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ABSTRACT

In the last 50 years the Amazon region suffered the negative effects of urban growth and industrial and 
agricultural development. Belém, capital city o f the state o f Pará located, is one of its greatest urban centers, 
and, within its influence, Guajará Bay receives wastes discharges from Belém, which introduce many organic 
and inorganic contaminants to this bay. As the environmental accumulation o f these pollutants is deeply related 
to intensity and volume o f sediments deposition, this study aims to evaluate recent sedimentation rates (in a 
time range o f  60 years) in Guajará Bay. By using high resolution gamma spectrometry, a nuclear technique 
proper for the analysis o f  radionuclides 137Cs and 210Pb, recent sedimentation rates were assessed in three 
sediment cores collected in 2011. The mean sedimentation rates found were 0.85 ± 0.12 cm yr'1 for Anadim 
core, 1.02 ± 0.17 cm yr"1 for Outeiro core and 0.53 ± 0.04 cm yr"1 for Tucunduba core, which are within the 
range o f expected values for systems such as bays, estuaries and lagoons with anthropic presence (the case of 
Guajará Bay).

1. INTRODUCTION

Radionuclides are elements that, for having energetic instabilities in their atomic structure, 
emit various kinds of particles in order to become more stable. With the discovery of 
radioactivity and with the advent of techniques that enabled the detection of such particles, a 
new frontier was opened in the many areas of Earth sciences, as these radionuclides can be 
used as tracers for processes of physical and chemical natures [1],

Because they are under the effects of the same natural processes that other elements and 
because they have chemical behavior similar to their stable isotopes, radionuclides are found 
in all of Earth’s matrixes, such as soils, oceans and sediments [2-4], Therefore, the analysis of 
radionuclides became a tool with crescent use in oceanographic uses, as the oceans, which
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occupy the majority of the terrestrial surface area, are the most important sinks of these 
elements.

One of the most important uses of radionuclides in Oceanography is in the field of 
sedimentation studies. Several papers focused in the development of methodologies and 
mathematical models [5-7] and application of these techniques [8-10], They are widely used 
for assessing recent sedimentation rates [11-12] and age modeling [13-14] in lakes, estuaries, 
and other coastal systems.

Part of the Amazon Estuary, Guajará Bay (Figure 1) is formed by the confluence of Guamá 
and Acará Rivers, with numerous islands and channels and extending up to Mosqueiro Island, 
where it ends near Marajó Island [15], The city of Belém, capital city of PA State, is located 
at the banks of Guajará Bay, with a population of more than 1.4 million inhabitants [16], 
Guajará Bay is the main receiver of the city’s urban and industrial wastes, which do not have 
an adequate sanitation system and planning [17],

This coastal system is characterized by its intense hydrodynamics, with strong tidal currents 
that interact with the elevated fluvial energy of Guamá and Acará Rivers. Its area is under 
direct influence of semidiurnal tides, mainly in the dry season [18], when the saline wedge 
intrudes more deeply into the bay. This hydrodynamic pattern affects the sedimentology of 
the bay, resulting in deposition of fine sands and formation of sedimentary banks modeled by 
the tidal and fluvial currents [19],

Therefore, due to the high complexity of the sedimentation in Guajará Bay and lack of data 
regarding it, this study aimed assessing recent (since the middle of 19th century) 
sedimentation rates in vertical cores with a radioanalytical approach, with results statistically 
checked. Mathematical modeling of unsupported Pb (natural radionuclide, half-life of 22.3 
yr) and 137Cs (artificial radionuclide, half-life of 30.1 yr) behavior in sediments, measured 
through high-re solution gamma spectrometry, was used to quantitatively evaluate 
sedimentation rates.

2. MATERIALS AND METHODS

2.1. Sampling

Vertical sediment cores were manually collected in three different locations (Figure 1, Table 
1) in Guajará Bay during periods of low tide. These cores were sliced into 2 cm layers 
(subsamples), frozen, lyophilized, weighted and transferred to cylindrical plastic containers 
proper for gamma spectrometry analysis.
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Figure 1: Guajará Bay (a), part of the Amazon Estuary (b), N Brazil (c). Black stars
correspond to the sites of cores sampling.

Table 1: Description of the core profiles and their sampling sites at Guajará Bay
(Amazon Estuary, N Brazil).

Core profile Latitude Longitude Length (cm)
Anadim 1° 18’ 12.99” S 48° 25’ 55.76” W 60
Outeiro 1 °  1 7 , 1 7  7 3 „ S 48° 26’ 31.36” W 100
Tucunduba 1° 28’ 37.45” S 48° 27’ 11.88” W 40

2.2. Gamma spectrometry analysis

For the radionuclides measurements, approximately 20 g of sediment were transferred into 
air-sealed cylindrical plastic containers for gamma counting in an EG&G ORTEC low- 
background gamma spectrometer (hyperpure Ge, model GMX25190P), with a mean 
resolution of 1.97 keV for the 1332.35 keV 60Co photopeak and coupled electronics. The 
method, previously described by [20] and [21], consists of detector calibration, detector
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counting efficiency detection, background radiation assessment, and sample counting for 
50,000 s.

The photopeaks used in this analysis were 46.52 keV for 210Pb, 609.31 keV for 226Ra and
137 226661.67 keV for Cs. The 609.31 photopeak corresponds to gamma-ray emissions of a Ra 

daughter ( Bi). If secular equilibrium in the radioactive decay series of U is considered, 
which is achieved after 1 month of sampling sealing, this peak corresponds to 226Ra activity.

Moreover, the precision and accuracy of the methodology were evaluated through the 
determination of the radionuclides of interest ( Pb, Ra and Cs) in three certified 
reference materials: IAEA-326 (soil), IAEA-327 (soil) and IAEA-385 (marine 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. Table 2 
shows that the activity concentrations obtained for the certified radionuclide were close to the 
reported values with mean deviations and errors not exceeding 6%.

Table 2: Analysis of 210Pb, 226Ra and 137Cs activities (in Bq kg'1) in standard reference 
materials. Quality control of the methodology.

Nuclide Reference
material

Mean 
corrected21 
certified 

activity (Bq 
k g 1)

Measured 
activity (Bq

kg-V

Precision 
(RSD) (%)

Accuracy 
(RE) (%)

210Pb

IAEA-326 38.40 39.79 ± 1.22 3.07 3.62
IAEA-327 42.36 43.14 ± 1.33 3.08 1.84
IAEA-385 25.07 25.16 ± 1.23 4.89 0.36

Mean
values: 3.68 1.94

226Ra

IAEA-326 32.45 30.55 ± 1.50 4.91 5.86
IAEA-327 33.95 32.92 ± 1.54 4.68 3.03
IAEA-385 22.59 20.96 ± 1.52 7.25 7.22

Mean
values: 5.61 5.37

137Cs

IAEA-326 C C C C

IAEA-327 19.56 19.34± 1.11 5.74 1.12
IAEA-385 26.09 26.66 ± 1.03 3.86 2.18

Mean
values: 4.80 1.65

a. Corrected due to the nuclides decay (based in their half-life) in the reference materials.
b. Activity values represented in the form mean ± determination error.
c. It is not a reference material for 137Cs.

2.3. Unsupported 210Pb modeling

210Pb is a natural radioactive isotope of Pb, characterized by its half-life of 22.3 yr, short
lived if compared with other natural radionuclides, such as 40K, and 235U. It is one of the
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isotopes of 238U decay series, a byproduct of 226Ra branch decay. 226Ra decays to 222Rn, a gas 
that partially escapes from the sediment to the atmosphere and returns to the 
soils/water/sediment as it decays to 210Pb. From this cycle, several models were developed in 
order to enable sedimentation assessment and age modeling in coastal systems, such as CIC 
model (constant initial concentration) [7] and CRS model (constant rate of supply) [22], used 
in this study.

In order to apply these models, 210Pb in a sedimentary core is separated in two parts 
according to its origin: one that is atmospheric-originated, or unsupported, and one that is 
produced inside the sedimentary matrix without the escape o f 222Rn, or supported. Thus, 

Pbxs (unsupported Pb) can be measured by the difference between the total Pb in the 
sample (210Pbt) and the supported 210Pb (210Pbs), evaluated with any gamma-emitting 210Pb 
parent nuclide, such as 226Ra.

The CIC model assumes that there is a continuous sediment input to the system and it results 
in a time-integrated sedimentation rate. Equation 1 represents the calculus of the 
sedimentation rate with Pbxs.

v =
X.D

In
f

v

(210Pb
(2"Pb

xs

xs 't  J

( 1)

In which:

v = mean sedimentation rate (in cm yr'1);
X = 210Pb half-life (= 22.3 yr);
D = sediment core length (in cm);
(210Pbxs)b = activity of unsupported 210Pb in the core bottom (in Bq kg '1);
(210Pbxs)t = activity of unsupported 210Pb in the core top (in Bq kg'1).

Meanwhile, the CRS model is intended for sediment profiles dating, but can be used to assess 
time-variable sedimentation rates. It considers that 210Pbxs is supplied to the sediments in a 
constant rate and that the sedimentation is time dependent. Equation 2 presents the calculus 
for sedimentation rates with this model.

V(Z)4Z ( 210pbxJt - Z ( 21°Pbx i

2 1 ° P b x s ( z )

(2)

In which:

v(z) = sedimentation rate at depth z (in cm yr'1);
X = 210Pb half-life (= 22.3 yr);
(210Pbxs)b = activity of unsupported 210Pb in the core bottom (in Bq kg '1); 
(210Pbxs)t = activity of unsupported 210Pb in the core top (in Bq kg'1) 
210Pbxs(z) = activity of 210Pb at depth z (in Bq kg '1).
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It is appropriate for age dating in complex systems such as estuaries and bays, as it does not 
need to assume a constant sedimentary flux. Thus, differently from CIC model, it provides a 
notion of the time variation in the sedimentation rates. In addition, all models can evaluate 
the time range of the cores, which correspond to the time interval between the deposition of 
the base of the sedimentary columns and the time of its sampling. The time range is measured 
with the ratio of the core length and its mean sedimentation rate.

2.4. 137Cs modeling

137 235Cs is an artificial isotope of Cs produced by U fission from nuclear warheads explosion 
and thermonuclear electric energy production [23], It has a high fission yield, a half-life of 
30.16 yr and decays to 137Ba through p and y emission. The global radioactive fallout, peaked 
in 1963, is the main source of 137Cs contamination in the Southern Hemisphere.

The mathematical-chemical model of diffusion-convection (MDC) of 137Cs [24-26] states that 
the temporal evolution of Cs activity in a sedimentary column (3A/3t) results from its 
vertical convective flux [-vfôA/ôz)], vertical diffusive flux [D fcW cz2)] and natural decay (- 
kA), according to Equation 3. For the application of this model, it must be assumed that all 
137Cs that has entered the location is due to the global fallout of past nuclear tests, which 
reached a maximum level around 1963.

ÕA
dt

ÕA ^  
- v  —  + D 

õz
õ2A
dz2

kA (3)

In which:

A = activity per unit of volume (in mBq cm' ); 
t = time unit (in yr);
v = local sedimentation rate (in cm yr'1); 
z = depth unit (in cm);
D = vertical diffusion coefficient of 137Cs in the sediment (in cm2 yr'1) 
k = constant of radioactive decay of 137Cs (in yr'1).

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 it is used the relation A = pa, in which p is the air-dry bulk density of the sediment 
[24],

MDC was applied in all three cores with the assistance of the statistical package Solver for 
Microsoft Excel 2010 (from Microsoft), by minimizing the X (chi-squared) value between 
the experimental (determined by gamma spectrometry) and theoretical (output of MDC) 
profiles.

3. RESULTS AND DISCUSSION

3.1. Unsupported 210Pb modeling
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Figure 2 presents the vertical profiles resulted from the use of CIC and CRS models in the 
sediment profiles from Guajará Bay. As it can be seen in Figure 2, the Pearson correlation 
coefficients (r) are statistically significant in all cores. Also, the results of mean 
sedimentation rates from the application of Equation 1 (CIC model) are 0.84 ± 0.10 cm y r'1 
for Anadim core, 0.98 ± 0.09 cm yr'1 for Outeiro and 0.20 ± 0.01 cm yr'1 for Tucunduba. 
These values are similar to the mean sedimentation rates calculated through CRS model 
(Equation 2) except for Tucunduba core (which is discussed further), that are 0.88 ± 0.10 cm 
yr'1 (Anadim), 1.04 ± 0.10 cm yr'1 (Outeiro) and 0.63 ± 0.02 cm yr'1 (Tucunduba).
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Figure 2: CIC model. Vertical profiles of In ( Pbxs) in the sediment profiles of Guajará 
Bay with linear correlation and regression analyses, (a) Anadim, (c) Outeiro, (c) 
Tucunduba. CRS model: vertical profiles of sedimentation rate (v, cm yr'1) in the 

sediment profiles of Guajará Bay. (b) Anadim, (d) Outeiro, (f) Tucunduba.

210

3.2. 137Cs modeling

To further analyze the profiles, the MDC of 137Cs was applied using the method of X2 
minimization between the experimental (determined by gamma spectrometry) and theoretical 
(output of MDC) profiles. The X2 values are a measure of how well the modeled data 
reproduce the observed data from the spectrometric analysis. The lower X2 value, the 
stronger the statistical match between the modeled and observed data.

137Cs (mBq cm'3) 137Cs (mBq cm'3)

0.00 1.00 2.00 3.00 0.00 1.00 2.00 3.00

0.00 1.00 2.00 3.00

137 3Figure 3: MDC model. Vertical profiles of Cs (in mBq cm' ) in the sediment profiles 
of Guajará Bay with MDC output curves (black lines), (a) Anadim, (c) Outeiro, (c)

Tucunduba.

Figure 3 presents the results of the MDC. In a first glance, there is an expected pattern in the 
137Cs analysis, which is the presence of a maximum in its activity, correspondent to the 1963 
maximum of the global fallout from past nuclear explosions [27], Moreover, it can be seen,
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through the X2 and r values, that the MDC curves are statistically representative of the 
vertical profiles of 137Cs in all cores.

Furthermore, from Equation 3, the mean sedimentation rates (v in Equation 3) are 0.84 ± 0.10 
cm yr'1 for Anadim core, 1.06 ± 0.21 cm yr'1 for Outeiro core and 0.42 ± 0.03 cm yr'1 for 
Tucunduba core.

3.3. Sedimentation rates in Guajará Bay

Table 3 puts together all the results of sedimentation rates from the three models applied in 
the profile cores. For the cores Anadim and Outeiro, the results from the three models agree 
with each other and their mean sedimentation rate are similar (0.85 cm yr'1 and 1.02 cm yr'1, 
respectively). This is expected, given the proximity of their sampling sites, which are 
submitted to the same hydrodynamic conditions.

Table 3: Sedimentation rates (cm yr'1) from CIC, CRS and MDC models for all cores of 
Guajará Bay. Mean sedimentation rates for the cores, relative standard deviation (RSD) 

(%) between the models and time range (yr) of the cores.

Profile
Sedimentation rate (cm yr'1) Mean

sedimentation 
rate (cm yr'1)

RSD (%)
Time
range

(y r )
CIC CRS MDC

Anadim 0.84 ± 0.10 0.88 ±0.10 0.84 ±0.10 0.85 ±0.12 2.71 70
Outeiro 0.98 ±0.09 1.04 ± 0.10 1.06 ±0.21 1.02 ±0.17 4.06 97
Tucunduba 0.20 ±0.01 0.63 ±0.02 0.42 ± 0.03 0.53 ± 0.04a 28.28a 76a
a. Mean and RSD without the result of CIC model.

These recent (all core time ranges are inferior to 100 years) sedimentation rates present 
values comparable to other Brazilian coastal systems, such as Cananéia-Iguape estuarine 
system (SP State, Brazil) (0.89 ± 0.17 cm yr'1, [13]) and Sepetiba Bay (RJ State, Brazil) (0.76 
cm yr'1, [11]).

The equivalence between the results from CIC and CRS models in these two profiles means 
that there is little recent time-variance in the sedimentation rates, as CIC model assumes a 
constant sedimentation rate in the system and its results were the same as CRS model, that 
does not have this assumption. In addition, the graphs in Figures 2b and 2d corroborates with 
this affirmation, as they show little vertical variance in the sedimentation rate.

However, Tucunduba core presented a disparate behavior. The results of CIC and CRS model 
greatly differ, and Figure 2f shows that there is significant vertical variance in the 
sedimentation rate, invalidating the assumption of constant sedimentation rate and the result 
of CIC model for this core. CRS and MDC models provided similar values, but even then, the 
mean sedimentation rate of Tucunduba core is different to the other two profiles. This can be 
due to its geographic location, very distant to the other cores, subjected to a different 
hydrodynamic regime dominated by the fluvial currents of Guamá River.

4. CONCLUSIONS
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The mean sedimentation rates for the cores obtained through a radioanalytical method were
0.85 ± 0.12 cm yr'1 for Anadim core, 1.02 ± 0.17 cm yr'1 for Outeiro core and 0.53 ± 0.04 cm 
yr'1 for Tucunduba core. These results are consistent with other sedimentation rates of 
Brazilian coastal systems.

The use of three models of sedimentation rate modeling, with different assumptions and 
radionuclides of interest, enable not only the obtaining of mean recent sedimentation rates, 
but also the verification of the assumption of constant sedimentation rate for the evaluated 
period contained in the profiles, true for Anadim and Outeiro cores, but false for Tucunduba. 
This is probably due to the divergence of sampling location and, therefore, hydrodynamic 
regime.
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