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ABSTRACT 
 
The industrial-mining facilities constantly produce, in Brazil and in abroad, wastes from its production, many 
times containing uranium and/or thorium associated. Due to the large quantities generated, these wastes are 
usually deposited at the site of the facility, close to the place where they were produced. Since the chains of 

radioactive 238U and Th232
with alpha-emitting radionuclides have long half-life, waste deposits associated 

with these elements may cause radiological impact on the man and on the environment, even in the long term. 
Mathematical models are often used to represent the biosphere and the transport of radionuclides near to the 
surface. Thus, it was decided, through the software "Mathematica", to present a methodology based on the 
solution of Bateman equations for the calculation of radiological impact on individuals from the public exposed 
to contamination. The radiological impact appraisal was carried out considering a scenario of intrusion into 

landfills containing U
238

and / or Th232
in post-operational phase of an industrial-mining installation. The 

critical group examined was represented by farmers who used water from an artesian well for daily consumption 
and which feed themselves on vegetables locally grown in clay soil. As a result, there was the exposure in 
pathways evaluated, a minor contribution of dose for ingestion of contaminated water. The conclusion of this 
work, show us that calculated doses were within the accepted international limits for the intrusion 
scenario. Parameters associated with mathematical models defining the choice of project to build a landfill for 
the purpose of deposition, whereas rates of doses can be estimated in each of the scenarios proposed. 
 
 

1. INTRODUCTION 
 
Many industrial-mining facilities bring to the environment every year several radionuclides 
arisen out of its production, which need to be deposited into safe locations for the restriction 
of public access.  
 
In several parts of the world, different methods for final disposal of these wastes are 
administered. In mining industries, the industrial embankments are presented as an alternative 
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for the storage of these materials, however, despite the utmost control, some contamination 
scenarios are created over the years.  

 
The study of the environmental impacts caused by the disposal of radioactive wastes is 
conducted by assessment the exposure pathways for the human and the environment. The 
human exposure is commanded by taking into consideration factors about location and 
activities generated as a result of the amount of pollutants in the environment, highlighting 
environmental events and the means of transportation [5].  

 
The trajectory of contamination determines the manner of transferring radionuclides. The 
arrival of these to the human takes place under different environmental pathways and 
exposure pathways. The first refers to the pathway prescribed by the contaminant from the 
source, and the second is the manner which the contaminants come into the body. The 
identification of the environmental pathways directs three major exposure pathways for the 
human: external exposure, ingestion and inhalation [5]. 

 
The formation of the scenarios is structured in accordance with the characteristics of the 
waste and the environment which it is deposited. The methodology for this study involved the 
analysis of facts, events and managing processes of the whole environmental impact. The 
estimated dosage was calculated through the mathematical patterns proposed and, thus, was 
evaluated the reach of the contaminants into the environment and the human.  

 
The relevance of this subject is a result of the significance of having reliable models to allow 
a correct assessment of further environmental impacts. The assessment of the defined 
scenario with the environmental pathways and exposure pathways identification contributes a 
deeper analysis on the mitigating measures in case of radioactive waste disposal.  
 
The purpose of this paper is to analyze the ingestion pathway to the intrusion scenario in 
disposal process. The calculation for the radiological impact in the contaminated public is 
performed through a methodology based on the "Bateman" equation solution, taking into 
consideration the waste disposal containing 238U  and/or 232Th at the post-operational stage of 
an industrial-mining facility.  
 
 

2. BIOSPHERE MODELING 

 
The biosphere modeling consists of several elements composing the environment, by 
evaluating the possible routes of the contaminants.  
 
The important aspects in the modeling include: the identification of the contaminant origin 
(source term), the analysis of the route followed by the contaminants (that is, the exposure 
pathways from the source), the migration of the radionuclides through the geosphere, 
including the non-saturated (between the source base and the aquifer top) and saturated 
(under the water table level with the aquifer discharging into rivers and lakes) zones and the  
transportation of contaminants in the biosphere up to the impacts caused in human life [2]. 
 
The exposure pathways by ingestion are classified as water-dependant or non-dependant. The 
direct contamination by the root, the contamination caused by the radioactive dust deposited 
in the leaves (causing contamination into vegetables, milk, and meat) and the consumption of 
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contaminated soil by the herd are environmental pathways which are considered as non-water 
dependants. Other ingestion pathways, characterized by direct consumption of contaminated 
water, plant irrigation by using contaminated water and the contamination route through 
aquatic animals, are considered as water-dependants [6]. 
 
The water independence condition assumes dose contributions for a family considered as 
dweller at the location with an area for gardening. Thus, the dosages will depend on the 
thickness of the contaminated zone and the concentration of radionuclides in soil. The water-
dependant pathways will occur when the radionuclides reach the groundwater and, 
afterwards, are ingested through the water consumption from underground wells [6]. Thus, it 
is clear that the dose received via ingestion is directly influenced by the food diet program for 
animals and human.  
 
The FIG. 1 shows the main routes of contamination of living beings. The identification of the 
pathways through which contaminants directs three pathways of exposure: external exposure, 
ingestion and inhalation [5]. Admittedly, external exposure when the body absorbs radiation 
in the body, and internal exposure when it is inhaled or ingested radiation. The food chain is 
an important means of spread of radionuclides originating from, well, different paths to be 
evaluated. 
 
 
 

 
 

Figure 1: Exposure pathways [6] 
 
 
 
The methodology for the elaboration of scenarios in this paper is based on the facts, events 
and processes – FEPs methodology – generated by the contamination processes from the 
radioactive waste disposal.  
 
The elementary points of this methodology are: 1- to determine the main elements, such as 
the facility components, human and animal access; 2- to ensure the situation of the waste 
disposal components:  the waste (the main component of the disposal system), the human 
behavior at the location (activities) and the characteristics of the barriers (trenches); and 3- to 
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analyze the above-mentioned points, building the combinations for the formation of the 
scenarios, verifying and gathering them into categories. [5]. 
 
The considered scenarios should provide a comprehensive and complete description of the 
system and its evolution over time. The uncertainties increase with the time scale: the smaller 
is the short-term uncertainty and the larger is the long-term uncertainty. It means that factors, 
such as the conceptual model uncertainty, parameters, period of time, human behavior and 
physical/chemical/biological conditions which the environment is subjected to, should be 
considered and evaluated in a consistent manner, particularly in the absence of complete 
quantitative data [3].  
 
The FIG. 2 expresses the analysis of some traits through points considered important in a 
safety assessment. By combining them and applying the methodology, scenarios are 
generated. The following figure details the possibilities for formal events at the landfill site 
and away from the landfill. 
 
 
 

 
Figure 2: Components from the waste disposal system and generation of scenarios [5]. 
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The different FEP combinations generate scenarios far and/or near to the disposal facility. 
The near-field scenario occurs after the end of the institutional control period through the use 
of land for human activities (subsistence and residence) and the far-field scenario is 
characterized by residences near to the disposal site [4]. 
 
In this paper, the radiological impact assessment was performed by considering an residential 
scenario on a excavated trench-like radioactive waste disposal facility. The critical group is 
represented by farmers who use the water from an artesian well, located at the trench border, 
for daily consumption and who eat the vegetables, fruits and grains planted at the location.  
 
For the water-dependant ingestion pathway it is considered that the waste is leached over 
time by rainfall water, contaminating the water table immediately underneath the trench and, 
consequently, the water collected from an artesian well for purposes of consumption. The 
water-independent ingestion pathway considers the consumption of vegetables, fruits and 
grains contaminated by root uptake from the contaminated soil. 
 
 
 3 MATHEMATICAL MODEL  
 
Mathematical models must be implemented into computer codes in order to allow for the 
prediction of contaminant migration into the geosphere/biosphere. The available models are 
various in different detail and realism levels, and they are used to assess and quantify the 
effects of the main processes determining the system behavior. The better is the model, the 
better is the system representation and, consequently, the smaller are the uncertainties 
associated with the results, allowing for improvements in the disposal system project. 

 
In the proposed conceptual model, it is considered that, within the trench, the temporal 
variation of the specific activity of the radionuclide I of a radioactive chain with n 
radionuclides depends on four factors: initial activity of the radionuclide (Cs0i), decay rate of 
the radionuclide i (λi), decay rate of the radionuclide i-1 (λi-1) and annual leaching fraction 
(ALFi). The mathematic model which best represents the proposed model is described by a 
first order ordinary differential equation system, also known as the Bateman equations [8], 
given as follows: 
 

                                            
( ) ( ) ( )tCALF

dt

tdC
111

1 λ+−=                                                         (1)   

 
 

                                       
( ) ( ) ( ) ( )tCALFtC

dt

tdC
iiiii

i λλ +−= −− 11 , for i=2,..., n                        (2)      

                                           
 
with the known initial conditions, ( ) iii CsC λ00 = , for i=1,...,n. The decay rate is given by: 

 

                                                                 
( )
i

i T

2ln=λ                                                                (3) 
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where iT  is the half-life of the radionuclide i in years.  

 
The annual leaching fraction (ALFi) is equal to the ratio between the lost quantity of the 
pollutant by leaching in a year and the total remaining quantity of the pollutant in the same 
year. The waste leaching model considers a saturated homogenous porous medium composed 
of waste, initially diluted in a contaminated soil layer, which is dissolved by rain water. 
Considering a linear sorption model to describe the chemical balance of the contaminant at 
the solid and liquid phases (Kd model), the following is obtained:  
 

                                            ( )iwd KdH b
i

Inf
ALF

ρθ +
=                                                   (4) 

 
where: Inf: annual infiltration rate [cm/year]; 

 Hd: trench thickness [cm]; 

 wθ : porosity [-] or volumetric water content; 

 bρ : dry medium density [g/cm³] and; 
 Kdi: distribution coefficient of the radionuclide i in the soil [cm³/g]. 

 
Bateman equations may be recursively solved, from the first member of the radioactive chain 
to the last one, following the order as follows:  
 

                                                              1011,1 λCsA =
                                                           (5) 
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  where iii ALF+= λγ  

 
 

 
Once the coefficients jiA ,  are calculated, the following values are obtained from the specific 

activities in time t: 
 

                                           ( ) ∑
=

−=
i

j

t
jiii

jeAtCs
1

, ,γλ  i=1,…,n                                                 (7) 

 
The exact solution above was implemented in a Mathematica package [9]. 
 
Once the specific activities are calculated the effective doses can be evaluated for each 
contamination pathway considered, as follows: 

 
• Deposition on vegetables, followed by ingestion by individuals 
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The annual effective dose due to the ingestion of fruits/vegetables by individuals, Dveg(t) 
[Sv/year], is given by: 
 

            ( ) ( )∑
=

=
i

j
ii tCsFCingIRvegTvegtDveg

1

          (8) 

 
where: Tveg = Soil-vegetable transfer factor [g/kg]; 

 IRveg = Fruit/vegetable ingestion [kg/year] and; 
 FCingi(t) = Dose conversion factor for radionuclide i [Sv/Bq];  
 Csi(t) = Specific activity of radionuclide i in the soil, within the trench [Bq/g].  
 

The committed effective dose per unit intake via ingestion for members of the public (FCingi) 
is presented in the standard CNEN-NN-3.01 (Regulatory Position PR-3.01-011) for each 
radionuclide.  
 
No dilution of the contaminated soil with non-contaminated one was assumed within the 
trench. 
 
• Aquifer contamination and use of well water for direct consumption 

 
The activity concentration of radionuclide i in well water, in 3/ cmBq , is given by: 
 
            ( ) ( ) InfDFHtCsALFtCw bdiii /    ρ=          (9) 

 
where:    DF = dilution factor. 
 
The annual effective dose due to the ingestion of water by individuals, Dw(t) [Sv/year], is 
given by: 
 

            ( ) ( )∑
=

=
i

j
ii tCwFCingIRwtDw

1

   1000         (10) 

 
where:    IRw = water ingestion rate in l/year. 
 

 
4 TEST CASE 

 
An example is herein presented to illustrate the application of the proposed methodology. 
One considers an inadvertent intrusion scenario after the end of an institutional control period 
in a trench filled with NORM contaminated soil.  The NORM contaminated soil has the 
following initial specific activities of the radionuclides of the 238U  decay chain: 4.53 Bq/g 
for 238U and 234U , 0.14 Bq/g for 230Th , 0.47 Bq/g for 226Ra  and 5.22 Bq/g for 210Pb . Further 
radionuclides of the decay chain are not initially present in the waste. 
 
The following parameters are used to calculate iALF , in Eq. (4):  
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Inf = 1 m/year;  Hd = 5 m;  wθ = 0.3;  bρ = 1.5 g/cm3. 

 
As mentioned in Section 3, lower values of iALF  (upper values of Kd) are used to 

calculate ( )tDveg  in Eq. (8), and upper values (lower values of Kd) are used to calculate 

( )tDw   in Eq. (10). Lower and upper values of Kd are presented in [7] for the chemical 
elements considered in the present work corresponding to sand. These values, adopted in this 
example, are reproduced in Table 1. Other parameters necessary to calculate ( )tDveg  and 

( )tDw  are shown in Tables 2 and 3 [6]. The dose conversion factors used are presented in 
Table 4. The value adopted for the dilution factor, DF, in Eq. (8), was 0.2, the same value 
calculated by [6], assuming a 100 m wide and 200 m long trench, a 10 m deep well located at 
the border of the trench, with a pumping rate of 50 yearm /3  and an aquifer with Darcy 
velocity equal to 100 m/year. 
 
 
 

Table 1: Values of distribution coefficient (kd) for the studied pollutants [7] 
 

Distribution constant 
Kd )(L/Kg  

Clay 

Bi 600 
Pa 2700 
Pb 550 
Po 3000 
Ra 9100 
Th 5800 
U 1600 

 
 

 
Table 2: Parameters used for modeling the biosphere in the ingestion scenario [6] 

 
 

 
Table 3: Soil-vegetable transfer factors for each element [6] 

 

 
 
 

Parameter Value 
Consumption of vegetables, fruits and grains 

(IRveg) 
160 kg/year 

Water ingestion rate (IRágua) 510 l/year 

Element Bi Pa Pb Po Ra Th U 
Tveg 

(d/Kg) 

1100.1 −⋅  2100.1 −⋅  2100.1 −⋅  3100.1 −⋅  2100.4 −⋅  3100.1 −⋅  3105.2 −⋅  
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Table 4: Committed effective dose per unit intake via ingestion for members of the 
public [1] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the 238U chain, the radionuclide 218Po  and 214Po were not considered, since there were no 
converting factor of the ingestion dosage, concluding that there was a balance with the parent 
analyzes due to the short period of decreasing. The radionuclide 222Rn , present in the 
decrease chain of 238U , because it is presented as a gas (being studies in the exposure line by 
inhalation), was not considered in this radiological impact appraisal study, either.  

 
 

5. RESULTS 
 
The following figure refers to the dosage considering the joint analysis for all the 
radionuclide of the 238U chain in clay Kd up to 300 years for the contaminated vegetable 
ingestion. It may be realized that the dose decreases considerably in 50 years, being 
practicably constant after this period and within the limits established for the defined 
scenario.  
 

    
    

Figure 3: 238U chain in clay Kd for the contaminated vegetable ingestion.  

Radionuclide FCing  (Sv/Bq) 

210Bi  9103.1 −⋅  
214Bi  10101.1 −⋅  
234Pa  10101.5 −⋅  
210Pb  7109.6 −⋅  
214Pb  10104.1 −⋅  
210Po  6102.1 −⋅  
226Ra  7108.2 −⋅  
230Th  7101.2 −⋅  
234Th  9104.3 −⋅  
234U  8109.4 −⋅  
238U  8105.4 −⋅  

Annual Dosage 

Year 
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In the figure below, for the ingestion of contaminated water, the dosage curve decreases over 
150 years, being stable after this period, and it is characterized by a dosage within the limits 
established for the intrusion scenario.  
 

 
 

Figure 4: 238U chain in clay Kd for contaminated water ingestion.  
 

 
6. CONCLUSION 

 
The program developed in MATHEMATICA platform allowed for applying the proposed 
methodology in an example without the need for assuming the secular equilibrium for 
radionuclides of the 238U chain, thus, making the radiological impact assessment more 
realistic.  
 
The effective dose due to the ingestion of contaminated vegetables was shown, initially, 
above the established limit - 5 mSv for intrusion scenarios (after institutional control) – 
starting from 8 mSv and within the limits as of 50 years, being stable at 2 mSv. The 
assessment of all the radionuclide substances in a single curve for ingestion  
 
The appraisal for the radionuclide in contaminated water ingestion was presented within the 
limits, however, in a dosage quite lower than the dosage for contaminated vegetable 
ingestion, being stable at 0.0015 mSv as of 100 years.  
The value of 5 mSv in case of inadvertent intrusion first appeared in the U.S. This value is 
due to the short exposure time and is presented in the document "Requirements 
for licensing land disposal of radioactive waste" – United States Nuclear Regulatory 
Commission. 
 
One suggestion for further papers is the dosage calculation for each of the radionuclide 
substances from 238U chain in different Kd’s, and it may, thus, analyze in a quantitative 
manner the radionuclide substances having a higher contribution.  
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