
Karlsson et al., 2001) 
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  Transfer process Unit 
Best 
estimate 

irrigation m3/yr 1.50E+04

infiltration/recharge m/yr 7.00E-01

flooding m3/yr 1.00E+02

river flow m3/yr 6.31E+06

Liquid 
transfers 

marine discharge m3/yr 1.00E+10

erosion m/yr 1.00E-04

dredging/meandering m3/yr 1.60E+00

river sediment suspension m/yr 1.00E-04

river gross sedimentation m/yr 1.60E-03

bed-load kg/yr 1.60E+05

diffusion due to 
bioturbation in a local 
marine environment m2/yr 3.20E-05

gross sedimentation in a 
local marine environment m/yr 7.50E-05

Solid transfers 

Net sedimentation m/yr 5.00E-05

 
Calculations of a transport in the biosphere and the associated exposure pathways are made by using a constant flux 
source term having 1 Bq/y of each nuclide from the geosphere through the GBIs. All the calculations are undertaken 
deterministically with the nominal parameter values. 
The calculated results when the flux for each nuclide is assumed to be introduced constantly into a single GBI (river 
water) or two GBIs (river water and well) until the steady state results are obtained, each of which has a flux of 0.5 Bq/y 
into the river water and the well compartment, are obtained as shown in Figs. 4 and 5, respectively. As shown in all the 
figures, after breakthroughs are reached at their peaks, the dose rate seems to reach their steady state equilibrium and 
remain constant thereafter. Therefore, once the peaks are reached, in a conservative manner, these values are regarded as 
flux to dose conversion factors that give rise to an annual individual dose rate per introduction of each nuclide having a 
unit flux into the GBI. For the case of two GBIs being considered, a total flux of 1 Bq/y summed for all the GBIs are used. 
The parent nuclide which has an initial flux is listed in Table 1. All the calculations are made by accounting for all the 
daughter nuclides that will be produced by a radioactive decay and an ingrowth during a transport in the biosphere.  
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        (c) 
Fig. 4. Total Doses exposed to (a) Farming, (b) Freshwater Fishing, and (c) Marine Fishing Exposure Group (Well only 
GBI) as a function of the time since an appearance of the nuclides in a GBI. 
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  (c) 
Fig. 5. Total Doses exposed to (a) Farming, (b) Freshwater Fishing, and (c) Marine Fishing Exposure Group (River water 
and Well GBIs, each of which has a flux of 0.5 Bq/y) as a function of the time since an appearance of the nuclides in a 
GBI. 
 
In Fig. 6 and Tables 4 to 6 the peak dose rates due to each nuclide for the three exposure groups are separately arranged 
for each special case of a different compartment scheme and GBIs, which are to be used as flux to dose conversion factors.  
According to Fig. 6(a) and Table 4, calculated by ACBIO2 having an extended compartment structure, in the case where 
river water is considered only for the GBI, for the marine fishing exposure group, the flux to dose conversion factors are 
higher than any of the other two groups for more than half the number of nuclides but the remaining ones such as the 
important nuclides of 3H and 129I are higher still in the farming exposure group. This might be the reason why, as will be 
seen when discussing concentrations in and flux rate between compartments, the nuclide flux from the river water, in 
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which a constant source nuclide is introduced, to the marine water is so high, making the activities in the compartments 
related to the sea higher too. 
However, as seen in Fig. 6(b) and Table 5, also calculated by ACBIO2 for the case of shared GBIs of the well and the 
river water, the dose rate to the farming exposure group becomes highest among the three groups for all the nuclides 
except for 242Cm only, making the farming exposure group a critical group. This is why the well is modeled as another 
GBI having the same flux rate of a half of 1Bq/y as in the previous one into the river water, thus contributing a high 
amount of activity to such compartments as the surface soil which are involved in the farming exposure group. 
Some different result is observed in Fig. 6(c), which is calculated by ACBIO1 having a rather simple compartment 
structure and having only a GBI at the river water compartment showing that the similar number of nuclides give their 
highest doses to the farming exposure group and marine exposure group, making difficult to choose a critical group. 
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(c) 
Fig. 6. Maximum Dose (Sv/y) per 1Bq/y (a. by ACBIO1, River only GBI; b. by ACBIO2, River only GBI; c. by ACBIO2, 
River water and Well GBIs), which are to be used as flux to dose conversion factors. 
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Table 4. Maximum Dose (Sv/y) by ACBIO2 (River only GBI) per 1Bq/y 
Flux to dose conversion factors, Sv/y per Bq/y    ACBIO2 

River 

Wwater only 

GBI 

Farming 
Freshwater 

Fishing 
Marine Water Fishing 

Cm-244 4.23E-17 1.80E-18 2.80E-16

Pu-240 5.08E-17 3.61E-18 1.60E-16

U-236 1.56E-17 1.49E-19 2.18E-18

Th-232 1.23E-16 1.61E-16 5.42E-17

Ra-228 5.29E-16 1.15E-15 6.04E-16

Pu-241 9.59E-19 5.53E-20 1.88E-18

Am-241 3.99E-17 9.00E-18 3.42E-16

Np-237 1.96E-17 8.64E-19 1.38E-17

Pa-233 3.01E-19 8.67E-18 1.17E-18

U-233 1.69E-17 1.62E-19 2.39E-18

Th-229 3.05E-16 1.10E-15 1.51E-16

U-234 1.63E-17 1.55E-19 2.29E-18

Th-230 1.11E-16 1.47E-16 4.94E-17

Ra-226 1.08E-16 1.65E-17 2.46E-16

U-235 1.56E-17 1.74E-19 1.07E-17

Pa-231 3.57E-16 3.76E-16 2.55E-17

Ac-227 5.74E-16 3.18E-16 3.52E-16

Tc-99 2.68E-19 2.08E-21 5.10E-19

Cs-135 9.91E-19 6.05E-19 3.32E-19

C-14 3.79E-19 9.05E-19 2.19E-17

Co-60 1.71E-18 1.85E-18 1.71E-16

Ni-59 2.39E-20 1.05E-21 1.08E-19

Ni-63 5.64E-20 2.50E-21 2.58E-19

Sr-90 1.01E-17 3.38E-19 2.57E-19

I-129 5.23E-17 8.69E-19 2.62E-17

Cs-137 6.43E-18 4.54E-18 1.54E-17

Pu-239 1.96E-16 5.51E-18 4.09E-16

Nb-94 7.36E-19 1.15E-18 1.09E-16

Pu-238 4.60E-17 1.93E-18 9.98E-17

Cm-242 3.52E-16 4.16E-18 1.63E-15

H-3 4.06E-20 3.14E-24 3.99E-21
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Table 5. Maximum Dose (Sv/y) by ACBIO2 (River Water and Well GBIs) per 1Bq/y 

Flux to dose conversion factors, Sv/y per Bq/y   ACBIO2 

River Water 

and Well 

GBIs 
Farming 

Freshwater 

Fishing 

Marine Water 

Fishing 

Cm_244 1.29E-14 9.10E-19 1.42E-16

Pu_240 4.47E-13 3.00E-18 1.33E-16

U_236 2.39E-15 1.49E-19 2.18E-18

Th_232 1.34E-12 1.61E-16 5.42E-17

Ra_228 9.16E-12 1.15E-15 7.79E-16

Pu_241 3.76E-16 2.79E-20 9.49E-19

Am_241 4.08E-13 5.65E-18 2.14E-16

Np_237 1.97E-15 8.57E-19 1.37E-17

Pa_233 3.26E-16 5.49E-18 1.15E-18

U_233 2.64E-15 1.61E-19 2.38E-18

Th_229 3.08E-12 1.16E-15 1.61E-16

U_234 2.57E-15 1.47E-19 2.18E-18

Th_230 1.22E-12 1.54E-16 5.19E-17

Ra_226 1.79E-12 1.76E-17 2.69E-16

U_235 3.99E-15 1.74E-19 1.07E-17

Pa_231 3.29E-12 3.89E-16 2.64E-17

Ac_227 2.43E-12 3.32E-16 3.80E-16

Tc_99 5.19E-16 1.96E-21 4.81E-19

Cs_135 4.27E-15 6.02E-19 3.30E-19

C_14 1.74E-15 7.39E-19 1.79E-17

Co_60 4.60E-15 9.28E-19 8.58E-17

Ni_59 1.76E-16 9.62E-22 9.94E-20

Ni_63 1.37E-16 1.35E-21 1.39E-19

Sr_90 6.70E-14 2.07E-19 1.57E-19

I_129 1.78E-15 8.68E-19 2.62E-17

Cs_137 1.37E-14 2.33E-18 7.91E-18

Pu_239 3.15E-13 4.85E-18 3.61E-16

Nb_94 9.81E-14 9.79E-19 9.29E-17

Pu_238 5.07E-14 1.03E-18 5.33E-17

Cm_242 2.56E-16 2.08E-18 8.17E-16

H_3 1.53E-17 2.18E-24 2.77E-21
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Table 6. Maximum Dose (Sv/y) by ACBIO1 (River only GBI) per 1Bq/y 

Flux to dose conversion factors, Sv/y per Bq/y   ACBIO1 

River Water 

GBI Farming 
Freshwater 

Fishing 

Marine Water 

Fishing 

Cm_244 4.23E-17 4.12E-19 2.61E-16

Pu_240 5.05E-17 9.25E-20 8.48E-17

U_236 1.56E-17 1.49E-19 1.49E-18

Th_232 7.87E-17 1.16E-20 5.09E-17

Ra_228 2.27E-16 8.46E-18 5.71E-16

Pu_241 9.58E-19 1.78E-21 1.63E-18

Am_241 3.97E-17 5.81E-18 3.34E-16

Np_237 1.96E-17 8.53E-19 1.34E-17

Pa_233 3.02E-19 2.57E-20 3.98E-20

U_233 1.69E-17 1.61E-19 1.61E-18

Th_229 2.08E-16 7.25E-20 1.35E-16

U_234 1.63E-17 1.55E-19 1.55E-18

Th_230 7.18E-17 1.07E-20 4.65E-17

Ra_226 8.95E-17 3.62E-18 2.32E-16

U_235 1.56E-17 1.70E-19 1.50E-18

Pa_231 2.51E-16 1.38E-20 1.93E-17

Ac_227 5.01E-16 3.49E-17 3.29E-16

Tc_99 2.68E-19 2.07E-21 5.10E-19

Cs_135 9.92E-19 6.05E-19 3.20E-19

C_14 3.79E-19 9.05E-19 2.19E-17

Co_60 1.71E-18 8.24E-19 2.13E-17

Ni_59 2.39E-20 7.32E-22 1.08E-19

Ni_63 5.64E-20 1.74E-21 2.57E-19

Sr_90 1.01E-17 3.36E-19 2.55E-19

I_129 5.23E-17 8.68E-19 2.62E-17

Cs_137 6.43E-18 4.01E-18 2.13E-18

Pu_239 1.96E-16 3.62E-19 3.32E-16

Nb_94 7.38E-19 2.64E-19 1.65E-18

Pu_238 4.60E-17 8.51E-20 7.80E-17

Cm_242 3.52E-16 3.43E-18 2.17E-15

H_3 4.06E-20 3.14E-24 3.99E-21
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To investigate the sensitivity of the concentration (Bq/m3), the activity (Bq) in the compartments and the annual flux 
(Bq/y) between the compartments at their maximum values, two separate cases with a change both of the structure and the 
number of the compartments (see Fig. 3) as well as by simple varying the input Kd values up to 1000 times larger (see 
Table 7) for all such compartments as the soil and sediments concerned with a geochemical sorption are calculated and 
compared when the nuclide flux introduced into the well and/or the river compartments still remains the same at 1Bq/y.  
Figs. 7 to 15 show the concentrations (Bq/m3), nuclide amount (Bq), and nuclide flux distribution between the 
compartments (Bq/y) for the two selected nuclides, 99Tc and 129I, which are conceived to represent dominant HLW specific 
nuclides among many others.  
Figs. 7 to 9 are for the case by ACBIO1 (see Fig. 3(a)) where suspended matter in aqueous compartments are not 
considered unlike ACBIO2 (see Fig. 3(b)) which has some more extended compartments and the results of which are 
shown in the rest of the figures. 
As can be seen between Figs. 7 and 8 by ACBIO1, there are only negligible or almost no changes in the concentrations in 
the aqueous compartments such as the river water and marine water, with the remaining concentrations in solid 
compartments being all changed for both of two nuclides when Kd increases by 1000 times in each compartment 
associated with sorption. 
The same has been found for the results by ACBIO2 with more extended compartments added by refining the deep soil, 
sediment and aqueous compartments as shown in Figs. 10 and 12, showing dramatic increase in the concentrations for 
both 99Tc and 129I for all the compartments involved in a sorption onto the soil and sediments as well as for suspended 
matter in the aqueous compartments was found. In Figs. 11 and 13 where the nuclide amount and the flux between the 
compartments are shown for above case, although there found big changes in nuclide fluxes between all compartments 
newly added as seen in Fig. 13, it is observed that the nuclide flux between the river water compartment and the marine 
water compartment has not changed. This could be the reason why, a constant introduction of the nuclide flux takes place 
into the river GBI, without decreasing the nuclide concentration due to plenty of nuclide inventories there as revealed in 
the figures. And also the nuclide flux from the river water to the marine water appears to be much higher than any others 
by maintaining the concentration of the marine water almost constant. 
And also when comparing the nuclide amount and the nuclide flux between the compartments, as shown in Figs. 9 and 11, 
it is observed that the nuclide amounts in the compartments and nuclide fluxes among those compartments commonly 
exist in both figures almost remain constant, whereas the values in such newly added compartments as the aquifer, the 
solid soil, river suspend, river sediment, marine suspend, and the deep sediment are shown noticeably. 
One more case when having shared GBIs (the well and the river water) is also shown in Figs. 14 and 15. When 
individually compared to Figs. 10 and 11, abrupt changes in the concentrations in the compartments directly associated 
with a surface irrigation from the well are found, whereas a little or even no changes in the concentration in other 
compartments are observed due to an additive consideration of the well as another GBI, showing a possibility of great 
sensitivity in GBIs to biosphere modeling. 
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Table. 7. Element specific distribution coefficients (Kd) for various compartments 
Kd (m3/kg) 

Compartments 
99Tc 

(T0.5=2.13×10-

5y) 

129I 

(T0.5=1.57×10-

7y) 

aquifer 10 10 

deep sediment 10 10 

Marine sediment 0.1 1 

Marine suspended 0.1 0.3 

River sediment 0.1 0.1 

River suspended 0.1 0.3 

Sold soil 1 1 

Surface soil/ 

Vadose 

0.00014 0.001 

 
 

 
(a) 

 

              (b) 
Fig. 7. Nuclide concentration (Bq/m3) in each compartment by ACBIO1 (a. 99Tc; b. 129I; River water GBI only). 

SurfaceSoil: 1.925541×10-12 

Vadose: 9.871462×10-11 

RiverWater: 1.584787×10-10

RiverSediment: 1.026475×10-15

MarineWater: 1×10-10 

MarineSediment: 2.80013×10-12 

FinalSink: 2.267574×107Concentration of 129I (Bq/m3) 1.0 Bq/y

SurfaceSoil: 5.324274×10-13

Vadose: 2.915869×10-11

RiverWater: 1.584787×10-10

RiverSediment: 0.0

MarineWater: 1×10-10 

MarineSediment: 0.0 

FinalSink: 3.076923×105Concentration of 99Tc (Bq/m3)1.0 Bq/y
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      (a) 

 
      (b) 
Fig. 8. Nuclide concentration (Bq/m3) when increasing Kd 1000 times in each compartment by ACBIO1 (a. 99Tc; b. 129I; 
River water GBI only). 
 

 

1.23×10-13

1 1.26×10-14

1.61×10-12 1.5×10-12 

1

1.03×1015

1.26×1013

1.64×10-15 

7.13×10-7

7.13×10-7

7.13×10-7

7.13×10-7

1.06×10-10 

SurfaceSoil: 1.597282×10-7 

Vadose: 1.166347×10-6 

RiverWater: 7.923937×10-7 

RiverSediment: 1.026449×10-12

MarineWater: 1×103 

MarineSediment: 1.262828×10-10

FinalSink: 3.076923×105

1.0 Bq/y

SurfaceSoil: 1.331977×10-9 

Vadose: 3.488839×10-8 

RiverWater: 1.584786×10-10

RiverSediment: 1.712997×10-13

MarineWater: 1×10-10 

MarineSediment: 4.690513×10-10

FinalSink: 2.267574×107Concentration of 129I (Bq/m3) 

Kd×1000 times 
1.0 Bq/y

SurfaceSoil: 2.253762×10-10

Vadose: 9.979313×10-9 

RiverWater: 1.584786×10-10

RiverSediment: 1.712952×10-13

MarineWater: 1×10-10 

MarineSediment: 1.072852×10-13

FinalSink: 3.076923×105Concentration of 99Tc (Bq/m3)

Kd×1000 times 
1.0 Bq/y

Amount of 99Tc (Bq) and Flux between Compartments (Bq/y) 
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      (a) 

 
      (b) 
Fig. 9. Nuclide amount (Bq) in each compartment and the transfer flux (Bq/y) by ACBIO1 (a. 99Tc; b. 129I; River water 
GBI only). 
 
 

 
      (a) 

SurfaceSoil: 5.32649×10-13 

Vadose: 2.039618×10-11 

RiverWater: 1.584787×10-10

RiverSuspend: 1.099869×10-10

MarineWater: 9.999996×10-11 

MarineSuspend: 4.996517×10-7 

FinalSink: 3.076923×105Concentration of 99Tc (Bq/m3)
1.0 Bq/yWell: 0.0

Aquifer: 1.589585 ×10-11

SolidSoil: 8.424962×10-7

RiverSediment: 2.076038×10-10

DeepSediment: 2.555123×10-7

MarineSediment: 2.588093×10-9

1.23×10-13

1 1.26×10-14

1.61×1012 1.5×1012 

1

1.03×10-15

1.26×10-13

1.64×10-15 

7.13×10-7

7.13×10-7

7.13×10-7

7.13×10-7

1.06×10-10 

SurfaceSoil: 5.776624×10-7 

Vadose: 3.948585×10-6 

RiverWater: 7.923934×10-7 

RiverSediment: 1.026475×10-12

MarineWater: 1.000001×10-3

MarineSediment: 2.800130×10-6

FinalSink: 2.267574×107

1.0 Bq/y
Amount of 129I (Bq) and Flux between Compartments (Bq/y) 
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      (b) 
Fig. 10. Nuclide concentration (Bq/m3) in each compartment by ACBIO2 (a. 99Tc; b. 129I; River water GBI only). 

 
      (a) 

0.0 

2.50×10-8 

1

2.58×10-7 1 

4.03×10-8 

1.10×10-7 7.62×10-8 

6.64×10-9 3.65×10-5 

3.47×10-4 

3.62×10-5 

3.46×10-4 

8.30×10-9 

1.07×10-10 

7.13×10-7 

1.32×10-7 

4.99×10-7 

3.32×10-10 1.06×10-7 

1.75×101 

8.16×10-11 

3.21×10-7

1.75×101 

7.13×10-7

SurfaceSoil: 1.597947×10-7 

Vadose: 8.158473×10-7 

RiverWater: 7.923935×10-7 

RiverSuspend: 1.099869×10-10

MarineWater: 9.999997×10-4

MarineSuspend: 4.996517×10-7 

FinalSink: 3.076923×105

Amount of 99Tc (Bq) and 

Flux between Compartments (Bq/y) 

1.0 Bq/yWell: 0.0 

Aquifer: 4.768756 ×10-7 

SolidSoil: 2.527489×10-2 

RiverSediment: 2.076038×10-7

DeepSediment: 2.555123×10-3

MarineSediment: 2.588093×10-3

SurfaceSoil: 1.926157×10-12

Vadose: 7.271040×10-11 

RiverWater: 1.584787×10-10

RiverSuspend: 1.099677×10-10

MarineWater: 9.997242×10-11 

MarineSuspend: 1.498915×10-6 

FinalSink: 2.267574×107Concentration of 129I (Bq/m3) 
1.0 Bq/yWell: 0.0

Aquifer: 2.238312 ×10-11

SolidSoil: 1.186328×10-6

RiverSediment: 2.070832×10-10

DeepSediment: 1.88306×10-5 

MarineSediment: 7.762108×10-9
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      (b) 
Fig. 11. Nuclide amount (Bq) in each compartment and the transfer Flux (Bq/y) by ACBIO2 (a. 99Tc; b. 129I; River water 
GBI only). 
 
 
 

 

SurfaceSoil: 3.235625×10-10

Vadose: 9.13318×10-9 

RiverWater: 1.584733×10-10

RiverSuspend: 1.099677×10-7 

MarineWater: 9.997242×10-11 

MarineSuspend: 4.995128×10-4 

FinalSink: 3.076871×105Concentration of 99Tc (Bq/m3)

Kd×1000 times 
1.0 Bq/yWell: 0.0

Aquifer: 7.114065×10-14

SolidSoil: 3.770455×10-6

RiverSediment: 2.070832×10-7

DeepSediment: 2.548716×10-4

MarineSediment: 2.587307×10-6

0.0 

2.50×10-8 

1

7.76×10-7 1 

4.03×10-8 

1.10×10-7 7.62×10-8 

6.64×10-9 1.09×10-4 
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1.04×10-3 

8.30×10-9 

3.85×10-10 

7.13×10-7 

1.87×10-7 

5.25×10-7 

3.32×10-10 1.49×10-7 

2.47×101 

2.91×10-10 

3.37×10-7

2.47×101 

7.13×10-7

SurfaceSoil: 5.778471×10-7 

Vadose: 2.908416×10-6 

RiverWater: 7.923934×10-7 

RiverSuspend: 1.099870×10-10

MarineWater: 9.999992×10-4

MarineSuspend: 1.498915×10-6 

FinalSink: 2.267574×107

Amount of 129I (Bq) and 

Flux between Compartments (Bq/y) 

1.0 Bq/yWell: 0.0 

Aquifer: 6.714937 ×10-7 

SolidSoil: 3.558984×10-2 

RiverSediment: 2.076074×10-7

DeepSediment: 1.883061×10-1

MarineSediment: 7.762108×10-3
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      (a) 

 
      (b) 
Fig. 12. Nuclide concentration (Bq/m3) when increasing Kd 1000 times in each compartment by ACBIO2 (a. 99Tc; b. 129I; 
River water GBI only). 
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6.10×10-7 

3.31×10-7 4.74×10-10 

1.75×101 

3.65×10-8 

3.67×10-7

7.84×101 

1.02×10-6

SurfaceSoil: 9.705482×10-5 

Vadose: 3.653272×10-4 

RiverWater: 7.923664×10-7 

RiverSuspend: 1.099677×10-7 

MarineWater: 9.997242×10-4

MarineSuspend: 4.995128×10-4 

FinalSink: 3.076871×105

Amount of 99Tc (Bq) and 

Flux between Compartments (Bq/y) 

Kd×1000 times 

1.0 Bq/yWell: 0.0 

Aquifer: 2.134220 ×10-9 

SolidSoil: 1.131136×10-1 

RiverSediment: 2.070832×10-4

DeepSediment: 2.548716×100

MarineSediment: 2.587307×100 

SurfaceSoil: 1.864369×10-9 

Vadose: 3.726651×10-8 

RiverWater: 1.584733×10-10

RiverSuspend: 1.099678×10-7 

MarineWater: 9.992156×10-11 

MarineSuspend: 1.497740×10-3 

FinalSink: 2.267554×107Concentration of 129I (Bq/m3) 

Kd×1000 times 
1.0 Bq/yWell: 0.0

Aquifer: 2.477697×10-12

SolidSoil: 1.313180×10-4

RiverSediment: 2.070868×10-7

DeepSediment: 1.878339×10-2

MarineSediment: 7.756006×10-6
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      (a) 

 
      (b) 
Fig. 13. Nuclide amount (Bq) in each compartment and the transfer flux (Bq/y) when increasing Kd 1000 times by 
ACBIO2 (a. 99Tc; b. 129I; River water GBI). 
 
 

 

SurfaceSoil: 3.732624×10-7 

Vadose: 1.429295×10-5 

RiverWater: 1.493533×10-10

RiverSuspend: 1.036538×10-10

MarineWater: 9424191×10-11 

MarineSuspend: 4.708815×10-7 

FinalSink: 2.899752×105Concentration of 99Tc (Bq/m3)

2 GBIs 
0.5 Bq/y

Aquifer: 1.113927×10-5 

SolidSoil: 5.903927×10-1

RiverSediment: 1.956498×10-10

DeepSediment: 2.407998×10-7

MarineSediment: 2.439069×10-9

0.5 Bq/y Well: 4.999859×10-3 
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RiverWater: 7.923665×10-7 

RiverSuspend: 1.099678×10-7 

MarineWater: 9.992156×10-4

MarineSuspend: 1.497740×10-3 

FinalSink: 2.267554×107

Amount of 129I (Bq) and 

Flux between Compartments (Bq/y) 

Kd×1000 times 

1.0 Bq/yWell: 0.0 

Aquifer: 7.433092 ×10-8 

SolidSoil: 3.939539×100 

RiverSediment: 2.070868×10-4

DeepSediment: 1.878339×102

MarineSediment: 7.756006×100 
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      (a) 
 

 
 
      (b) 
Fig. 14. Nuclide concentration (Bq/m3) in each compartment by ACBIO2 (a. 99Tc; b. 129I; River water and Well GBIs). 
 
 
 

SurfaceSoil: 1.349823×10-6 

Vadose: 5.095439×10-5 

RiverWater: 1.583043×10-10

RiverSuspend: 1.098660×10-10

MarineWater: 9.98899×10-11 

MarineSuspend: 1.497266×10-6 

FinalSink: 2.265079×107Concentration of 129I (Bq/m3) 

2 GBIs 
0.5 Bq/y

Aquifer: 1.568577×10-5 

SolidSoil: 8.313613×10-1

RiverSediment: 2.073790×10-10

DeepSediment: 1.880989×10-5

MarineSediment: 7.753568×10-9

0.5 Bq/y Well: 4.999998×10-3 
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      (a) 

 
      (b) 
Fig. 15. Nuclide amount (Bq) in each compartment and the transfer flux (Bq/y) by ACBIO2 (a. 99Tc; b. 129I; River water 
and Well GBIs). 
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3.27×10-4 

3.41×10-5 

3.26×10-4 

7.83×10-9 

7.46525×10-5 

6.72×10-7 

9.28×10-2 

3.50×10-1 

3.130×10-10 7.43×10-2 

1.23×107 

5.72×10-5 

2.55×10-1

1.23×107 

5×10-1 

SurfaceSoil: 1.119787×10-1 

Vadose: 5.717181×10-1 

RiverWater: 7.467665×10-7 

RiverSuspend: 1.036538×10-10

MarineWater: 9.424191×10-4

MarineSuspend: 4.708815×10-7 

FinalSink: 2.899752×105

Amount of 99Tc (Bq) and 

Flux between Compartments (Bq/y) 

2 GBIs 

0.5 Bq/yWell: 4.334878×100 

Aquifer: 3.341782 ×10-1 

SolidSoil: 1.771178×104 

RiverSediment: 1.956498×10-7

DeepSediment: 2.407998×10-3

MarineSediment: 2.439069×10-3

0.5 Bq/y 
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6. Conclusions 
 
Performance criteria for a radioactive waste repository as well as the safety criteria for humans, from an exposure to the 
nuclides from a repository are often expressed in terms of a dose or a risk. To assess the nuclide transfer and transport in 
the biosphere, a specific modeling methodology is needed.  Through this study a biosphere assessment methodology and 
a model have been prepared, by which a dose exposure rate due to a long-term release of nuclides from a KRS could be 
evaluated. Even though, it is not clear that a KRS will be located in or near a coastal area or even a mountain area far from 
the coast, by taking the current situation in Korea into consideration, a biosphere model should be prepared from a generic 
point of view and then continuously modified as progress in developing the KRS is being made. In this regard, ACBIO, a 
biosphere model by utilizing the AMBER template case with the assumption of a KRS located near coastal area has been 
developed and illustrate to show its practicability through some parametric illustrations. Several possible FEPs and 
scenarios associated with a typical environmental situation where a KRS will be located have also been identified. 
Main results for this study are: 

1. The results of the deterministic calculations for the two cases of ACBIO1 and ACBIO2 modeled with the aid of 
AMBER, each of which has its own compartments structure and also for the cases when having different Kd 
values in several compartments where applicable, were compared with each other in view of a nuclide 
concentration and the amount in the compartments as well as the nuclide flux which occurred between the 
compartments. From the results, it has been observed that for the biosphere modeling, the compartment scheme, 
the exposure group, the GBIs and the input parameters could be highly sensitive to the final consequences. 

2. Under the typical assumptions associated with a KRS, some illustrative calculations to choose a critical exposure 
group have been made. 

3. A methodology by which a flux to a dose conversion factor can be derived for a nuclide flux which came from 
the geosphere at various GBIs to convert the activity rate (Bq/y) to dose rate (Sv/y) has been proposed. 

Even though the formulation of a sensible and defensible biosphere model is always difficult, and the definition of a site 
specific biosphere associated with a HLW repository is not that straightforward, to show the performance and the safety of 
a HLW repository quantitatively and accurately, as much as possible, the model and associated input data are a 
prerequisite. Uncertainties associated with a model as well as due to the other uncertainties involved in the parameter 
values should also be estimated by assigning the appropriate statistical distributions and ranges to the required input 
parameters. To this end a continuous updating and improvement of ACBIO to accumulate the necessary data should be 
followed up in a further study while the development of a KRS is being proceeded. 
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For the purpose of evaluating a dose rate to an individual due to a long-term 
release of nuclides from a HLW repository, a biosphere assessment model and an 
implemented code, ACBIO, based on the BIOMASS methodology have been 
developed by utilizing AMBER, a general compartment modeling tool. To 
demonstrate its practicability and usability as well as to observe the sensitivity of the 
compartment scheme, the concentration, the activity in the compartments as well as 
the annual flux between the compartments at their peak values, were calculated and 
investigated. For each case when changing the structure of the compartments and 
GBIs as well as varying selected input Kd values, all of which seem very important 
among the others, the dose rate per nuclide release rate is calculated separately and 
analyzed. From the maximum dose rates, the flux to dose conversion factors for 
each nuclide were derived, which are used for converting the nuclide release rate 
appearing from the geosphere through various GBIs to dose rates (Sv/y) for an 
individual in a critical group. It has also been observed that the compartment 
scheme, the identification of a possible exposure group and the GBIs could all be 
highly sensitive to the final consequences in a biosphere modeling.

Biosphere modeling; ACBIO; AMBER; Flux to Dose 
Conversion Factor; HLW repository; Safety Assessment
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