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ABSTRACT 
 
The state of Pernambuco is representative of Northeastern Brazil, with respect to the 
variability of climatic conditions, soil types, soil cover, as well as land use. The state is 
subdivided into five regions: Recife Metropolitan Region, São Francisco, Sertão, Agreste and 
Zona da Mata (Atlantic Forest Region). Each region presents peculiar climatic and economic 
activities. The Atlantic Forest region, the focus of this study, presents a humid tropical 
climate and is characterized by large farms and the monoculture of sugarcane. In this 
scenario, a radioecological investigation was carried out to determine the radiometric 
potential from the analysis of forty-five soil samples, collected in five soil profiles, to a depth 
of 60 cm. A non-destructive method was adopted for the radiometric analysis, using High-
Resolution Gamma Spectrometry with an HPGe-Be type detector. This method allowed the 
determination of specific activities of U-238, Th-232 and K-40 in the soil samples. The 
results will be used as a basis for the determination of a reference value for the natural 
radioactivity of these soils, to predict the existence of possible environmental impacts 
resulting from their use for the cultivation of sugar cane, as well as to contribute to guarantee 
the safety of food crops cultivated in this region. 
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1. INTRODUCTION 
 
Sugar cane is the only food product of agricultural origin that has been the subject of disputes 
and conquests over the centuries. During the empire, the country basically depended on the 
cultivation of sugarcane and the export of sugar. In that period of history, it is estimated that 
the export of sugar yielded to Brazil five times more than the foreign exchange provided by 
all the other agricultural products destined to the external market [1]. This cultivation is of 
great versatility, can be used as a renewable source of energy and raw material for several 
other products of great value in the foreign market where Brazil leads the world production. 
 
Planting can occur in soils influenced by natural sources of radioactivity, a result of 
radioelements present in the earth's crust (primordial radionuclides) and radioisotopes 
produced by the interaction of cosmic rays with the atmosphere (cosmogenic radionuclides). 
During the crystallization process, the radioelements become part of the crystalline structure 
of certain minerals, accumulating according to the process of magmatic differentiation [2]. As 
the rocks undergo biogeochemical weathering, the radioisotopes that are displaced in the 
environment will be absorbed by clay minerals and precipitates along with the iron and 
aluminum oxides in the soils. 
 
The knowledge of concentrations and distribution of radioactive elements in any materials is 
of great interest, since it provides useful information for the monitoring of the environmental 
radioactivity [3]. Soil acts as a migration medium for the transfer of radionuclides to 
biological systems and is therefore a basic indicator of radiation contamination in the 
environment, although it can be considered as a geochemical barrier since it retains most of 
the pollutants on its surface [4]. 
 
Changes in the physical-chemical conditions of soils can mobilize the radionuclides and favor 
their migration to adjacent systems [5]. Radiometric studies in soils are currently common 
because some types of rocks that form the soil contribute significantly with higher values of 
radiation doses to humans [6, 7]. 
  
There are few studies, in the Zona da Mata area of the State of Pernambuco, Brazil, about the 
levels of 238U, 232Th and 40K in soils. Therefore, it is necessary to develop a research where 
the values obtained will serve as a basis for predicting risk situations and impacts arising 
from natural resource exploration. 
 
Thus, the present study aimed to qualify and quantify the radionuclides 238U, 232Th and 40K in 
45 soil samples collected at nine points in the Zona da Mata of the State of Pernambuco, 
Brazil, cultivated with sugarcane. This study will allow to define criteria on the 
environmental radiometry, serving as a world reference for future studies and providing a 
better understanding of the behavior of natural radionuclides in the soil and correlations with 
public health and the environment. 
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2. MATERIALS AND METHODS 
 

2.1. Study area and sample collection 
 
The Zona da Mata of the State of Pernambuco - Brazil covers an area of 8,738 km , 8.9% of 
the territory. It is limited to the north and the south with the State of Paraíba and Alagoas, 
respectively, to the east with the Metropolitan Region of the capital city (Recife) and to the 
west with the Region of the Agreste of Pernambuco. The Zona da Mata is subdivided in to 
three microregions: Northern Forest (North), Vitória de Santo Antão and Southern Forest 
(Southern) [8], according to Figure 1. 

 
 

 
 

Figure 1: Location of study area 
  
 

The land structure of the Zona da Mata in the state of Pernambuco is characterized by the 
latifundia and the monoculture of sugarcane. It is composed of 43 municipalities of which 
eight were objects of study. Nine points were sampled, as shown in Figure 2.  
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Figure 2: Collection points. 

 
 

Five samples were collected at each point five samples, from the surface up to 60 cm depth, 
measured at 10 cm intervals, the last measurement being increased to a range of 20 cm, for a 
total of 45 samples. Samples were collected in three soil classes: Argus, Latossol and 
Gleissolo. Table 1 presents the detail of the region, including the percentage of the most 
representative soil classes, geographical coordinates of collection points and respective 
municipalities. 

 
Soil samples were collected during execution of the project entitled "Impacts of climate 
change on land cover and use in Pernambuco: generation and provision of information for the 
subsidy to public policies ", assigned to carry out detailed radiometric investigations for 
natural radionuclides. At each point, 1kg of soil samples were collected approximately in a 
profile, up to a depth of 1 m, when possible, following EMBRAPA recommendations [9]. 
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Table 1: Distribution of sample points  

REGION COORDINATES 
(LONGITUDE/LATITUDE) 

COLLECT 
POINT 

SOIL CLASS COUNTY  

 
 

Zona 
da 

Mata 

-35,1801036 -7,400617125 ZM1  
Argus (51%) 

Itambé 
-35,44344179 -7,522715475 ZM4 Macaparana 
-35,33476082 -8,202421375 ZM5 Vitória de S. Antão 
-35,12749996 -7,933055519 ZM2  

Latossol 
(19%) 

Paudalho 
-35,12749996 -7,933055519 ZM3 Escada 
-35,55974762 -8,680015797 ZM6 Palmares 
-34,98861419 -7,575867878 ZM7 Gleissolo 

and 
Similar (9%) 

Goiana 
-35,08676341 -8,537854008 ZM8  

Sirinhaém -35,1036731 -8,585961006 ZM9 
 
 

2.2 Sample treatment 
 
The soil samples were prepared for radiometric analysis at the Radioecology and 
Environmental Control Laboratory (LARCA) of the Department of Nuclear Energy (DEN) of 
the Federal University of Pernambuco (UFPE). The procedures were those already 
established by that laboratory, in accordance with the technical documents of the 
International Atomic Energy Agency (IAEA) [10]. The soil samples were conditioned in 
polyethylene containers with an approximate capacity of 100 cm , hermetically sealed, for the 
establishment of secular radioactive equilibrium. 
 
2.3 Measurement system 
 
The high-resolution gamma spectrometer included a Hiperpure Ge semiconductor detector 
(HPGe) with Be window, manufactured by Canberra®, model GX2518 of cylindrical and 
coaxial geometry. The detector has a nominal efficiency of 25% and a resolution of 1.8 keV 
for energy of 1,332 keV of 60Co. It was coupled to a multichannel MCA EAGLE PLUS with 
4,096 channels, whose pre-amplifier voltage was set at 3 kV, according to the manufacturer's 
specifications [11]. To perform the manipulation and adjustments of the spectra was used the 
software Genie-2k® provided by Canberra® [12]. 
 
2.4 Detection limit (LD) 
 
For the aforementioned study, the detection limits (LD) for quantification of the 238U, 232Th 
and 40K were calculated using the Equation 1 [13], provided several measurements of the 
laboratory background radiation were done. 
 
 
                                                               LD = 4,66 x σ                                                            (1) 
 
 
 Where  represents the mean standard deviation associated with the background 
measurements and the factor 4.66 corresponding to a confidence level greater than 95%. The 
values of the detection limits obtained for the natural radionuclides evaluated in the study can 
be appreciated in table 2. 
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Table 2: Detection limit for HPGe-Be 
RADIONUCLÍDE LD (Bq.kg–1) 

238U 2,8 
232Th 0,2 

40K 4,7 
 
 
The values determined for uranium and thorium have taken into account the average obtained 
as a function of the different limits for the energies used in the identification and 
quantification of each radionuclide, a different situation for potassium that was estimated by 
its single gamma emission. 
 
 

3. RESULTS AND DISCUSSIONS 
 
 
The values of specific activities, with their respective uncertainties, for the 238U, 232Th and 
40K natural radionuclides in soils of the Zona da Mata of Pernambuco, Brazil, at different 
depths are reported on Table 3.  

 
 

Table 3: Specific activities in soil samples 
 

COLLECT 
POINT 

 
DEPTH  

(cm) 

ACTIVITY (Bq.kg–1) 

238U 
 

232Th 
 

40K 

ZM1A 
  

 

0-10 58,58 ± 6,21 39,42 ± 1,81 350,32 ± 9,85 
10-20 45,21 ± 1,71 9,84 ± 3,22 167,31 ± 6,70 
20-30 72,73 ± 3,25 < LD  180,51 ± 9,72 
30-40 66,27 ± 4,61 27,02 ± 2,26 414,01 ± 10,70 
40-60 39,01 ± 7,06 55,86 ± 3,03 178,91 ± 9,54 

ZM2CA 
  
  

0-10 35,79 ± 2,49 37,49 ± 2,10 315,82 ± 9,36 
10-20 53,94 ± 2,89 56,37 ± 1,75 187,14 ± 9,43 
20-30 27,67 ± 4,94 42,53 ± 2,47 145,95 ± 13,14 
30-40 35,98 ± 4,61 31,53 ± 7,30 318,47 ± 9,24 
40-60 28,10 ± 5,22 60,23 ± 1,93 273,36 ± 8,84 

ZM3CA 
  
  

0-10 110,74 ± 3,49 135,17 ± 3,45 254,51 ± 8,46 
10-20 86,31 ± 5,21 150,23 ± 4,04 323,78 ± 9,82 
20-30 88,69 ± 5,41 143,52 ± 6,54 345,01 ± 10,21 
30-40 113,77 ± 5,97 170,51 ± 4,34 175,36 ± 4,44 
40-60 112,81 ± 5,60 123,42 ± 5,53 179,18 ± 3,25 

ZM4CA 
  
  

0-10 59,91 ± 4,17 46,02 ± 1,96 196,50 ± 10,58 
10-20 60,08 ± 3,16 62,18 ± 3,36 214,10 ± 10,10 
20-30 < LD  80,50 ± 3,18 215,16 ± 11,22 
30-40 64,55 ± 6,28 41,23 ± 5,33 200,13 ± 10,26 
40-60 80,69 ± 4,55 68,97 ± 4,07 204,91 ± 9,08 

ZM5A 
  
  

0-10 147,99 ± 6,35 110,31 ± 7,15 187,15 ± 11,56 
10-20 141,86 ± 6,09 123,28 ± 5,44 195,24 ± 12,26 
20-30 147,62 ± 6,29 157,21 ± 5,19 206,52 ± 11,30 
30-40 141,30 ± 6,31 100,08 ± 9,45 201,74 ± 9,44 
40-60 139,32 ± 8,56 156,54 ± 5,19 214,31 ± 11,16 
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Table 3 continuation 

 
 
 

ZM6CA 
 

0-10 113,13 ± 5,83 139,65 ± 3,85 575,91 ± 13,19 
10-20 105,46 ± 5,68 128,46 ± 4,59 244,25 ± 1,37 
20-30 72,50 ± 2,18 131,64 ± 1,94 514,86 ± 13,96 
30-40 100,81 ± 8,01 124,54 ± 3,57 207,37 ± 11,84 
40-60 103,36 ± 5,69 154,99 ± 3,57 419,32 ± 3,38 

 
 

ZM7CA 
 

0-10 79,45 ± 3,97 70,52 ± 2,79 716,56 ± 10,67 
10-20 65,07 ± 3,32 75,47 ± 2,26 828,03 ± 15,99 
20-30 63,62 ± 4,87 66,03 ± 3,58 769,64 ± 15,45 
30-40 59,88 ± 2,81 66,76 ± 2,91 798,84 ± 15,45 
40-60 55,70 ± 2,56 64,14 ± 3,35 785,57 ± 15,52 

 
 

ZM8CA 
 
 

0-10 116,47 ± 6,41 198,93 ± 5,30 756,37 ± 15,83 
10-20 103,35 ± 2,49 196,49 ± 5,02 889,07 ± 16,10 
20-30 150,11 ± 8,22 185,84 ± 3,94 843,95 ± 15,80 
30-40 90,87 ± 6,45 113,70 ± 1,10 660,83 ± 14,22 
40-60 52,73 ± 1,76 86,45 ± 3,45 703,29 ± 14,39 

 
 

ZM9CA 
 

0-10 126,77 ± 5,56 155,04 ± 3,11 995,23 ± 18,35 
10-20 137,68 ± 6,47 149,52 ± 3,92 1011,15 ± 18,52 
20-30 121,69 ± 8,21 142,70 ± 6,44 1090,77 ± 18,71 
30-40 130,66 ± 6,37 147,24 ± 3,25 1061,58 ±18,77 
40-60 237,30 ± 5,32 134,54 ± 4,59 1080,15 ± 18,81 

 
 
The results obtained for 238U, 232Th and 40K ranged from 27.67 to 237.30 Bq.kg-1; 9.84 to 
198.93 Bq.kg-1 and 145.95 to 1090.77 Bq.kg-1, respectively. Globally, it is observed that the 
activity concentration of 40K is the highest when compared to the other radionuclides 
investigated. One possibility to be considered for the expressive result of 40K is the fact that 
the region studied has a predominance of sedimentary rocks, precursor of a soil rich in 
feldspar, mica and clay minerals [13]. 
 
Studies carried out on soils from other localities, such as those presented in Table 4, show 
that, on average, the values found in this research are in the order of magnitude of the works 
carried out worldwide. 
 
 

Table 4: Cumulative average activity of radionuclides 238U, 232Th e 40K  
 

STUDY ACTIVITY (Bq.kg-1) 
238U 232Th 40K 

Present Study 92 (28 - 237) 104 (10 - 199) 462 (146 - 1091) 
Switzerland[14] 40 (10 - 150) 25 (4 - 70) 370 (40 - 1.000) 
Portugal [14] 49 (26 - 82) 51 (22 - 100) 840 (220 - 1.230) 
Pernambuco[15] 79 (16 - 288) 48 (1 - 282) 1.036 (5 - 2601) 

 
 
Figure 2, 3 and 4 shows the relationships between the specific activities of the radionuclides 
studied with the depth where the sample was taken, seeking for a better visualization of these 
results. 
. 
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Figure 2: Activity of 238U by depth at collection points  
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Activity of 232Th by depth at collection points  
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Figure 4: Activity of 40K by depth at collection points  
 
 
There is a clear difference in the activities of samples ZM7CA, ZM8CA and ZM9CA, 
especially in ZM9CA for the radionuclide 40K (Figure 4). In the case of thorium, separation 
into two groups above and below 100 Bq.kg-1 is observed, with ZM8CA and ZM9CA 
forming part of the group with the highest activity. In the ZM8CA sample point the activity 
of 232Th (Figure 3) decreases with depth. In the other samples of this group, the activity 
showed a stable behavior with depth. In the case of 238U (Figure 2) it is observed that for the 
samples collected at greater depths at the point ZM9CA there is a significant increase of 
activity. For the other samples from ZM9CA and in the other sampling points, the maximum 
value does not exceed 150 Bq.kg-1. 
 
The accumulated specific activity of radionuclides per collection point is shown in Figure 5, 
where a similar behavior is observed for 238U and 232Th. For the 40K case, it can be observed 
that in points ZM6CA (latosol), ZM7CA, ZM8CA and ZM9CA (gleissolo), there is a 
considerable increase in accumulated activity of 40K. It is known that soils rich in organic 
matter have high cation exchange capacity, also that clayey soils also play an important role 
in fixing radionuclides. Potassium tends to be available in the soil solution in these two cases, 
which occur frequently in soils such as those presented at points ZM7CA, ZM8CA and 
ZM9CA, which has low drainage, high clay content and a great deal of organic matter. 
 
The ZM6CA point presents a permeable soil with a variable clay content (15% to 80%). It is 
an acid soil, which suggests a possible displacement of the potassium from the surface of the 
colloids to the soil solution. It is not very fertile soil, consequently the possible addition of 
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macronutrients could take place, thus increasing the 40K concentration, which is present in 
0.018% of total potassium. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Behavior of the accumulated activity of radionuclides in the soil of the study 
area 

 
 
Table 4 shows the results of the Shapiro-Wilk test for radiometric activity data obtained from 
measurements of samples colleted at different depths in the soil. The whole set of data was 
used in the test. 
 

Table 4: Shapiro–Wilk test for natural radionuclides in soil  
 

 
DEPHT 

SHAPIRO – WILK  
238U / H0 232Th / H0 40K / H0 

00-10 W 0.9427 
Accept 

0.916 
 Accept 

0.8958  
 Accept p 0.5832 0.3998 0.2935 

10-20 W 0.9158  
 Accept 

0.9651 
 Accept 

0.7559  
 Accept p 0.3989 0.8253 0.0099 

20-30 W 0.9298  
 Accept 

0.9304 
 Accept 

0.8693  
 Accept p 0.489 0.4923 0.1544 

30-40 W 0.9598  
 Accept 

0.9328 
 Accept 

0.8356  
 Accept p 0.7684 0.4884 0.061 

40-60 W 0.8778  
 Accept 

0.8548 
 Accept 

0.8227  
 Accept p 0.1989 0.093 0.045 

W: valores críticos (tabelados); p: valores empíricos (calculados); H0: hipótese nula (distribuição normal) 
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In the general context, the results suggest the data of the study follows a normal distributions 
in all situations, proven from the acceptance of the null hypothesis of the test. 
 
 

4. CONCLUSIONS  
 
 
Soils cultivated with sugarcane in the analyzed area do not present levels of natural 
radioactivity outside the global average standards. 
 
The areas can be classified as of low background radiation in terms of uranium and thorium, 
as well as of potassium. The differentiated levels for this radionuclide does not constitute 
radioactive anomalies and does not impact on the radiometric characterization of the region. 
 
The results obtained will serve as an important tool to establish mathematical models to 
describe the radiometric condition in different soil types and impacts in future studies. 
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