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ABSTRACT 

 
Under the perspective of knowing the results of the processes which moves the sedimentary dynamics in coastal 

environments and assisting works related to the historic of impacts generated in these systems by human 

occupation, this study shows a practical application of the mathematic-chemical model of diffusion-convection 

(MDC) of the radionuclide 
137

Cs in sedimentary columns for the evaluation of recent sedimentation rates in a 

Brazilian coastal system. 
137

Cs is an artificial radionuclide characterized by its high fission yield and half-life of 

about 30 years. It is already widely used in this kind of study by reason of its 1963’s global peak. The MDC will 

improve the generated results as the levels of radioactivity of this nuclide are low in the Southern Hemisphere, 

where this element’s main source is the atmospheric fallout from past nuclear explosions, and due to the fact 

that it is an element with non-negligible vertical mobility.  

 

 

1. INTRODUCTION 

 

Our planet is made of different compartments that work together in a complex web of linked 

interactions and feedbacks [1]. Since the 20
th

 Century, the planet has changed radically in 

economic, environmental, social and political respects. Environmental and economic 

development challenges are linked with political issues and geographic boundaries through 

social and environmental processes. Some scientists have suggested that humankind has 

embarked on a new time period since the start of the Industrial Revolution called the 

Anthropocene, and since the onset of this Anthropocene, major changes in the global 

biosphere have occurred as a result of human actions and their impacts on the environment 

[1-5]. One example of these impacts is the growth of nuclear research and technologies for 

civil and military purposes, which has led to a worldwide diffusion of anthropogenic 

radionuclides. 
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Radioactive fallout from nuclear and thermonuclear explosions, and nuclear power plant 

accidents, are the main sources of anthropogenic radionuclides in the environment, including 

the Polar Regions [6-8]. The behavior of fission products, or anthropogenic radionuclides, 

depends on latitude, altitude, and the season in which they were released. The artificial 

radionuclides that were introduced into the equatorial stratosphere through radioactive fallout 

were spread rapidly within their latitudinal band of injection, but they slowly migrated 

towards the poles [9-10]. 

 

The distinctly different geochemical behavior of radionuclides (such as 
137

Cs, 
40

K, 
7
Be, 

230
Th, 

226
Ra, 

235
U, 

210
Pb, 

239+240
Pu) in aqueous systems makes them valuable as tracers for 

investigating water circulation and sedimentary processes [11] (Godoy et al., 1998b);. 

Research using natural and artificial radionuclides has been done using a wide variety of 

materials (i.e. ice, sediment, soils, seawater, and biological samples) for different areas of the 

world. These data are important for establishing a baseline to estimate the future impacts of 

radioactive pollution and to understand dynamic marine processes, as well as examine the 

impacts of anthropic activities on coastal areas [8, 11-16]. 

  
137

Cs is a radioactive isotope produced by 
235

U fission. It has a high fission yield, a half-life 

(T1/2) of ~ 30 years and decays to 
137

Ba through β
-
 (an electron) and γ (a photon) emission. In 

the Southern Hemisphere, global radioactive fallout peaked in 1963 and is the main source of 
137

Cs contamination [17-18]. The study of this nuclide is relevant to many aspects of 

environmental contamination because 
137

Cs is a hazardous element which has a tendency to 

bioaccumulate in the muscular tissues of marine organisms, and can be used as a tracer for 

various sedimentary processes [8, 11]. 

 

The Bertioga Channel (Figure 1) is part of the Santos-São Vicente Estuarine System, located 

between 23º51’ S, 23º58’ S, 46º08’ W and 46º19’ W, and has an area of about 51,000 ha. Its 

region presents a strong temperature variation throughout the year and its precipitation rates 

varies between 2,000 and 3,000 mm per year [19]. According to [20], its origin is related to 

the sea level variation mechanisms that occurred during the Upper Quaternary. Its affluent 

rivers have high competence for transporting sediments [21], which deposits through the 

actions of tidal currents preferably in Largo do Candinho region, a rare area within Santos-

São Vicente estuary where there is dominance of fine sediments deposition [22]. 
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Figure 1: Bertioga Channel (São Paulo State, Brazil). Black circles represent the 

location of the five core sampling sites. 

 

This paper presents a different approach for assessing recent sedimentation rates in coastal 

systems with 
137

Cs as a proxy, which is the mathematical-chemical model of diffusion-

convection (MDC). It parameterizes the vertical behavior of 
137

Cs in sediments in order to 

obtain valuable information from it, such as sedimentation rates. This study will focus on 

cores sampled in Bertioga Channel (São Paulo State, Brazil). 

 

 

2. MATERIALS AND METHODS 

 

 

2.1.  Sample collection and analysis 

 

Sediment profiles were collected at five locations (Figure 1) in Bertioga Channel with a 

vibracorer (model VT1, Rossfelder). For the radionuclide measurements, approximately 20 g 

of sediment were transferred into cylindrical plastic containers for gamma counting in a low-

background gamma spectrometer (hyperpure Ge detector model GEM50P, EG&G ORTEC), 

with a mean resolution of 1.9 keV for the 1332.35 keV 
60

Co photopeak and coupled 

electronics. The method, previously described by [23], consists of detector calibration, 

detector counting efficiency detection, background radiation assessment, and sample 

counting for 50,000 s. 

 

The precision and accuracy of the methodology were also evaluated through the 

determination of 
137

Cs in four certified reference materials: IAEA-300 (soil), IAEA-327 

(soil), IAEA-375 (soil), and IAEA-385 (sediment). The precision was checked using relative 

standard deviation (RSD), and the accuracy was assessed using the relative error (RE) of the 

data generated from these measurements. Activity concentrations obtained for the certified 
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radionuclide were close to the previously reported values with deviations not exceeding 10% 

in either of the parameters. 

 

 

2.2.  Model of diffusion-convection (MDC) 

 

To evaluate the potential for movement of 
137

Cs in sediments, a 
137

Cs model of diffusion-

convection (MDC) in sedimentary matrixes was used, which is also known as a model of 

vertical migration [24-27]. 

 

The MDC accounts for the diffusion of 
137

Cs from the sediment grains to the interstitial water 

in the sediment, and the vertical convection of this interstitial water through the pores of the 

sediment. This mathematical model states that the temporal evolution of 
137

Cs activity in a 

sedimentary column (∂A/∂t) results from its vertical convective flux [-ν(∂A/∂z)], vertical 

diffusive flux [D(∂²A/∂z²)] and natural decay (-λA), according to Equation 1. 
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In which: 

 

A = activity per unit of volume, in mBq cm
-3

. 

t = time unit, in y (year). 

ν = local sedimentation rate, in cm y
-1

. 

z = depth unit, in cm. 

D = vertical diffusion coefficient of 
137

Cs in the sediment, in cm2 y
-1

. 

λ = constant of radioactive decay of 
137

Cs, in y
-1

. 

 

Equation 1 can be solved using the method of finite differences because it lacks an analytical 

solution. The model considers activity per unit of volume (A) instead of the most commonly 

used activity per unit of mass (a) to transform activity per unit of mass to activity per unit of 

volume such that A = ρa, in which ρ is the air-dry bulk density of the sediment. 

 

As a contour condition for the model, it was assumed that the temporal evolution of 
137

Cs 

activity in the sea-sediment interface (A0) can be represented as an exponential decay 

(Equation 2). 
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In which C0 is the initial input of 
137

Cs activity in the sediment expressed in mBq cm
-3

. The 

model assumes that all 
137

Cs that has entered the location is due to the global fallout of past 

nuclear tests, which reached a maximum level around 1963. T
T

1/2 is the global half-life, 

which results from the radioactive decay of 
137

Cs and its residence time in the element's 

source zone. The determination of parameters ν, D, C0 and T
T

1/2 for each of the sediment 

profiles was done by minimizing the Χ
2
 value between the experimental and theoretical 

profiles. 
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3. RESULTS AND DISCUSSION 

 

 

 
 

Figure 2: Model of diffusion-convection of 
137

Cs (in mBq cm
-3

) for the cores from 

Bertioga Channel (São Paulo State, Brazil). (a) B1, (b) B2, (c) B3, (d) B4, (e) B5. The 

black points represent the values from the spectrometric determination, and the curves 

represent the MDC adjustment. 
 

The MDC was applied to the vertical profile of 
137

Cs (Figure 2). To check how much the 

model output approaches the data from the spectrometric analysis, it was calculated the 

Pearson correlation coefficients for each core (Table 1). Moreover, Table 1 presents the 

sedimentation rates calculated by the MDC for the cores from Bertioga Channel. 
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Table 1: Pearson correlation coefficients (r) between the MDC output and the data from 

the spectrometry analysis (α = 0.05). Sedimentation rates (in cm yr
-1

) for the cores from 

Bertioga Channel (São Paulo State, Brazil). 

 

Core Pearson r value Sedimentation rate (cm yr
-1

) 

B1 0.89 (p < 0.05) 0.72 ± 0.15 

B2 0.97 (p < 0.05) 1.02 ± 0.07 

B3 0.95 (p < 0.05) 1.22 ± 0.11 

B4 0.93 (p < 0.05) 0.95 ± 0.09 

B5 0.78 (p < 0.05) 0.95 ± 0.08 

 

All results from the MDC presented high and statistically significant (α = 0.05) Pearson r 

values. In order to validate the sedimentation rates calculated by the MDC, it was used a two-

sample t test between the data from the MDC and values of sedimentation rates calculated by 

[28] with unsupported 
210

Pb methodology (Table 2), a more widely used technique to assess 

recent sedimentation rates in the same cores. Table 3 presents the results of the t test, 

including the evaluation of normality and homocedasticity of data residues by Anderson-

Darling and Levene tests, respectively. 

 

Table 2: Samples (values of sedimentation rates of Bertioga Channel in cm yr
-1

) 

compared in the t test. 
 

Cores 
Sedimentation rates (cm yr

-1
) 

This study (
137

Cs) [28] (
210

Pbxs) 

B1 0.72 0.84 

B2 1.02 1.12 

B3 1.22 1.26 

B4 0.95 0.97 

B5 0.95 0.93 

 

Table 3: p values for Anderson-Darling, Levene and t tests for two samples (α = 0.05) 

for the sedimentation rates from Table 2 of Bertioga Channel (São Paulo State, Brazil). 

 

Test p value 

Anderson-Darling
a
 0.47 

Levene
b
 0.57 

t test
c
 0.65 

a
 p value greater than α accepts the hypothesis that data residues distribution is approximately 

normal. 
b
 p value greater than α accepts the hypothesis that data residues variance is homogeneous. 

c
 p value greater than α accepts the hypothesis that there is no difference between the 

samples. 

 

The results observed in Table 3 show that the MDC values of sedimentation rates are 

statistically equal (α = 0.05) to those from unsupported 
210

Pb method. This shows the MDC 

ability to not only correctly parameterize 
137

Cs vertical activity in sediments, as within its 

formulation are present the main physical-chemical processes regarding 
137

Cs behavior, but 

also to present consistent sedimentation rates values. 
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4. CONCLUSIONS  

 

With the results presented in this paper, it can be observed that the MDC is a reliable 

technique for assessing recent (since 1963) sedimentation rates in coastal systems, such as 

Bertioga Channel, part of an important estuarine system in the Southeastern Brazilian coast. 

When compared with the results from unsupported 
210

Pb method, a widely and scientifically 

well studied methodology for the evaluation of sedimentation rates in aquatic systems, little 

difference is observed between them. 

 

In addition, this study shows that it is possible to produce results regarding 
137

Cs vertical 

behavior in sediments with the MDC, such as its vertical diffusion from adsorved state to the 

pore water and convection in the pore water due to compactation effects. This information is 

useful to understand the environmental behavior of 
137

Cs, an important radionuclide. 
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