
DIS TRI BU TION  OF  238U,  232Th,  40K,  AND  137Cs
CON CEN TRA TIONS  IN  SOIL  SAM PLES  NEARBY  A  NU CLEAR

LAB O RA TORY,  CAPAO  IS LAND,  BRAZIL

by

Luciano S. R. OLIVEIRA 1, Celio J. V. OLIVEIRA 1, Bruno M. R. CARVALHO 1,
Paulo A. M. CABRAL 1, Helio C. VITAL 1, 2, and Edson R. ANDRADE 1, 2, 3 *

1 Bi o log i cal and Nu clear De fence Di vi sion, Chem i cal, Bra zil ian Army Tech no log i cal Cen ter, Rio de Ja neiro, Brazil
2 Nu clear En gi neer ing Grad u ate Pro gram, Mil i tary In sti tute of En gi neer ing, Rio de Ja neiro, Brazil

3 In sti tute of Radioprotection and Do sim e try, Rio de Ja neiro, Brazil

Tech ni cal pa per
DOI:  10.2298/NTRP1502149O

Ab so lute soil con cen tra tions of 238U, 232Th, 40K, and 137Cs sam ples were mea sured us ing
high-res o lu tion gamma spec trom e try. The area of in ter est en com passes an em bank ment in a
man grove swamp in Guaratiba, Rio de Ja neiro, called Capao Is land, where nu clear, chem i cal
and bi o log i cal de fense lab o ra to ries of the Bra zil ian Army Tech nol ogy Cen ter are in op er a tion
for more than 30 years. In or der to en sure that no sig nif i cant en vi ron men tal im pact has re -
sulted from neu tron phys ics ex per i ments per formed in a graph ite ex po nen tial pile in ad di tion
to the op er a tion of two ce sium-driven ir ra di at ing fa cil i ties, ra di a tion mon i tor ing of the iso -
topes was car ried out. A to tal of eight 250 ml soil sam ples were ex tracted within an area of
300 m ́  300 m. No trace of 137Cs was de tected and the mea sured lev els of 238U were found to
be close to the global mean. How ever, some data that slightly ex ceeded the ex pected nor mal
range for 232Th (60 % of sam ples) and 40K (20 % of sam ples) should be at trib uted to the con -
struc tion de bris (ce ment, rocks, and sand) used in the em bank ment at the site. Since there is
no han dling of those iso topes at that site or ad ja cent fa cil i ties that could af fect their pres ence,
it was con cluded that no de tect able con tam i na tion has oc curred.
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IN TRO DUC TION 

The Chem i cal, Bi o log i cal and Nu clear Di vi sion
of the Tech no log i cal Cen ter of the Bra zil ian Army
(CTEx) is lo cated on the Capao Is land, within an ex -
cep tion ally well-pre served man grove re gion of
Guaratiba in Rio de Ja neiro. The area is re garded as a
part of an im por tant nat u ral re serve due to its unique
char ac ter is tics and large num ber of spe cies it en com -
passes. More over, the in stal la tion is con sid ered an op -
er a tional unity since it in cludes a subcritical nu clear
as sem bly (a graph ite ex po nen tial pile) and two re -
search gamma ir ra di a tion fa cil i ties.

There fore, due to its nu clear and ra dio ac tive
char ac ter is tics, pro ce dures aimed at en sur ing the ra -
dio log i cal safety of its rich en vi ron ment have been im -
ple mented in the form of pre- and post-op er a tional
mon i tor ing ac tiv i ties that in clude the as sess ment of
soil con cen tra tions of 238U, 232Th, 40K, and 137Cs
through out the Capao Is land via high-res o lu tion
gamma-ray spec tros copy anal y ses. Rather than pro -

vid ing highly ac cu rate data, the mea sure ments were
in tended to be added to the re corded his tory of the ra -
dio log i cal char ac ter iza tion of its soil.

The tech nique al lows both qual i ta tive and quan -
ti ta tive anal y sis of gamma-emit ting el e ments, pro vid -
ing si mul ta neous iden ti fi ca tion of mul ti ple ra dio-
nuclides [1]. The ad van tages of us ing high-pu rity ger -
ma nium (HPGe) de tec tors for gamma spec tros copy
in clude high-en ergy res o lu tion, lin ear re sponse over a
wide en ergy range and a large amount of out put in for -
ma tion from a sin gle anal y sis [2].

Gamma-ray spec tros copy mea sure ments of spe -
cific soil ac tiv i ties of 238U, 232Th, 40K, and 137Cs at the
CTEx have been car ried out in or der to en sure that no
sig nif i cant ra dio ac tive con tam i na tion has oc curred
over the years due to re search ac tiv i ties de vel oped at
its Nu clear De fence Sec tion where a nat u ral-ura nium
subcritical as sem bly (a graph ite ex po nen tial pile) and
a high-ac tiv ity 137Cs cav ity-type ir ra di at ing fa cil ity are 
rou tinely op er ated.

The mea sure ments per formed in this work were
fo cused on the ra dio log i cal char ac ter iza tion of the em -
bank ment where build ings of sec tors A, B, C, and D of
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the CBRN De fence Di vi sion of CTEx are lo cated. Ra -
dio iso topes such as 238U, 232Th, 40K are found in na -
ture, while any sig nif i cant amount of 137Cs could be a
sign of con tam i na tion from ir ra di a tion fa cil i ties [3-5].
The sec tors are des ig nated by a let ter, ac cord ing to
their az i muthal (clock wise) po si tion with re spect to
the geo graph ical cen ter of the in sti tute, sec tor A be ing
due south. The Trans por ta tion sec tor would thus cor -
re spond to the B sec tor, but it is an ex cep tion, since in
prac tice it has not been des ig nated by a let ter.

MA TE RIAL AND METH ODS

The soil sam ples were col lected, treated and re -
mained stored in iso la tion for 30 days in or der to reach
sec u lar equi lib rium [6]. The 250 ml sealed cy lin dri cal
re cip i ents con tain ing the sam ples were wrapped in
alu mi num pack ages.

Cal i bra tion and en ergy ef fi ciency curves were
gen er ated by us ing CAN BERRA Ge nie 2000 spec -
tros copy soft ware de vel oped for the anal y sis of soil
sam ples in side cy lin dri cal con tain ers of stan dard di -
men sions, namely 5 cm in height and of a 4 cm ra dius.
Stan dard point sources were used for en ergy cal i bra -
tion. In ad di tion, ef fi ciency cal i bra tion was done by
em ploy ing acid-so lu tion sources pro vided by the Na -
tional Ra di a tion Me trol ogy Lab o ra tory of the
Radioprotection and Do sim e try In sti tute. They ac cu -
rately dis played well- known com po si tions and ac tiv i -
ties, en com pass ing sev eral radionuclides and ex hib it -
ing the same cy lin dri cal ge om e try as the 250 ml soil
sam ples. 

 Listed in tab. 1 are the val ues of the gamma
sources used in the cal i bra tion pro cess and their as so -
ci ated en er gies. The cor re la tion co ef fi cient (r2) for the
en ergy cal i bra tion curve was 0.998. In ad di tion, the
ex trap o la tion for de tec tion ef fi ciency at 40K was es ti -
mated to have an un cer tainty lower than 2 %, based on
er ror prop a ga tion.

Soil anal y sis in cluded the de ter mi na tion of con -
cen tra tions of iso topes be long ing to the nat u ral se ries
such as 238U, 232Th, and 40K, in ad di tion to 137Cs. Peak
en er gies and emis sion yields used in the cal cu la tion of
ab so lute con cen tra tions of 238U and 232Th, by as sum -

ing the sec u lar equi lib rium and con sid er ing the as so ci -
ated de cay schemes, are listed in tab. 2 [7], along with
those for 40K. A few other pos si ble de cay chan nels that 
could lead to larger un cer tain ties in the es ti mates of
con cen tra tions have not been in cluded. The de cays not 
in cluded were those per tain ing to very low en er gies
(sus cep ti ble to strong at ten u a tion and large back -
ground cor rec tion fac tors) and those with very small
yields (and, con se quently, poorer sta tis tics) [8].

Sam ples were col lected in du pli cate at the fol low -
ing sec tors of the CTEx CBRN Di vi sions: D, A, C, and
Trans por ta tion Sec tor (23°01'49.0"S, 43°34'49.6"W).

Eight soil sam ples from Capao Is land were col -
lected, pre pared and an a lyzed as en vi ron men tal sam -
ples at the CTEx Ra dio log i cal Agents Iden ti fi ca tion
Lab o ra tory (LIAR). The con structed area, shown in fig. 
1, spans some 400 m ´ 400 m. The re trieved soil sam -
ples were stored at room tem per a ture (on shelves) for
30 days, so as to al low for sec u lar equi lib rium. HPGe
gamma spec trom e try was then per formed by count ing
times of the or der of 105 sec onds or lon ger so that
high-res o lu tion en ergy spec tra of the sam ples could be
de ter mined with ap pro pri ate sta tis tics. GE NIE 2000
soft ware was used in spec tral anal y sis. The cor rec tion
for the back ground spec trum was also per formed so
that the ab so lute spe cific ac tiv i ties of the radionuclides
of in ter est, namely 238U, 232Th, 40K, and 137Cs, were de -
ter mined by ac count ing for the net over all en ergy-de -
pend ent count ing ef fi ciency of the sys tem.
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Ta ble 1. Data used for de ter mi na tion of the ef fi ciency
cal i bra tion curve of the sys tem

Radionuclide En ergy
[keV]

Fit ted
efficiency

Mea sured
efficiency

Un cer tainty 
[%]

Er ror
[%]

210Pb 46.54 0.05489 0.05489 4.06 1.49
241Am 59.54 0.06029 0.06163 4.05 2.17
109Cd 88.03 0.06030 0.06230 6.01 3.21

57Co
122.06 0.05363 0.05271 2.59 1.76

136.47 0.05048 0.05076 2.55 0.54
137Cs 661.66 0.01154 0.01154 0.28 0.01

60Co
1173.23 0.00648 0.00648 0.11 0.07

1332.49 0.00578 0.00578 0.09 0.01

Ta ble 2. Peak en er gies and de cay yields for the 238U and
232Th se ries, 40K and 137Cs

238U 232Th

Radionuclide En ergy
[keV]

Yield
[%] Radionuclide En ergy

[keV]
Yield
[%]

214Bi 609.31 45.49
228Ac

338.320
911.196
968.960

11.40
26.2
15.9

212Pb 238.63 43.60
214Pb 351.93 35.60 212Bi 727.330 6.65

40K 1460.81 10.55 137Cs 661.66 84.99

Fig ure 1. Lo ca tions of soil sam ple col lec tion on 
Capao Is land, CTEx



By us ing the GENIE2000 pro gram, cal i bra tion
curves were ad justed to the data points as ex pressed in
eq. 1, for ef fi ciency.

The ra dio ac tive sources and their as so ci ated
peak en er gies [keV] used for the de ter mi na tion of the
en ergy cal i bra tion curve were: (a) 241Am (26.34,
59.54); (b) 155Eu (86.55, 105.31); (c) 152Eu (121.78,
244.70, 344.28, 778.90); (d) 137Cs (661.65), and (e)
60Co (1173.22, 1332.49). The data in tab. 2 have been
used for de ter mi na tion of the fit ted ef fi ciency cal i bra -
tion curve that was used for the cal cu la tion of ab so lute
soil con cen tra tions of 238U, 232Th, 40K, and 137Cs.

In or der to cal cu late the ac tiv i ties (A) from the
num ber of gamma rays de tected by the HPGe spec -
tros copy sys tem, eq. 1 was used, where e(E), S, and T
are the ef fi ciency, net num ber of counts, and count ing
time, re spec tively; k is de cay correction fac tor that ac -
counts for the mass loss of the ra dio iso tope of in ter est
due to its ra dio ac tive de cay from the time the sam ple
was col lected un til it was counted and i is the emis sion
frac tion of the iso tope at the en ergy of in ter est [4]. The
use of sam ples hav ing the same ge om e try as that of the
cal i bra tion sources elim i nated the need for cor rec -
tions, due to vari a tions in the solid an gle.

A
S

T i E k
=

. . ( )e
(1)

RE SULTS

Ta ble 3 lists the data mea sured for the spe cific
ac tiv i ties of 232Th and 238U in sec tors A, C, D and
Trans por ta tion. Er rors listed in all ta bles are those sta -
tis ti cally es ti mated at a 68 % (1s) con fi dence level.

Two soil sam ples were col lected and an a lyzed
for each of the four ar eas sur veyed (Sec tors D, A, C,
and Trans por ta tion Sec tor), as dis crim i nated in the ta -
bles. The anal y ses per formed in this work showed no
sig nif i cant amount of 137Cs in any of the soil sam ples
col lected as no photopeak what so ever was formed at
the en ergy of 137Cs af ter 10 days of count ing. For com -
par i son pur poses, the re ported av er age soil con cen tra -
tions of nat u rally oc cur ring radionuclides are pre -
sented in tab. 4 for Ar gen tina, the USA, and the world
[9].

Soil con cen tra tion data mea sured in this work
are listed in tab. 5 as ra tios to the world av er age fig ures
for nat u rally oc cur ring iso topes.

DIS CUS SIONS

Re gard ing 40K, its con cen tra tions were found to
be close to the world av er age in sec tors A and C, mod -
er ately above the up per limit of that range in sec tor D
and about half of the world`s lower limit in the Trans -
por ta tion sec tor. 

By in spec tion of tab. 5, it can be con cluded that
the 238U con cen tra tions de ter mined in this work ap -
proached the world av er age across the em bank ments
that lay the foun da tion for sec tors D, A, and C, be com -
ing an or der of mag ni tude lower in the Trans por ta tion
sec tor.

In ad di tion, it can be eas ily gath ered that the low -
est con cen tra tions of nat u ral radionuclides are con sis -
tently found in the Trans por ta tion sec tor. That is to be
ex pected con sid er ing that its man grove soil has been
kept un changed and, for the most part, re mains in equi -
lib rium with its sur round ing swamp en vi ron ment.

In con trast, sec tors D, A, and C have re ceived
great quan ti ties of em bank ment con sist ing of con crete
frag ments, rocks, clay and other soil com po nents in or -
der to el e vate them above the sur round ing man grove
swamp level. As a con se quence, in those sec tors, the
mea sured soil con cen tra tions for 232Th are sig nif i -
cantly higher than the world av er age. It has been found 
that the mea sured con cen tra tions of en vi ron men tal
radionuclides in sec tors D and A do not dif fer sig nif i -
cantly, in spite of the dif fer ent ma te ri als han dled and
pro cessed in them, which is an in di ca tor of no sig nif i -
cant en vi ron men tal im pact from such ac tiv i ties. An -
other find ing was that the data mea sured for sec tor C
ap par ently ex hib its a dif fer ent trend. A pos si ble ex pla -
na tion for that could be the dif fer ence in the com po si -
tion of ma te ri als used to form its older em bank ment
whose or i gin was dif fer ent from the one used to build
sec tors D and A.
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Ta ble 3. Mea sured spe cific ac tiv i ties of 40K 232Th,
and 238U in Sec tors A, C, D, and Transportation

Radionuclide
Sec tor av er age ac tiv ity [Bqkg–1]

A C D Trans por ta tion
232Th (228Ac,
212Pb, 212Bi) 141.2 ± 0.9 341 ± 10 198 ± 12 9.2 ± 0.4

238U(214Pb,
214Bi, 234Th) 32.0 ± 2.2 56.0 ± 5.5 34.2 ± 2.9 5.1 ± 0.7

40K 772 ± 8 147 ± 2 1007 ± 14 70 ± 5

Ta ble 4. Re ported soil ac tiv i ties of nat u rally
oc cur ring radionuclides

Re gion

Soil ac tiv ity of radionuclide [Bqkg–1]
40K 238U 232Th

Av er age Range Av er age Range Av er age Range

Ar gen tina 650 540-750

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

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

Ta ble 5. Ra tio of mea sured soil con cen tra tions to the world
av er age fig ures for nat u rally oc cur ring radionuclides

Sec tor
Rel a tive soil con cen tra tion (world mean = 1)

232Th 238U 40K

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

Trans por ta tion 0.31 ± 0.01 0.12 ± 0.01 0.18 ± 0.01



CON CLU SIONS

Ab so lute gamma spec tros copy mea sure ments
have been per formed, pro vid ing spe cific soil ac tiv i ties 
for 238U, 232Th, and 40K across the Capao Is land,
CTEx, Guaratiba, some 50 km west of down town Rio
de Ja neiro. Pre vi ous con cen tra tion data for those
radionuclides in Brazil are not avail able in lit er a ture
and that fact high lights the im por tance of the pres ent
data set.

Sig nif i cant dif fer ences in soil con cen tra tions
among the dif fer ent ar eas or sec tors of the site have
been at trib uted to dif fer ent com po si tions of the em -
bank ments used to build them. There fore, data from
sec tors D and A, both lo cated on the same em bank -
ment, have been found to ex hibit roughly the same
trends, al though no nu clear or ra dio log i cal ac tiv i ties
are per formed in sec tor A, in con trast to sec tor D. In
ad di tion, their data dif fer con sid er ably from those of
sec tor C, sit u ated on an older em bank ment of a dif fer -
ent com po si tion.

In ad di tion, con cen tra tions of one or der of mag -
ni tude be low the world av er age have been con sis tently 
found for all radionuclides sur veyed in soil sam ples
from the nearby Trans por ta tion sec tor, where the man -
grove soils from the orig i nal com po si tion still re main
mostly in tact and con struc tion de bris has not been
dumped as part of the em bank ments.

Re gard ing 238U, a good match of the ex per i men -
tal data with the world av er age con cen tra tions has
been found for the sec tors on the em bank ments. In
con trast, the higher 232Th con cen tra tions found prob a -
bly re sult from the large con cen tra tions of ce ment and
rocks pres ent in the em bank ments built in sec tors D,
A, and C. Fi nally, no sign of con tam i na tion by 137Cs
has been found.
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DISTRIBUCIJA  KONCENTRACIJA  238U, 232Th, 40K I 137Cs  U
UZORCIMA  ZEMQI[TA  U  BLIZINI  NUKLEARNE  LABORATORIJE

NA  OSTRVU  KAPAO  U  BRAZILU

Primenom gama spektrometra visoke rezolucije izmerene su apsolutne koncentracije
238U, 232Th, 40K i 137Cs u zemqi{tu. Oblast istra`ivawa obuhvata nasip u mo~vari mangrova u
Guaratibi, Rio de @eneiro, pod nazivom ostrvo Kapao, gde su u upotrebi preko 30 godina
laboratorije za nuklearnu, hemijsku i biolo{ku odbranu Brazilskog vojnotehni~kog centra.
Sproveden je mon i tor ing izotopa kako bi se osiguralo da eksperimenti iz oblasti nuklearne
fizike, obavqeni na grafitnoj eksponencijalnoj instalaciji i u dva radijaciona postrojewa sa
cizijumskim izvorima, nemaju zna~ajnog uticaja na `ivotnu sredinu. Ukupno je prikupqeno osam
uzoraka od po 250 ml zemqi{ta na povr{ini od 300 m ́  300 m. Nije prona|en trag 137Cs, a vrednosti
uranijuma su uporedive sa globalnim sredwim vrednostima. Me|utim, neke podatke koji prelaze
o~ekivane vrednosti za 232Th (60 % uzoraka) i 40K (20 % uzoraka) treba pripisati gra|evinskom
materijalu (ce ment, kamewe, pesak) kori{}enom prilikom izgradwe nasipa. Po{to nema upotrebe
ovih izotopa u ovoj oblasti niti u susednim postrojewima, koji mogu uticati na wihovu pojavu,
zakqu~ak je da nije utvr|ena kontaminacija zemqi{ta.

Kqu~ne re~i: spektroskopija gama zra~ewa, 238U, 232Th, 40K, 137Cs


