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ABSTRACT 

 
Absolute soil concentrations of U-238, Th-232, K-40 and Cs-137 samples collected from Capão Island have 

been measured by using Hi-Resolution Gamma HPGe Spectrometry. The area of interest encompasses an 

embankment in a mangrove swamp in Guaratiba, Rio de Janeiro, where nuclear, chemical and biological 

defense laboratories of the Brazilian Army Technology Center (CTEx) are located. In order to ensure that no 

significant environmental impact has resulted from neutron physics experiments performed in a graphite 

subcritical assembly in addition to the operation of two cesium-driven irradiating facilities, routine monitoring 

of those isotopes have been regularly performed. A total of eight 250 ml samples of mangrove and embankment 

soils were extracted from four sites of known coordinates within an area of 300 x 300 m2 and remained stored 

for a minimum thirty-day period to allow equilibrium to be reached. Collection and preparation of samples were 

made according to previously established procedures. High purity germanium detectors were used to obtain 
high-resolution gamma spectra and counting times were required to exceed 30 hours in order to yield sufficient 

statistical accuracy. Energy and efficiency calibration curves of the counting system were determined by using 

the GENIE 2000 software for analysis of the gamma spectrum generated by nine standard sources with a total of 

11 peak energies ranging from 0.05 to 1.3 MeV. The results, corrected for background, have been expressed as 

absolute specific activities. All experiments have been made in the Laboratory for Identification of Radiological 

Agents (LIAR) at CTEx. No trace of cesium-137 has been found and the measured levels of uranium-238, in the 

order of 10 Bq/kg, are close to the global mean. However, some data have been found to slightly exceed the 

expected normal range for thorium-232 (60% of samples) and potassium-40 (20% of samples). Since there is no 

handling of those isotopes in the site or others that could affect their presence and also considering that all 

samples collected in the only location (out of 4) surveyed outside the embankment yielded levels much lower 

than the global means for all 4 radioisotopes tested, it can be concluded that no contamination has occurred in 

the site and that material used in the embankment is probably responsible for the significantly higher amounts of 
thorium-232 and potassium-40 detected. 

 

 

1. INTRODUCTION 

 

Gamma spectrometry is a technique that allows both qualitative and quantitative analysis of 

gamma-emitting elements, allowing simultaneous identification of multiple radionuclides. 
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The advantages of using HPGe detectors for gamma spectrometry include high energy 

resolution, linear response over a wide energy range and a large amount of output information 

in a single analysis. 

 

High-resolution gamma high-purity germanium spectrometry measurements of specific soil 

activities of 
238

U, 
232

Th, 
40

K and 
137

Cs across the Capão Island at the Technological Center of 

the Brazilian Army have been performed in order to ensure that no significant radioactive 

contamination has occurred over the years due to research activities developed at its Nuclear 

Defense Section where a natural-uranium subcritical assembly and a high-activity 
137

Cs 

cavity-type irradiating facility are routinely operated. 

 

The measurements performed in this work were focused on the radiological characterization 

of the embankment where buildings of the A, B, C and D sectors of the CBRN Division of 

CTEx are located, in the Capão Island, a mangrove region of Guaratiba, Rio de Janeiro. 

Potassium-40, thorium-232 and thorium-232 are naturally occurring radioisotopes in contrast 

to cesium-137 that, if detected in significant quantities, would indicate the presence of 

contamination from the irradiation facility. 

 

 

2. MATERIAL AND METHODS 

 

In this section, the experimental equipment and procedures used are described.  

 

Gamma spectrometry of samples containing various radionuclides usually requires the use of 

HPGe detectors. Calibration in energy is required for identification of the radioactive 

elements, while knowledge of the counting efficiency of the system is needed for determining 

their specific activities or concentrations. 

 

In this work, calibration and energy efficiency curves have been generated by using the 

CANBERRA's Genie 2000 spectroscopy software for analysis of soil samples in 250ml 

cylindrical containers. Standard point sources were used for energy calibration. In addition, 

efficiency calibration was made by employing as sample an acid solution provided by 

LMNRI / IRD with precisely known composition and activity. That liquid standard included 

several radionuclides and exhibited the same geometry as the soil samples. The efficiency 

calibration curves found have been fitted as described by Eq. 1 and Eq. 2. In addition, listed 

in Table 1 are the values of the gamma sources used in the calibration process and their 

associated energies. 

 

 

                                                        E(x) = ax + b                                                                    (1) 

 

 

                           ln(ε) = a + b.ln(E) + c.ln(E)
2 
+ d.ln(E)

3 
+ e.ln(E)

4 
+ f.ln(E)

5               
              (2) 
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The soil analysis performed in this work included the determination of concentrations of 

isotopes belonging in the natural series such as 
238

U, 
232

Th, and 
40

K in addition to 
137

Cs 

(industrial group). The peak energies and emission yields used in the calculation of absolute 

concentrations of 
238

U and 
232

Th, by assuming secular equilibrium and considering their 

associated decay schemes, are listed in Table 1 [1] together with those for 
40

K. A few other 

possible decay channels that could lead to larger uncertainties in the concentrations have not 

been included. Not included were those decays at very low energies (susceptible to strong 

attenuation and large background correction factors) or with very small yields (and 

consequently poorer statistics) [2,3].  

 

 

Table 1:   Peak energies and decay yields for 
238

U and 
232

Th series, 
40

K and 
137

Cs 

 
                                                 238

U                                      
232

Th 

isotope energy (keV) % yield Isotope energy (keV) % yield 

214
Bi 609.31 

 

45.49 

 

228
Ac 

338.320 

911.196 

968.960 

11.40 

26.2 

15.9 
212

Pb 238.63 43.60 
214

Pb 351.93 35.60 
212

Bi 727.330 6.65 

40
K 

137
Cs 

40
K

 
1460.81 10.55 

137
Cs

 
661.66 84.99 

 

 

Samples were collected in duplicate at the following sectors of the CTEx CBRN Division: 

“D”, “A”, “C” and “Transportation Sector”. These areas are marked in red in Fig. 1. 

 

 

 
 

Figure 1:  Locations of soil sample collection in the Capão Island at CTEx 
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Eight soil samples of the Capão Island were collected, prepared and analyzed as 

environmental samples in the Radiological Agents Identification Laboratory of CTEx 

(LIAR). The constructed area shown in Fig. 1 spans some 400x400 m
2
. The soil samples 

retrieved were kept in storage for 30 days to allow secular equilibrium to be reached. HPGe 

gamma spectrometry was then performed with counting times of the order of 10
5
 seconds or 

longer so that high-resolution energy spectra of the samples could be determined with 

appropriate statistics. The GENIE2000 software was used in the spectral analysis. Correction 

for the background spectrum was also performed so that the absolute specific activities of the 

radionuclides of interest, namely 
238

U, 
232

Th, 
40

K and 
137

Cs, were determined by accounting 

for the net overall energy-dependent counting efficiency of the system. The energy 

calibration and the efficiency curves are illustrated in Fig. 2 and Fig. 3, respectively. 

 

 

 

Figure 2:  Energy calibration curve of the high-resolution HPGe spectrometry system 

 

 

 

Figure 3:  Efficiency calibration curve of the high-resolution HPGe spectrometry system 
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By using the GENIE2000 program, calibration curves were adjusted to the data points in the 

forms expressed in Eq. 1 and Eq. 2 for energy (E) and efficiency (ε), respectively. 

 

 

                                                        E(x) = ax + b                                                                    (1) 

 

 

                           ln(ε) = a + b.ln(E) + c.ln(E)
2 
+ d.ln(E)

3 
+ e.ln(E)

4 
+ f.ln(E)

5               
              (2) 

 

 

Listed in Table 2 are the radioactive sources and their associated peak energies used for the 

determination of the energy calibration curve and later identification of the radioisotopes 

present in the soil samples.  

 

 

Table 2: Radioisotopes and associated peak positions 

used for system energy calibration 

 

source energy (keV) 

241
Am 26.34 

59.54  

155
Eu 86.55 

105.31 

152
Eu 121.78 

244.70 

344.28 

778.90 

137
Cs 661.65 

60
Co 1173.22  

1332.49 

 

 

The data in Table 3 have been used for determination of the fitted efficiency calibration curve 

and later calculation of the absolute soil concentrations of 
238

U, 
232

Th, 
40

K and 
137

Cs. 

 

In order to calculate the activities (A) from the number of gamma rays detected by the HPGe 

spectrometry system, Eq. 3 was used, where S and T are the net number of counts and the 

counting time, respectively [4]. 
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   Table 3: Data used for determination of the efficiency calibration curve of the system 

 

radionuclide 
energy  

       (keV)
 

fitted efficiency
 

measured efficiency uncertainty  

(%)
 

error 

(%) 

210
Pb 46.54 0.05489 0.05489 4.06 1.49 

241
Am 59.54 0.06029 0.06163 4.05 2.17 

109
Cd 88.03 0.06030 0.0623 6.01 3.21 

57
Co 

122.06 0.05363 0.05271 2.59 1.76 

136.47 0.05048 0.05076 2.55 0.54 

137
Cs 661.66 0.01154 0.01154 0.28 0.01 

60
Co 

1173.23 0.00648 0.00648 0.11 0.07 

1332.49 0.00578 0.00578 0.09 0.01 

 

 

The use of homogeneous liquid 250 ml samples having geometry and density equal to those 

of the calibration standard solution eliminated the need for use of explicit the solid angle and 

attenuation correction factors k and i. 

 

 

                                                    
A=

S

T.i.ε(E) . k                                                             (3) 

 

 

3. RESULTS AND DISCUSSION 

 

In this section, the experimental results are presented and discussed.  

 

Two soil samples were collected and analyzed for each of the four areas surveyed (Sectors D, 

A, C and of Transportation).  A total of 8 soil samples were surveyed (Sectors D, A, C and 

Transportation) in this work as discriminated in the tables. 

 

Table 4 lists the data measured for the specific activities of thorium-232 in Sectors D and A. 

Errors in all tables correspond to the estimated statistical uncertainty at the 68% (1σ) 

confidence level. 

 

Table 5 lists the data measured for the specific activities of thorium-232 in Sector C and in 

the Transportation Sector.  
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Table 4:  Measured specific activities of 
232

Th in Sectors D and A 
 

 

 

Table 5:  Measured specific activities of 
232

Th in Sectors C and of Transportation 
 

 

 

In Tables 6 and 7 the measured activities for uranium-238 are listed whereas those for 

potassium-40 in all sectors are informed in Table 8. 

 

Two soil samples were collected and analyzed for each of the four areas surveyed (Sectors D, 

A, C and Transportation Sector) as discriminated in the tables. 

 

The analyses performed in this work showed no significant amount of cesium-137 in any of 

the soil samples collected. 

 

isotope energy  

(keV) 

activity (Bq/kg) 

D 

  (sample 1)      (sample 2) 

A 

   (sample 1)               (sample 2) 

228
Ac 

338.32 176.6±2.8 203.3±3.1 134.6±2.3 135.8±2.3 

911.20 197.1±2.4 222.7±2.6 147.5±2.0 153.9 ±2.0 

968.96 181.9±2.9 200.3±3.1 140.5±2.4 141.5±2.4 
212

Pb 238.63 160.7±3.4 182.3±3.8 120.9±2.6 123.9±2.6 

212
Bi 727.33 211.1±5.5 242.5±5.7 166.9±4.6 146.7±4.7 

average     --- 185.5±8.6 210.2±9.8 142.1±7.2 140.3±4.8 

sect. av. --- 198±12 141.2±0.9 

isotope energy  

(keV) 

activity (Bq/kg) 

C 

  (sample 1)      (sample 2) 

Transportation 

   (sample 1)               (sample 2) 

228
Ac 

338.32 345.7±4.8 320.8±4.5 9.2±0.8 9.1±0.9 

911.20 369.0±3.8 350.0±3.6 8.8±0.6 9.7±0.7 

968.96 359.1±4.6 328.0±4.3 6.9±0.7 9.1±0.7 
212

Pb 238.63 312.1±6.5 290.8±6.1 7.0±0.2 7.3±0.2 

212
Bi 727.33 367.8±8.4 367.6±7.8 12.1±1.6 12.3±2.2 

average     --- 351±10 331±13 8.8±0.9 9.5±0.8 

sect. av. --- 341±10 9.2±0.4 



INAC 2013, Recife, PE, Brazil. 

 

Table 6:  Measured specific activities of 
238

U in Sectors D and A 
 

 

 

      Table 7:  Measured specific activities of 
238

U in Sectors C and of Transportation 

 

 

 

Table 8:  Measured specific activities of 
40

K in Sectors, D, A, C and of Transportation 
 

 
 

Average data on soil concentrations of naturally occurring radionuclides are presented in 

Table 9 for Argentina, the US and the world [5], whereas soil concentration data measured in 

isotope energy  

(keV) 

activity (Bq/kg) 

D 

  (sample 1)      (sample 2) 

A 

   (sample 1)               (sample 2) 

214
Pb 351.93 28.7±1.4 33.6±1.5 29.2±1.3 31.1±1.3 

214
Bi 609.31 28.3±1.5 31.6±1.6 28.0±1.4 29.1±1.4 

average     --- 28.5±0.2 32.6±1.0 28.6±0.6 30.1±1.0 

sec. av. --- 30.6±2.1 29.4±0.8 

isotope energy 

(keV) 

activity (Bq/kg) 

C 

(sample 1)      (sample 2) 

Transportation 

(sample 1)               (sample 2) 

214
Pb 351.93 51.6±2.1 46.1±2.0 3.5±0.6 4.3±0.6 

214
Bi 609.31 46.6±2.2 47.9±2.1 3.9±0.6 4.5±0.7 

average --- 49.1±2.5 47.0±0.9 3.7±0.2 4.4±1.0 

sec. av. --- 48.1±1.1 4.05±0.35 

Sector sample activity (Bq/kg) sector sample activity (Bq/kg) 

D 

1 993±9 

C 

1 148±5 

2 1021±9 2 145±5 

average 1007±14 average 147±2 

A 

1 780±7 

Transportation 

1 64.6±2.5 

2 764±7 2 75.0±2.8 

average 772±8 average 70±5 
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this work are listed in Table 10 are compared to the world average figures for naturally 

occurring isotopes.   

 

   Table 9:  Reported soil activities of naturally occurring radionuclides 
 

region 

soil activity of radionuclide (Bq.kg
-1

) 

40
K 

238
U 

232
Th 

average range average range average range 

Argentina 650 540-750 ------ ------ ------ ------ 

USA 370 100-700 35 4-140 35 4-130 

world mean 400 140-850 35 16-110 30 11-64 

 

 

      Table 10:  Ratio of measured soil concentrations to the world average figures 

     for naturally occurring radionuclides 
 

sector 
Relative soil concentration (world average = 1) 

232
Th 

238
U 

40
K 

D 6.6±0.4 0.87±0.06 2.52±0.04 

A 4.7±0.1 0.84±0.02 1.93±0.02 

C 11.4±0.3 1.37±0.03 0.37±0.01 

Transportation 0.31±0.01 0.12±0.01 0.18±0.01 

 

 

By inspection of Table 10, it can be concluded that the 
238

U concentrations determined in this 

work ranged near the world average across the embankments that lay the foundation for 

Sectors D, A and C, becoming an order of magnitude lower in the Transportation Sector.    

 

Regarding 
40

K, its concentrations were found to be within the average world range in Sectors 

A and C, being moderately above the upper limit of that range in Sector D and about half of 

the world`s lower limit in the Transportation Sector.  

 

In addition, it can be easily gathered that the lowest concentrations of natural radionuclides 

are consistently found in the Transportation Sector. That is to be expected considering that its 

mangrove soil has been kept unchanged and remains mostly in equilibrium with its 

surrounding swamp environment.  

In contrast, Sectors D, A and C have received great quantities of embankment consisting of 

concrete fragments, rocks, clay and other soil components in order to elevate them above the  

the surrounding mangrove swamp level. As a consequence, in those sectors, the measured 
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soil concentrations for 
232

Th are significantly higher than the world average. It has been 

found that the measured concentrations of environmental radionuclides in Sector D and A do 

not differ significantly in spite of the different materials handled and processed in them, 

which is an indicator of no significant environmental impact from such activities.  Another 

finding was that the activity data measured for Sector C apparently exhibits a different trend. 

A possible explanation for that could be the difference in composition of materials used to 

form its embankment that had an origin other than the one used to build Sectors D and A. 

 

 

4. CONCLUSIONS  

 

Absolute high-resolution HPGe spectrometry measurements have been performed providing 

specific soil activities of 
238

U, 
232

Th and 
40

K across the Capão Island at CTEx, Guaratiba, 

some 50 km west of downtown Rio de Janeiro. Previous concentration data for those 

radionuclides in Brazil were not available from the literature and that fact highlights the 

importance of the present data set. 

 

Significant differences in soil concentrations among the different areas or sectors of the 

Capão Island have been attributed to different compositions of embankments used in them. 

Therefore data from Sectors D and A, that lie on the same embankment, have been found to 

exhibit roughly the same trends. In addition, their data differ considerably from those of 

Sector C that lies on an embankment of different composition.  

 

In addition, concentrations one order of magnitude below the world average have been 

consistently found for all radionuclides surveyed in the soil samples from the Transportation 

Sector, where mangrove soils of original composition still remains mostly intact.   

 

Regarding 
238

U a good match of the experimental data with the world average concentrations 

has been found for the sectors on embankments. In contrast the higher 
232

Th concentrations 

found probably result from the large concentrations of cement and rocks present in the 

embankments built in sectors D, A and C. 

 

Finally, no sign of contamination by 
137

Cs has been found. 
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