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The radioactivity of NORM was measured in ashes collected from a fuel-oil power plant in Cienfuegos, Cuba, using an HPGe
gamma-ray spectrometer. The 226Ra, 210Pb, 40K, 232Th and 238U activity concentrations reached 240, 77, 59, 70 and 15 Bq
kg21, respectively. The potential radiological hazard of these residuals was assessed. The radium equivalent activities of the
samples varied from 54 to 345 Bq kg21. The gamma index was calculated to be lower than that of the reference values, and the
gamma absorbed dose rate was higher than the average reported for the earth’s crust; however, the assessed annual effective dose
was slightly lower than the annual effective dose limit for public, i.e. 1 mSv. Therefore, these bottom ashes were not dramatically
enriched with radionuclides and may be used as an additive for building materials without restrictions from a radiological protec-
tion point of view.

INTRODUCTION

Naturally Occurring Radioactive Materials (NORM)
are the radioactive residues from the extraction, treat-
ment and purification of minerals, petroleum pro-
ducts or other substances obtained from parent
materials that may contain concentrations of primor-
dial radionuclides. Every year, hundreds of millions
of metric tons (according to the International System
of Units, one metric ton is equivalent to 1000 kg) of
wastes containing NORM are generated from a wide
variety of processes, ranging from uranium and phos-
phate mining to municipal drinking water treat-
ment(1). An example of NORM is the ashes produced
from combustion of coal, gas and fuel oil in power
plants(1). If the radioactivity is much higher than the
background level, handling NORM may cause pro-
blems in many industries. Eisenbud and Petro in
1964(2) noticed that in the use of fossil fuel for gener-
ating electricity, the concentration of radionuclides
increased. Since then, several authors have reported
radioactivity levels in coal- and lignite-fired power
plants(3 – 10). However, very few reports of NORM are
available for fuel-oil power plants, even if the presence
of naturally occurring radioactive material in the pet-
roleum and gas extraction industry is a well-known
fact(1). In Cuba, there are no studies on the radio-
activity levels in residual ashes from these industries.

Fuel oil is the main fossil fuel used to generate elec-
tricity in Cuba. Approximately 81 % of the electric
demand in Cuba is generated by fuel-oil-fired power
plants, and a total of 2.24 million tons of crude oil
was consumed in 2011 to produce electricity in

Cuba. In Cienfuegos province, a 370-MW fuel-oil
power plant was established on the littoral zone
of Cienfuegos’ bay and it is operating since 1940.
Several studies, carried out on sediments from
Cienfuegos’ bay, reflect that Cienfuegos’ Power Plant
(CPP) is one of the main sources of hydrocarbon and
heavy metal pollution to the bay(11, 12). High levels of
heavy metals (V, Ni, Ti and Zn) were reported recent-
ly in bottom ashes from the fuel-oil power plant(13).
These ashes are considered as ‘hazardous wastes’ by
the National Environmental Authority, through the
resolution 136/2009(14). From the radiological safety
point of view, there are no special regulations for
NORM in Cuba. However, studies carried out in
Cuba demonstrated the existence of anomalous levels
of the natural radioactivity in some environmental
components(15 – 17). High levels of 210Po were reported
in marine organisms of Cienfuegos Bay(18), which
could be linked to the atmospheric emission or
dumping of NORM radioactive wastes coming from
CPP.

The aims of the present work are to investigate the
activity concentrations of NORM in bottom ashes
generated by the fuel-oil power plant in Cienfuegos,
Cuba, and to assess the potential hazard of these resi-
duals on man and its environment.

MATERIALS AND METHODS

Bottom ashes were collected from three disposal
sites of waste materials from the thermal power
plant ‘Carlos Manuel de Céspedes’, located near
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Cienfuegos bay (Figure 1). Ten random subsamples
were taken for each sampling site to obtain a represen-
tative sample for each site. The ashes were dried at
1108C to reach a constant weight. All the samples
were ground in a ball grinder, passed through a 0.5-

mm-mesh-width sieve and homogenised. Aliquots of
86 g was inserted in PVC cylindrical containers
(diameter¼7.5 cm and height¼2.5 cm) and immedi-
ately sealed to avoid 222Rn and 220Rn losses and to es-
tablish the secular equilibrium between 238U and

Figure 1. Location of Cienfuegos’ Power Plant.
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232Th with their short-lived decay products after four
weeks. They were measured in a low-level gamma
spectrometric system with an HPGe coaxial detector
type NGC 3019 from Detector Systems GmbH, 30 %
relative efficiency, 1.9 keV resolution at 1.33 MeV of
60Co and an 8192-channel Multi-Channel Analyzer
(MCA). An iron shield (30 cm thick) covered the
active zone of the detector. The typical measurement
time was 100 000 s. The gamma energies used for the
analyses were 46.54 keV for 210Pb, 63.28 keV from
234Th for 238U, 351.93 keV from 214Pb for 226Ra,
911.07 keV from 228Ac for 232Th and 1460.83 keV for
40K. The activity concentration and its uncertainty
were calculated using equations provided in the litera-
ture. The uncertainty was calculated as the result of
the uncertainty propagation process using the net
peak area, the detector efficiency and the mass uncer-
tainties, and in all calculations, they were ,10 %.
This procedure was accredited by the National Office
for Normalization for ISO-NC-17025, and it is recog-
nised by the International Atomic Energy Agency
through the ARCAL XXVI IAEA Regional Project
since 2005. The Centro de Estudios Ambientales de
Cienfuegos belongs to the IAEA-Network ‘Analytical
Laboratories for the Measurement of Environmental
Radioactivity’ and participates in proficiency tests
organised by the IAEA.

RESULTS AND DISCUSSION

NORM activity concentrations in ashes

Results from the measurements of the NORM radio-
nuclides in bottom ashes are shown in Table 1. 226Ra
was the main NORM radionuclide detected in ashes
from the CPP. The 226Ra activity concentrations
reached 240 + 8 Bq kg21. The detected radionuclides
were distributed as follows: 226Ra . 210Pb . 40K .
232Th . 238U (see Figure 2).

Results from this study were compared with the
NORM ranges reported in the literature for fly and
bottom ashes from other countries (Table 2). The
values of 40K and 238U quantified in the bottom ashes
from the CPP were lower than those reported in the

literature for coal power plants, but the quantified
values of 232Th were similar to those reported. The
210Pb activity concentrations were lower than those
reported for Syria heavy fuel bottom ashes but were
slightly higher than the values for bottom ashes from
coal power plants. The 226Ra activity concentrations
were lower than the values for the coal bottom ashes
from the Turkish Power Plant, but they were higher
than the values for the rest of coal bottom ashes and
slightly higher than the heavy fuel bottom ashes from
the Syrian Power Plant.

Radium equivalent activity

A commonly used index, especially for radioactive
raw materials and products, which is called radium
equivalent activity, is the weighted summation of the
activity concentrations of 226Ra, 232Th and 40K in
studied materials(19). The maximum value of 370 Bq
kg21 radium equivalent activity is regarded to be
,1.5 mSv y21 external dose that is considered to be
safe for using NORM as an additive for building
materials. The index was calculated from the follow-
ing equation:

Raeq ¼ ARa þ 1:43� ATh þ 0:076� AK

where ARa, ATh and AK are the mass activities of
226Ra, 232Th and 40K, respectively. Radium equiva-
lent activities of samples of bottom ashes from CPP
had a mean value of 205 Bq kg21 and ranged
between 54 and 345 Bq kg21. As the maximum of
this interval is still lower than the maximum reference
radium equivalent activity, it is suggested that these
ashes may be employed as an additive for building
materials.

Activity concentration index (gamma index)

The activity concentration index or gamma index is
used as a screening tool for identifying materials that
might be of radiological concern(20). The activity con-
centration index shall not exceed unity to assure the

Table 1. The activity concentrations of NORM radionuclides in the samples of bottom ashes.

Sample Concentration, Bq kg21+2s

210Pb 226Ra 40K 238U 232Th

I 61.8+5.7 147.2+6.1 58.6+5.6 8.8+3.7 69.3+2.7
II 77.4+6.1 240.2+8.4 59.3+7.1 ,6.7 70.1+3.1
III 62.6+4.6 32.1+1.1 55.9+6.1 14.9+3.6 13.6+0.8
Mean 67.2 127.5 57.9 10.3 51.0
Min 61.8 32.1 34.1 ,6.7 13.6
Max 77.4 240.2 59.3 14.9 70.1

Naturally occurring radioactive materials
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dose limit to general public (1 mSv). If the gamma
index has a value of .6, then the material will have
restricted use. In this study, the gamma index is calcu-
lated by the following formula recommended by the
European Commission(20):

Ig ¼ 0:003� ARa þ 0:005� ATh þ 0:0003� AK

where ARa, ATh and AK are the maxima of the mass
activities (Bq kg21) determined for 226Ra, 232Th and
40K, respectively. The gamma index of the samples
from CPP calculated with this formula is Ig¼1.1; this
value is ,6, so CPP bottom ashes have no restricted
use from the radiological point of view.

Gamma absorbed dose rate and annual effective dose

The air-absorbed dose rate (nGy h21), at 1 m above
the ground level, originated from 226Ra, 232Th and
40K radionuclides in thermal power plant residues, is
calculated with the following formula(21):

D ¼ 0:461� ARa þ 0:623� ATh þ 0:0414� AK

where ARa, ATh and AK are the maxima of the mass
activities (Bq kg21) determined for 226Ra, 232Th and
40K, respectively.

The determined gamma absorbed dose rate from
bottom ashes in CPP was D¼157 nGy h21.
According to the United Nations Scientific
Committee on Effects of Atomic Radiation(22), the
average air-absorbed dose rate, arising from the con-
cerned radionuclides, at the earth’s crust is 55 nGy
h21, while for Cuba, a mean value of 34 nGy h21 has
been reported(19). The value determined here is ap-
proximately three times higher than that of the earth’s
crust and five times higher than the mean dose rate
for Cuba.

Figure 2. The activity concentrations of 226Ra, 210Pb, 40K,
232Th and 238U in bottom ashes from fuel-oil Power Plant in

Cienfuegos.
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The annual effective dose (mSv) from bottom ashes
is calculated by means of the following formula:

E ¼ D� 8766 h� 0:7 Sv Gy�1

where D is the air-absorbed dose rate (nGy h21).
According to the recommendations of the

European Commission Report from 1999(20), the
annual effective dose for adult people must be ,1
mSv. The calculated annual effective dose from the
samples of CPP bottom ashes was E¼0.96 mSv; this
value is slightly lower than the reference value 1 mSv
and also lower than the value 2.5 mSv for residues of
fired lignite reported from a thermal power plant in
Turkey(23). This result supports the possible use of the
ashes from CPP as an additive for building materials
without restrictions from the radiological protection
point of view.

CONCLUSIONS

The activity concentrations of NORM radionuclides
were measured in bottom ashes collected from a
fuel-oil power plant in Cienfuegos, Cuba. Using the
activity concentrations, the radium equivalent activity
values, the gamma index, the air gamma absorbed
dose rate and the annual effective dose from bottom
ashes were calculated to allow comparisons with
world average reference values and those given in
the literature. The radium equivalent activities of
the samples varied between 54 and 345 Bq kg21. The
gamma index was lower than that of the reference
value. The gamma absorbed dose rate was three times
higher than that of the earth’s crust average and five
times higher than the mean dose rate for Cuba;
however, the annual effective dose assessed was slight-
ly lower than the annual effective dose limit for
public, i.e. 1 mSv.

It is concluded that although some calculated
parameters of CPP bottom ashes were found to be
higher than some reference values, they are not
dramatically enriched in comparison with other
NORM given in the literature, and they may be
used as an additive for building materials without
restrictions from the radiological protection point of
view. However, it would seem that a substantial
amount of residues produced by the fuel-oil power
plant could lead to a risk for workers of the related
sector and members of public, who live near the
waste or storage area, in the event that additional
radiation doses were over the recommended limits.
The radiation hazards can be reduced by the period-
ic control of the effective dose received by the occu-
pationally exposed workers and by measures of the
environmental radioactivity to check for the move-
ments of probable radionuclides.
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