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The diffusion-convection model of 137Cs transport has been used to evaluate the activity-depth profiles 
of soils in southwestern Nigeria in this study. The experimentally determined depth profiles were fitted 
into the diffusion-convection equation to obtain the diffusion coefficient D and the convective velocity 
�. Results obtained showed that the range of the diffusion coefficient was 0.72 – 1.02 cm2 per year while 
that of the convective velocity was from 0.07 to 0.16 cm per year. It was observed that the diffusion 
coefficient is higher than the convective velocity in all the sampling points. The low convective 
velocities obtained in all the locations may imply that convective rates of the radionuclide within the 
soil layers are insignificant compared to the diffusion rates. 
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INTRODUCTION 
 
As a result of the nuclear weapons tests carried out by 
France at Reganne in the Sahara region in northern 
Africa between 1960 – 1961 and several other global 
fallout effects a certain amount of 137Cs has been 
deposited on the Nigerian soil. An experimental study 
conducted by Ajayi et al., in 2007 (Ajayi et al., 2007) on 
the concentration and vertical distribution of 137Cs in an 
undisturbed soil in southwestern Nigeria had shown that 
more than 45 years after the nuclear weapon tests 
carried out by France, 137Cs still remains within the 25 cm 
upper layer of the soils in southwestern Nigeria with 
varying concentrations along vertical profiles.  

The study had also provided further knowledge on 
137Cs transport and migration behaviour in soil in addition 
to the several studies that had previously been done by 
many researchers in the subject (Kanunakara et al., 
2001; Kristic et al., 2004; Lee et al., 1997; Grzegorz et 
al., 2003; Davis et al., 1963; Bunzl et al., 1994). The 
effects of the Chernobyl accident of 1986 have not been 
considered in the region since the large scale 
contamination from the accident was limited to Europe 
and some parts of the northern hemisphere. Chernobyl 
radionuclide contamination has  also  been  shown  to  be 
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In homogeneous in space and time and dependent on 
local weather and other conditions (Kristic et al., 2004). 

137Cs because of its biological importance as a fission 
product and a gamma emitter with energy 661.6 KeV and 
with half-life of 30 years has been extensively inves-
tigated in the soil. (UNSCEAR, 1998). The radionuclide is 
regarded as the most important constituent of the world-
wide fallout because sixty percent of the collective 
effective dose equivalent commitment from external ra-
diation associated with past atmospheric nuclear weapon 
testing can be attributed to 137Cs (UNSCEAR, 1998). It 
enhances radiation dose to man directly via external 
radiation and indirectly by root uptake of plants and 
transfer into human diet (Shinonaga et al., 2005). 

The 137Cs concentration in the surface soil decreases 
under the influence of various processes like decay, 
mechanical removing with rain water, vertical migration 
and diffusion into deeper layers of soil. Two basic 
processes control the migration of the fallout in the undis-
turbed soil column. Firstly the particles can percolate 
downwards with rain water, second, the solvable phase is 
subject to convection and diffusion with the soil solution 
and sorption to the soil matter described by the 
convection-diffusion model equation. CDE (Bossew et al 
2004).  

The understanding of the mechanisms of sorption and 
migration of radionuclides in  soil  and  their  transfer  into 



 
 
 
 
the food chain is necessary in order to reduce effectively 
the external and internal radiation exposure to man. 
Besides, information about anthropogenic radioactive 
levels and migration of radionuclides in soil is of funda-
mental importance to evaluate radioecological sensitivity 
of an ecosystem in terms of risk related to existing and 
potential radioactive contamination (Aarkrog, 1979; 
Howard, 2000; Howard et al., 2002 as cited by Schuller et 
al., 2004; Paulina et al., 1997; Cheshire and Shand, 
1991; Herman et al., 1992; Frissel and Pennders, 1983; 
Schimmack and Schultz, 2006; Beresford and Howard, 
1991). 

In order to quantitatively study the migration of 
radionuclides in the soil, several transport models have 
been developed (Bunzl, 2001; Velasco et al., 1997; 
Takriti and Othman, 1997; Kirchner, 1998; Isaksson et 
al., 2001; Szerbin et al., 1999; Likar et al., 2001; Luigi et 
al., 2003; Victoria, 2007). Szerbin et al. applied the 
diffusion convection model and a homogenuous Green 
function as a solution of partial differential equation for 
infinite medium while Likar et al. (2001) used a proper 
Green function which satisfies boundary conditions at the 
soil-air interface and to describe 137Cs vertical profile in 
soil (Kristic et al., 2004). 

In the present study, the vertical distribution of 137Cs as 
determined by an experimental study is evaluated by a 
diffusion convection model. The main objective of the 
work is to determine the diffusion coefficient and the 
convective velocities in the different sampling location 
and improve the knowledge on spatial distribution and 
vertical migration of global weapon’s fallout 137Cs in soils 
in the study area. The work will provide data on radio-
active contamination in soils of the area which are very 
sparse compared to other locations. The experimental 
results obtained for nine sampling locations were fitted 
into the diffusion equation. 
 
 
The theory of 137Cs migration in soil 
 
It is generally accepted that the migration of 137Cs in soil 
can be modeled by the Fokker-Planck equation 
governing diffusion and convection activities (Kristic et 
al., 2004). The equation is stated as  
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Where; C is Cs-137 concentration in soil, � is its decay 
constant, D is effective diffusion coefficient of Cs-137 in 
soil, � is convective velocity, x is soil depth in respect to 
the surface and t is time from the deposition to date. The 
term – �C represents the radioactive decay or the 
disintegration constant. 

The solution of equation 1 is given as below from 
Szerbin et al. (1999): 
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Since C0

 is the initial surface concentration in Bq m-2. 

C(x,t) is obtained in Bq m-3 

The total content C1
 of Cs-137 in soil is the sum of 

two components of contribution from nuclear weapons 
tests and the Chernobyl nuclear accident. This is 
expressed as 
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But since we assume there is no significant effect of 
Chernobyl accident in the study area, equation (3) is 
written as  
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So the solution is essentially as (2) that is; 
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Where; C 0

 in this case the initial Cs deposition during 

the nuclear weapon tests in Bq m-2 and t is the time 
period between deposition and present which in this case 
is 46 years. 

In accounting for the reflection at the air-soil surface, 
Szerbin et al. (1999) introduced the term C(-x,t). If this 
term is applied, then final concentration expression will 
take the form 
 
Cfinal = C1(x,t) + C1(-x,t)                                                   (6) 
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METHODOLOGY 
  
Sample preparation and measurements 
 
The experimental study site covered three states in southwestern 
Nigeria and because there is no nuclear installation in the country 
yet, the soil can only be expected to contain 137Cs deposited as a 
result of global fallout due to nuclear weapons tests. The general 
level of the region lies between 200 and 270 m above sea level with 
a mean annual precipitation of about 2000 mm and a dense forest 
vegetation. The sampling locations were selected on flat soil 
surfaces not prone to precipitation run-off. 

Samples were collected from nine sampling locations in the 
region. The samples were collected in January 2005 with a frame 
(10 x 10 cm) at nine plots of the sampling area. Soil samples were 
collected in depth increments of 0-2, 2-4, 4-6, 6-8, and  8-10  cm  at  
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the sampling sites by a coring tool which was thoroughly clean and  
dried before each sampling. Some samples were also collected at 
depth increments of 0-5, 5-10, 10-15, 15-20, 20-25 and 25-30 cm 
as variation. Before radioanalysis of the samples, the soils were 
well mixed, weighed and then dried in an oven at 1100C. The 
samples were then sieved by a 2 mm mesh screen and about 200 g 
each of the sieved soil samples were then subjected to gamma 
spectroscopy for activity determination. Soil samples from each 
layer of the nine vertical profiles were analysed separately in order 
to determine the spatial variability of the residence time of the 
radionuclide in the soil. 

137Cs was determined by direct gamma spectrometry measure-
ments using the coaxial-type Ge detectors of 50% relative efficiency 
with a resolution of 2.4 keV at 1.33 MeV. The detector which was 
properly shielded in lead castles was calibrated using certified 
reference standards for various radionuclides. The samples were 
counted for at least 24 h each to achieve low counting error. 
Spectra analysis were performed with the Genie2K spectrometry 
software version 2.1(Canberra industries). The characteristic 
gamma peak of 662keV of the 137Cs was used for its identification 
among the library of radionuclides in the software. The specific 
activities of 137Cs in the soil were expressed in Bq/m2 of dry mass of 
soil and corrected for the time elapsed since the sample collection 
from the sampling site. The results are as depicted in Figures 1 - 3.  

The total 137Cs deposition in the sampling sites are shown in 
Table 1 
 
 
RESULTS AND DISCUSSION 
 
Depth profile for Akure sites 
 
Figures 1 - 3 show the typical depth profiles of 137Cs in 
the nine soil profiles. The results showed that the activity 
decreases with increasing soil depth and it was below 
detection limit in the 25 – 30 cm and in the subsequent 
profiles. This showed that the 137Cs deposited on surface 
soil through fallout was able to move down to a maximum 
depth of 25 cm in the region in a straight line migration 
pathway where consideration was not given to the uptake 
of the nuclide by plants. 137Cs total deposition at 10 cm 
soil depth was found to be greatest at Ikogosi site 1 with 
a value of 90.30 Bqm-1 and least in Ogbomoso with a 
value of 15.60 Bqm-2 as already shown in Table 1. 
 
 
Diffusion coefficient D and the convective velocity � 
 
The decreasing concentration of 137Cs with soil depth can 
be explained by assuming pure diffusion and that con-
vective migration is weak or never occurred in the soil. 
The depth profiles above were fitted into the equation 7 
above by the gnuplot software to obtain the diffusion 
coefficient D and the convective velocity �. The results 
are as shown in Table 1 

The range of the diffusion coefficent is 0.002 – 1.002 
cm2 per year. This range is lower than those for 
Hungarian soil (Szerbin et al., 1999) and in Serbia (Kristic 
et al., 2004). This implies that the diffusion rate of 137Cs in 
the soil of the study area is slower compared to those 
areas mentioned. Some authors have used other kinds of 
functions to fit experimental data such as the Lorentz 
function (Hillmann et al., 1996)  but  could  not  determine 
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Figure 1. Showing depth distribution of 137Cs in soil profile at 
Akure sites. 
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Figure 2. Showing depth distribution of 137Cs in soil 
profile at Ado-Ekiti sites. Depth Profile For Ado - Ekiti 
sites. 
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Figure 3. Showing depth distribution of 137Cs in soil 
profile at Ikogosi sites. Depth Profile for Ikogosi sites. 

 
 
 
the diffusion coefficient. The convective velocity obtained 
by this model ranged from 0.007 to 1.00 with most loca-
tions having 1.00. It can  be  observed  that  the  diffusion  
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Table 1. Fitted initial surface Cs-contamination diffusion coefficients and convective Velocities. 
  

Location Surface deposition (Bqm-2) D(cm2 year-1) � (cm year-1) 
Akure site 1 27.30 0.0002 0.07 
Akure site 2 63.45 1.002 0.72 
Ado-Ekiti site 1 58.35 1.00 1.00 
Ado-Ekiti site 2 30.60 1.00 1.00 
Ikogosi site 1 90.30 1.00 1.00 
Ikogosi site 2 82.80 1.00 1.00 
Igbeti site 29.40 1.00 1.00 
Ogbomoso site 15.60 1.00 1.00 
Eruwa site 24.90 1.00 1.00 

 
 
 
coefficient and the convective velocity are equal for most 
locations, implying that the diffusion and the convective 
rates of the radionuclide within the soil layers at those 
sites are nearly the same. The peak appearance in the 
depth profiles may be explained by the convective 
transport of 137Cs in the soils (Kristic et al., 2004). Some 
authors have recommended that the convective velocity 
be neglected for cases where the concentration of 137Cs 
decreases monotonically with depth. (Kirchner, 1998)  
 
 
Conclusion 
 
The diffusion-convection model of 137Cs transport has 
been shown to describe the vertical profiles of 137Cs in 
soil of the study area fairly. The whole experimental data 
did not actually fit perfectly into the model because some 
irregularities are normally found in vertical profiles 
attributed to global fallout. The diffusion and convection 
processes in 137Cs migration in soil has been established 
by this study though some other processes different from 
the two processes might also take place in the transport 
phenomena. It has been shown that after 46 years the 
major deposition in the study area 137Cs had diffused into 
the soil depth of 30 cm and can be expected to still 
diffuse into deeper layers of soil. 
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