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Absolute soil concentrations of 238U, 232Th, 49K, and 137Cs samples were measured using
high-resolution gamma spectrometry. The area of interest encompasses an embankment in a
mangrove swamp in Guaratiba, Rio de Janeiro, called Capao Island, where nuclear, chemical
and biological defense laboratories of the Brazilian Army Technology Center are in operation
for more than 30 years. In order to ensure that no significant environmental impact has re-
sulted from neutron physics experiments performed in a graphite exponential pile in addition
to the operation of two cesium-driven irradiating facilities, radiation monitoring of the iso-
topes was carried out. A total of eight 250 ml soil samples were extracted within an area of
300 m x 300 m. No trace of 137Cs was detected and the measured levels of 238U were found to
be close to the global mean. However, some data that slightly exceeded the expected normal
range for 232Th (60 % of samples) and 4°K (20 % of samples) should be attributed to the con-
struction debris (cement, rocks, and sand) used in the embankment at the site. Since there is
no handling of those isotopes at that site or adjacent facilities that could affect their presence,

it was concluded that no detectable contamination has occurred.
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INTRODUCTION

The Chemical, Biological and Nuclear Division
of the Technological Center of the Brazilian Army
(CTExX) is located on the Capao Island, within an ex-
ceptionally well-preserved mangrove region of
Guaratiba in Rio de Janeiro. The area is regarded as a
part of an important natural reserve due to its unique
characteristics and large number of species it encom-
passes. Moreover, the installation is considered an op-
erational unity since it includes a subcritical nuclear
assembly (a graphite exponential pile) and two re-
search gamma irradiation facilities.

Therefore, due to its nuclear and radioactive
characteristics, procedures aimed at ensuring the ra-
diological safety of'its rich environment have been im-
plemented in the form of pre- and post-operational
monitoring activities that include the assessment of
soil concentrations of 23U, 232Th, “°K, and '*’Cs
throughout the Capao Island via high-resolution
gamma-ray spectroscopy analyses. Rather than pro-
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viding highly accurate data, the measurements were
intended to be added to the recorded history of the ra-
diological characterization of its soil.

The technique allows both qualitative and quan-
titative analysis of gamma-emitting elements, provid-
ing simultaneous identification of multiple radio-
nuclides [1]. The advantages of using high-purity ger-
manium (HPGe) detectors for gamma spectroscopy
include high-energy resolution, linear response over a
wide energy range and a large amount of output infor-
mation from a single analysis [2].

Gamma-ray spectroscopy measurements of spe-
cific soil activities of 28U, 232Th, 4°K, and !37Cs at the
CTEXx have been carried out in order to ensure that no
significant radioactive contamination has occurred
over the years due to research activities developed at
its Nuclear Defence Section where a natural-uranium
subcritical assembly (a graphite exponential pile) and
ahigh-activity '37Cs cavity-type irradiating facility are
routinely operated.

The measurements performed in this work were
focused on the radiological characterization of the em-
bankment where buildings of sectors A, B, C, and D of
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the CBRN Defence Division of CTEx are located. Ra-
dioisotopes such as 238U, 232Th, 4K are found in na-
ture, while any significant amount of '*’Cs could be a
sign of contamination from irradiation facilities [3-5].
The sectors are designated by a letter, according to
their azimuthal (clockwise) position with respect to
the geographical center of the institute, sector A being
due south. The Transportation sector would thus cor-
respond to the B sector, but it is an exception, since in
practice it has not been designated by a letter.

MATERIAL AND METHODS

The soil samples were collected, treated and re-
mained stored in isolation for 30 days in order to reach
secular equilibrium [6]. The 250 ml sealed cylindrical
recipients containing the samples were wrapped in
aluminum packages.

Calibration and energy efficiency curves were
generated by using CANBERRA Genie 2000 spec-
troscopy software developed for the analysis of soil
samples inside cylindrical containers of standard di-
mensions, namely 5 cm in height and of a 4 cm radius.
Standard point sources were used for energy calibra-
tion. In addition, efficiency calibration was done by
employing acid-solution sources provided by the Na-
tional Radiation Metrology Laboratory of the
Radioprotection and Dosimetry Institute. They accu-
rately displayed well- known compositions and activi-
ties, encompassing several radionuclides and exhibit-
ing the same cylindrical geometry as the 250 ml soil
samples.

Listed in tab. 1 are the values of the gamma
sources used in the calibration process and their asso-
ciated energies. The correlation coefficient (%) for the
energy calibration curve was 0.998. In addition, the
extrapolation for detection efficiency at *’K was esti-
mated to have an uncertainty lower than 2 %, based on
error propagation.

Soil analysis included the determination of con-
centrations of isotopes belonging to the natural series
such as 238U, 232Th, and *°K, in addition to 137Cs. Peak
energies and emission yields used in the calculation of
absolute concentrations of 23®U and 23?Th, by assum-

Table 1. Data used for determination of the efficiency
calibration curve of the system

Radionuclide Enerey Fitted |Measured |Uncertainty| Error
[keV] |efficiency|efficiency [%] [%]

210py, 46.54 | 0.05489 | 0.05489 |  4.06 1.49
2Am | 59.54 | 0.06029 | 0.06163 4.05 2.17
%¢d 88.03 | 0.06030 | 0.06230 |  6.01 3.21
122.06| 0.05363 | 0.05271 2.59 1.76
136.47] 0.05048 | 0.05076 | 2.55 | 0.54
¥7Cs  1661.66| 0.01154 | 0.01154 | 028 | 0.01
1173.23| 0.00648 | 0.00648 | 0.11 | 0.07
1332.49| 0.00578 | 0.00578 |  0.09 | 0.01
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Table 2. Peak energies and decay yields for the **U and
22T series, “’K and ¥'Cs

238U 232Th

. E Yield |po oo ) B Yield
Radionuclide [Egi‘%]y [:)/eo] Radionuclide [Egig]y [312]

338.320 | 11.40
28Ac 911.196 | 26.2

2l4g;g 609.31 | 45.49

968.960 | 15.9

212pp 238.63 | 43.60
24pp  1351.9335.60 212g; 727330 | 6.65
K 1460.81| 10.55 B1Cs 661.66 | 84.99

ing the secular equilibrium and considering the associ-
ated decay schemes, are listed in tab. 2 [7], along with
those for *°K. A few other possible decay channels that
could lead to larger uncertainties in the estimates of
concentrations have not been included. The decays not
included were those pertaining to very low energies
(susceptible to strong attenuation and large back-
ground correction factors) and those with very small
yields (and, consequently, poorer statistics) [8].

Samples were collected in duplicate at the follow-
ing sectors of the CTEx CBRN Divisions: D, A, C, and
Transportation Sector (23°01'49.0"S, 43°34'49.6"W).

Eight soil samples from Capao Island were col-
lected, prepared and analyzed as environmental sam-
ples at the CTEx Radiological Agents Identification
Laboratory (LIAR). The constructed area, shown in fig.
1, spans some 400 m x 400 m. The retrieved soil sam-
ples were stored at room temperature (on shelves) for
30 days, so as to allow for secular equilibrium. HPGe
gamma spectrometry was then performed by counting
times of the order of 10° seconds or longer so that
high-resolution energy spectra of the samples could be
determined with appropriate statistics. GENIE 2000
software was used in spectral analysis. The correction
for the background spectrum was also performed so
that the absolute specific activities of the radionuclides
of interest, namely 233U, 232Th, 4°K, and '37Cs, were de-
termined by accounting for the net overall energy-de-
pendent counting efficiency of the system.
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Figure 1. Locations of soil sample collection on
Capao Island, CTEx
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By using the GENIE2000 program, calibration
curves were adjusted to the data points as expressed in
eq. 1, for efficiency.

The radioactive sources and their associated
peak energies [keV] used for the determination of the
energy calibration curve were: (a) **'Am (26.34,
59.54); (b) 'SEu (86.55, 105.31); (c) '*?Eu (121.78,
244.70, 344.28, 778.90); (d) '37Cs (661.65), and (e)
00Co (1173.22, 1332.49). The data in tab. 2 have been
used for determination of the fitted efficiency calibra-
tion curve that was used for the calculation of absolute
soil concentrations of 238U, 232Th, “°K, and '*"Cs.

In order to calculate the activities (A4) from the
number of gamma rays detected by the HPGe spec-
troscopy system, eq. 1 was used, where e(E), S, and T
are the efficiency, net number of counts, and counting
time, respectively; k is decay correction factor that ac-
counts for the mass loss of the radioisotope of interest
due to its radioactive decay from the time the sample
was collected until it was counted and i is the emission
fraction of the isotope at the energy of interest [4]. The
use of samples having the same geometry as that of the
calibration sources eliminated the need for correc-
tions, due to variations in the solid angle.

S
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RESULTS

Table 3 lists the data measured for the specific
activities of 22Th and 2*%U in sectors A, C, D and
Transportation. Errors listed in all tables are those sta-
tistically estimated at a 68 % (1o) confidence level.

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 ta-
bles. The analyses performed in this work showed no
significant amount of '37Cs in any of the soil samples
collected as no photopeak whatsoever was formed at
the energy of 1¥’Cs after 10 days of counting. For com-
parison purposes, the reported average soil concentra-
tions of naturally occurring radionuclides are pre-
sented in tab. 4 for Argentina, the USA, and the world
[9].

Soil concentration data measured in this work
are listed in tab. 5 as ratios to the world average figures
for naturally occurring isotopes.

Table 3. Measured specific activities of “’K **Th,
and U in Sectors A, C, D, and Transportation

Sector average activity [Bqkg™']

Radionuclid
adionuehde A C D Transportation|
232, 228
212]];%7(21233’ 1412409341 +10| 198+ 12| 9.2+0.4
238 214
2ty ey 320 £2.2/56.0 255342429 5.1£07
K 772+8 | 147+2 |1007 £ 14| 70+5

Table 4. Reported soil activities of naturally
occurring radionuclides

Soil activity of radionuclide [Bqkg ']
Region R 2y 22Th
Average| Range |Average|Range|Average| Range
Argentina] 650 |540-750

USA | 370 |100-700] 35 |4-140| 35 |4-130
World | 460 |140-850] 35 l16-110] 30 | 11-64
mean

Table 5. Ratio of measured soil concentrations to the world
average figures for naturally occurring radionuclides

Sector Relati\;ze soil concent;;igtion (world n}g:an =1)
Th U K
D 6.6+04 0.87£0.06 | 2.52+0.04
A 4.7+0.1 0.84+0.02 | 1.93 +£0.02
C 114+0.3 1.37£0.03 | 0.37+0.01
Transportation | 0.31+0.01 | 0.12+0.01 | 0.18+0.01

DISCUSSIONS

Regarding *’K, its concentrations were found to
be close to the world average in sectors A and C, mod-
erately above the upper limit of that range in sector D
and about half of the world's lower limit in the Trans-
portation sector.

By inspection of tab. 5, it can be concluded that
the 238U concentrations determined in this work ap-
proached the world average across the embankments
that lay the foundation for sectors D, A, and C, becom-
ing an order of magnitude lower in the Transportation
sector.

In addition, it can be easily gathered that the low-
est concentrations of natural radionuclides are consis-
tently found in the Transportation sector. That is to be
expected considering that its mangrove soil has been
kept unchanged and, for the most part, remains in equi-
librium 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 or-
der to elevate them above the surrounding mangrove
swamp level. As a consequence, in those sectors, the
measured soil concentrations for 2*’Th are signifi-
cantly higher than the world average. It has been found
that the measured concentrations of environmental
radionuclides in sectors D and A do not differ signifi-
cantly, in spite of the different materials handled and
processed in them, which is an indicator of no signifi-
cant environmental impact from such activities. An-
other finding was that the data measured for sector C
apparently exhibits a different trend. A possible expla-
nation for that could be the difference in the composi-
tion of materials used to form its older embankment
whose origin was different from the one used to build
sectors D and A.
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CONCLUSIONS

Absolute gamma spectroscopy measurements
have been performed, providing specific soil activities
for 238U, 232Th, and “°K across the Capao Island,
CTEx, Guaratiba, some 50 km west of downtown Rio
de Janeiro. Previous concentration data for those
radionuclides in Brazil are not available in 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 site have
been attributed to different compositions of the em-
bankments used to build them. Therefore, data from
sectors D and A, both located on the same embank-
ment, have been found to exhibit roughly the same
trends, although no nuclear or radiological activities
are performed in sector A, in contrast to sector D. In
addition, their data differ considerably from those of
sector C, situated on an older embankment of a differ-
ent composition.

In addition, concentrations of one order of mag-
nitude below the world average have been consistently
found for all radionuclides surveyed in soil samples
from the nearby Transportation sector, where the man-
grove soils from the original composition still remain
mostly intact and construction debris has not been
dumped as part of the embankments.

Regarding 238U, a good match of the experimen-
tal data with the world average concentrations has
been found for the sectors on the embankments. In
contrast, the higher 23>Th concentrations found proba-
bly 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 '3’Cs
has been found.
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OIUCTPUBYLIMJA KOHIEHTPALIMJA 238U, 232Th, 40K 1 137Cs ¥
Y30PLIUMA 3EMJBMIITA Y BJIW3WHUN HYKIEAPHE JTABOPATOPUJE
HA OCTPBY KAIIAO Y BPA3WIY

[IpumMeHOM rama CeKTpOMETpa BUCOKE PE30JYIHje H3MEPEHE Cy allCONyTHE KOHICHTPAIWje
238y, 232Th, YK u ¥7Cs y semsbuinry. OGnacT ucTpaxkuBama 0OyXBaTa HACUI y MOYBAPH MAaHTPOBA y
I'yapatu6u, Puo pge Kenempo, nox HazuBoMm ocTpBo Kamao, e cy y ynorpe6u mnpeko 30 ropmnHa
mabopaTtopuje 3a HyKJIeapHY, XeMHjCKy W OWOJIOIIKY ofOpaHy bpa3mickor BOJHOTEXHUYKOT IEHTpA.
CrpoBefieH je MOHHTOPHHT M30TOMAa KaKO O Ce OCHTYpajo a eKCIepUMEHTH W3 O0acTh HyKJeapHe
¢usuke, 06aBbeHN Ha TPa(UTHO] EKCIOHCHIIMjATHO] MHCTANALUjU ¥ Y IBa pajijallioHa TOCTpOjera ca
LU31JYMCKUM U3BOPHUMa, HEMAjy 3HA4YajHOT yTHULAaja Ha XKUBOTHY CPEAMHY. YKYIIHO je IPUKYIJBEHO OCaM
y3opaka of mo 250 ml 3emsbuinTa Ha noppuman off 300 m x 300 m. Huje nponaben tpar ¥’Cs, a BpegnocTH
ypaHUjyMa cy YIOpeIrBe ca TITOOaTHIM CpeibiM BpelHOCTHMA. MebyTnM, Heke TojaTke Koju mpeas3e
ouekuBaHe BpegHocTH 3a 222Th (60 % y3opaka) u “K (20 % y3opaka) TpeGa npunucaTu rpaheBUHCKOM
MaTepujany (LIeMeHT, KaMere, ecak ) KopuirheHOM MPUIMKOM H3rpajithe Hacuta. [TomTo Hema ynotpe6e
OBHX M30TOIIA Y OBOj OOJIACTH HUTHU Y CYCETHUM MOCTPOjehIMa, KOjH MOTY YTUIIATH Ha H-UXOBY ITI0jaBy,
3aKJbyyaK je Ja Huje yrBpheHa KOHTaMHUHAIMja 3eMJbUIIITA.

Kwyune peuu: ciiexiipockoiiuja 2ama 3padersa, 238y, 232y, WK 137Cy




