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ABSTRACT

The Brazilian Nuclear Agency (CNEN) rules all nuclear activity in Brazil as demanded by the Federal
Constitution, articles 21, XXIII, and 177, V, and by the Federal Acts 4.118/62 and 10.308/2001. Therefore, the
CNEN is responsible for any radioactive waste disposal in the country. Oil Naturally Occurring Radioactive
Materials (Oil NORM) in this paper refers to waste coming from oil exploration. Oil NORM has called much
attention during the last decades, mostly because it is not possible to determine its primary source due to the
actual absence of regulatory control mechanism. There is no efficient regulatory tool which allows determining
the origin of such NORM wastes even among those facilities under regulatory control. This fact may encourage
non-authorized radioactive material transportation, smuggling and terrorism. The aim of this project is to
provide a geochemical signature for each oil NORM waste using its naturally occurring isotopic composition to
identify its origin. The here proposed method is a specific geochemical modeling of oil sludge NORM samples
which are analyzed for radioisotopes normally present in oil pipes, such as 228Ac, 214Bi and 214Pb. The activity
ratios are plotted in scatter diagrams. This method was successfully tested with data of different sources
obtained from analysis reports from the Campos Basin/Brazil and from literature.

1. INTRODUCTION

1.1. General Objective

Among other nuclear and radioactive subjects, the Brazilian Nuclear Agency (CNEN) rules
Among other nuclear and radioactive subjects, the Brazilian Nuclear Agency (CNEN) rules
the radioactive waste storage and transportation. Naturally Occurring Radioactive Materials
(NORM) from oil exploration has been an unsolved issue along the last decades. Gas and oil
exploration processes produce wastes contaminated with NORM. The main concern with
such NORM occurrences is the difficulty to determine the primary source of such wastes,
especially, because of lack of regulatory control. Such oil NORM exploitation occurs by
precipitation or incorporation of these materials in the oil sludge, pipe cleaning, scales inside
pipes, vessels, heat exchanger, pieces of pumps, and others [1].
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One of the main responsibilities of the CNEN is to develop efficient tools to control the
radioactive waste in the country. Due to the business dynamics and versatilities of gas and oil
production as well as due to the amount of oil productive wells, it is hard to determine the
origin of the many NORM wastes produced by such facilities. Regarding this, the CNEN-
8.01 Act [2] rules as following:

Art. 42 All facilities must keep an updated record system of the radioactive
waste, including:
I  The radioactive waste type identification, origin and the
location of its container;
II  The radioactive waste origin and destination.

Concerning the waste management of oil and gas production,
an oil

and/or gas waste are extremely important subjects in determining the risk levels for
environment and people.

Nowadays, the government faces a serious control problem regarding metal scraps containing
NORM. These scraps are sold by oil producers to scrap-dealers who resell the scraps to the
steel industry. It happens that the steel industry has built and installed radiation detectors at
the entrance access to their plants. Because of this the CNEN is constantly requested to verify
and investigate reports on radioactive steel tubes. Most of the time it is impossible to identify
the primary source of these scrap tubes contaminated with NORM and thus the effective
control and notification of the primary seller cannot be done.

The goal of this project is to develop geochemical signatures for specific NORM wastes
which enable to identify the waste sources based on its naturally occurring radiochemical
composition to support the CNEN in its activities.

1.2. Production and location of oil wells in Brazil

Brazil is the 12th largest oil producer [4]. Brazilian production fields have onshore
and offshore oil and gas wells. The biggest volumes are produced offshore. Table 1 shows the
produced volumes of oil and gas in 2014 and 2015 [5]. 93 % of the oil and 76 % of the gas
produced in the country came from offshore plants. Besides this, pre-salt production
represented 40 % of the offshore oil production in 2016, and it is expected that production
begins in many new pre-salt wells in the near future.

Brazilian Southeast region is the main oil producer. Figure 1 shows the three sedimentary
basins of Campos, Santos and Espírito Santo. In these three basins the most important oil and
gas reservoirs are located. Together their production is about 90 % of all oil in the country.

The other producer regions are shown in Figures 2 to 8. Note that the onshore basins of the
Recôncavo Baiano/Bahia, Potiguar/Rio Grande do Norte, and Sergipe-Alagoas have onshore
as well as offshore producing plants, and the Solimões and Parnaíba basins are completely
onshore.
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Table 1: Oil and natural gas production volumes. 2014 and 2015 proven reserves [4]

2014

OIL in millions of
barrels (MMbbl)

offshore onshore Total
Production 761.35 61.58 822.93

Proved reserves 15,350.06 832.22 1,6182.29
NATURAL GAS in

millions of cubic
meter (MMm3)

offshore onshore Total
Production 23.39 8.50 31.90

Proved reserves 399,920.02 71,228.17 471,148.19
2015

OIL in millions of
barrels (MMbbl)

offshore onshore Total
Production 831.30 58.37 889.67

Proved reserves 12,366.90 666.34 13,033.70
NATURAL GAS in

millions of cubic
meter (MMm3)

offshore onshore total
Production 26.74 8.39 35.13

Proved reserves 358,702.31 70,754.75 429,457.10

Figure 1: Location map of Southeast region sedimentary basins. Adapted from [4].
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Figure 2: Location map of the production fields in the Recôncavo and Camamu-Almada
basins in the state of Bahia. Adapted from [4].

Figure 3: Location map of the Solimões basin and its production fields. Adapted from
[4].

Figure 4: Location map of the Parnaíba basin (States of Maranhão and Piauí) and its
production fields. Adapted from [4].
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Figure 5: Location map of the Ceará basin and its production fields. Adapted from [4].

Figure 6: Location map of the Potiguar basin (state of Rio Grande do Norte) and its
production fields. Adapted from [4].

Figure 7: Location map of the Sergipe-Alagoas basin and its production fields. Adapted
from [4].
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Figure 8: Location map of the Tucano Sul basin (Bahia) and its production fields.
Adapted from [4].

1.3. Oil NORM history

Since the 30´s, the occurrence of NORM in the extraction oil tubes inlays is well known. It is
usually associated with barite (BaCO3). During the 70´s, large companies sponsored research

the USA verified relatively high concentration of NORM in the oily inlays, scales and
sludges coming from the platforms. This fact has led the US government and industries to
perform research seeking to map and characterize the main locations where oil NORM occurs
[6].

In Brazil, this issue appeared in the 80´s, when Petrobras identified the presence of radiation
in the oil sludge of pipes coming from the Namorados field (Campos basin). During many
years, Petrobras had to store pipes with NORM scales due to the absence of a cleanup
technology for decontaminating such pipes. The problem continued until the early 2000´s
when Petrobras developed a process to remove the inlays out of the tubes. After this, the
scales and oil sludges were stored in barrels to attend the demands of the CNEN [7].
Nowadays, as it was described above, the oil NORM wastes status inside the country is under
control. However, the CNEN, as the only and official governmental ruler, still needs an
appropriate tool to identify the precise origin of those wastes.

1.4. Geochemical signatures for nuclear regulation and control

Geochemical signatures that indicate the provenance of columbite-tantalite ores (coltan) in
Brazil were determined by analyzing the relations of Nb/Ta vs. U/Th and modeling the results
in scatter-diagrams [8-11] (Figure 9). This tool allows the CNEN to control the economical
circulation of those ores in the country.



INAC 2017, Belo Horizonte, MG, Brazil.

Figure 9: Variation of U/Th in coltan samples from the states of Rio Grande do Norte
(RN), Amapá (AP) and Rondônia (RO), Brazil. Adapted from [11].

Since, especially in Africa, illegal commerce of columbite-tantalite ore (coltan) has become a
great problem, the United Nations Security Council recommended the development of a
traceability system able to prove the origin of coltan ores. European researchers [12, 13]
described methods to gain geochemical fingerprints for coltan ore mined in Africa. They
analyzed U-Pb mass relations, associated the rare earth elements (REE) present with the ore s
ages, calculated Ta (molar fraction)/REE ratios (Figure 10) and applied ore microscopy. In this
way were achieved individual signatures, but with great analytical efforts.

Figure 10: Plot of REE concentrations of coltan from various pegmatites in
Mozambique vs. XTa values for the studied coltan ores. After [12].

Other authors [14] presented a methodology to obtain geochemical signatures of uranium
ores. The authors demonstrated the importance of geochemical signatures in the
investigation of the origin of intercepted nuclear material, both in local community or cross-
border transport. This study provided a detailed chemical characterization for 11 samples of
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USA uranium ore. The authors crossed Th and Y contents, U and Th ratios, normalized REE
chondrite standards and total REE concentration demonstrating that these data can be used
to distinguish depositional areas. The results showed the necessity of relating multiple
chemical analyses to determine the origin of uranium ore.

Another group of researchers [15] applied the 226Ra/228Ra ratio to determine the highest
radiological impact zones involving oil industry and its wastes in the Red Sea region, Egypt.
In Figure 11, the x-axes represent distances and the y-axes represent 226Ra/228Ra ratios. With
these data the researchers determined the highest radiological impact regions for accidents
involving NORM wastes from the oil facilities.

Figure 11: Relationships between 226Ra/228Ra activity ratio and sample location (Code),
Red Sea/Egypt: (a) Shuqeir Marsa Alam, (b) Shuqeir Hurghada, (c) Hurghada

Safaga, and (d) Safaga Marsa Alam. After [15].

Up to now, there is no methodology to determine the geochemical signature of oil NORM
waste available in the literature. However, in a study about oil NORM waste characterization
in the Egyptian oil and gas industry, authors concluded that each oil and gas formation will
produce distinct NORM wastes, with different NORM concentrations [16]. They also
predicted that these differences depend not only on the extraction manner but also mainly on
the initial characteristics and on the chemical arrangement of those elements in the mineral
matrix and highlighted the importance of such knowledge for regulation and development of
management techniques of those wastes.
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2. METHODOLOGY

Considering that oil has been imprisoned for millions of years, the radiogenic daughters of
each of the series of uranium and thorium are supposed to be in secular equilibrium. So,
initially it was tried to confirm the secular equilibrium within each series. In secular
equilibrium, the ratio between the activities of two radiogenic daughters of the same series
should be equal to 1 in a closed system.

With the secular equilibrium confirmed in both series, but presuming that each series presents
individual secular equilibria, an initial verification was carried out with ratios between 228Ac
(thorium series) and 214Bi and/or 214Pb (uranium series). This was done with isotopic data of
oil NORM sludge samples from the Namorado field, Campos basin/Brazil [7] and from the
Red Sea Region/Egypt [1,16] (Figures 12 to 14). Table 2 shows the specific activity in
Becquerel per gram (Bq/g) of those samples.

Table 2: Specific activity (Bq/g) of oil NORM sludge samples

Namorado field (Brazil) [7] Abu Rudeis (Egypt) [1] Egyptian Desert [16]

Sample A3 Sample before treatment Sample
214Pb 15.63 ± 2.34 66.5 ± 0.5 19.39 ± 0.019
214Bi 15.22 ± 2.39 66.8 ± 2.5 18.32 ± 0.050
228Ac 2.98 ± 1.71 24,0 ± 0.9 13.26 ± 0.070

With the data of Table 2 were calculated the values presented in Table 3. It is shown that the
ratios of 214Pb/228Ac and 214Bi/228Ac of the samples are different for each locality. This
indicates the possibility to obtain geochemical signatures of their origins using these ratios.

Table 3: 214Pb/228Ac and 214Bi/228Ac ratios obtained from Table 2

Namorado field (Brazil) [7] Abu Rudeis (Egypt) [1] Egyptian Desert [16]

Sample A3 (oil sludge) Sample before
treatment (oil sludge) Sample (oil sludge)

214Pb/228Ac 5.24 ± 3.79 2.77 ± 0.125 1.46 ± 0.009
214Bi/228Ac 5.12 ± 3.73 2.78 ± 0.208 1.38 ± 0.011

Error calculated as described in Formula (1).

Note that the ratios using 214Pb are the same when using 214Bi. That indicates that both
radioisotopes may be used to characterize the origin of the oil NORM.
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Considering the errors reported for each sample in the literature, it was necessary to estimate
the error of the division of the measured values. Thus, the error estimates were calculated by
derivative method. Being z = x/y, the error  is defined by partial derivative as follows:

(1)

Figure 12: Location map of Namorado
field in Campos Basin  Brazil. After [17].

]
Figure 13: Location map of the Abu

Rudeis oil field, Gulf of Suez - Egypt.
After [18].

Figure 14: Location map of oil fields in the Egyptian desert. After [19, 20].
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The relations of the activity values of the radioisotopes of samples from three different oil
platforms in Table 3 are different for each decay series. Therefore, it may be possible to use
them as geochemical signature for the origin of oil NORM waste samples. Validation of this
method was carried out with data obtained from Petrobras reports [21-25]. Specific activities
were analyzed of oil sludge and scales from two Brazilian oil platforms: Garoupa-1 (PGP-1)
and Namorado-1 (PNA-1), see Table 4.

Table 4: Specific activity (Bq/g) of samples from Garoupa-1 (PGP-1) and Namorado-1
(PNA-1) platforms and 214Bi /228Ac ratio. Adapted from [21-25]

Platform Sample 214Bi S. D. 228Ac S. D. 214Bi /228Ac S. D.
PGP-1 Oil sludge 1.02 0.06 0.71 0.08 1.44 0.25
PGP-1 Oil sludge 1.03 0.04 0.66 0.04 1.57 0.17
PGP-1 Oil sludge 1.52 0.06 0.70 0.05 2.18 0.22
PGP-1 Oil sludge 1.40 0.06 0.58 0.05 2.41 0.32
PGP-1 Oil sludge 0.66 0.03 0.26 0.02 2.49 0.29
PGP-1 Oil sludge 3.02 0.07 1.18 0.03 2.56 0.13
PGP-1 Scale 6.90 0.16 2.23 0.06 3.09 0.15
PGP-1 Sand 8.69 0.21 2.74 0.07 3.17 0.16
PGP-1 Scale 11.80 0.27 3.63 0.09 3.25 0.15
PGP-1 Scale 19.40 0.44 5.79 0.14 3.35 0.16
PGP-1 Oil sludge 4.80 0.12 1.43 0.04 3.36 0.18
PGP-1 Oil sludge 1.75 0.06 0.42 0.03 4.17 0.44
PGP-1 Oil sludge 6.83 0.16 1.62 0.04 4.22 0.20
PGP-1 Oil sludge 13.60 0.31 3.21 0.09 4.24 0.21
PGP-1 Oil sludge 12.40 0.29 2.85 0.07 4.35 0.21
PGP-1 Oil sludge 13.40 0.29 2.92 0.07 4.59 0.21
PNA-1 Oil sludge 7.14 0.08 4.61 0.07 1.55 0.04
PNA-1 Oil sludge 9.01 0.10 5.63 0.08 1.60 0.04
PNA-1 Oil sludge 10.50 0.13 6.49 0.11 1.62 0.05
PNA-1 Oil sludge 10.50 0.09 6.37 0.05 1.65 0.03
PNA-1 Oil sludge 12.50 0.10 7.42 0.05 1.68 0.02
PNA-1 Oil sludge 11.50 0.10 6.77 0.05 1.70 0.03
PNA-1 Oil sludge 12.20 0.11 7.14 0.06 1.71 0.03
PNA-1 Oil sludge 12.50 0.13 7.25 0.09 1.72 0.04
PNA-1 Cleaning water 1.55 0.08 0.82 0.08 1.88 0.28
PNA-1 Cleaning water 1.36 0.04 0.70 0.03 1.93 0.13
PNA-1 Cleaning water 1.72 0.04 0.84 0.02 2.05 0.11

   Error calculated as described in Formula (1).

3. RESULTS AND DISCUSSIONS

With data from Petrobras reports and literature, first were analyzed the relations of specific
activities between elements in the same series in order to verify the secular equilibrium. As
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expected, the elemental ratios between the isotopes of the uranium series led to a ratio near to
1. The same occurs if only isotopes of the thorium series are used. Thus, this means that those
elements are very close to the secular equilibrium and that the same elemental ratios with
members of the series cannot be used to provide a signature.

The distribution of the isotopic ratios 214Bi/228Ac from different decay series of Table 4 are
presented in Figure 15.

Figure 15: Samples from Garoupa-1 (gray squares) and Namorado-1 (black
triangles) platforms.

Figure 14 illustrates that the oil sludge from different oil fields show different ratios between
the elements of the U/Th decay series, more specifically, between Bi and Ac. Further it shows
that if specific activities are below 1 Bq/g (IAEA and CNEN radioprotection limits), it is not
possible to distinguish wastes coming from those different platforms. When the specific
activities are above 1 Bq/g, there are clearly two trends to be distinguished.
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4. CONCLUSIONS

Isotope ratios of the same decay series cannot determine a geochemical signature for oil
NORM waste.

Relations between two isotopes of the U/Th decay series may serve to determine signatures
for the origin of oil and gas NORM waste.

Future studies should investigate the viability of this method on specifically collected
samples of oil sludge, tube scales and crude oil from the different Brazilian oil fields.

ACKNOWLEDGMENTS

Special thanks to the Department of Radioactive Wastes of the CNEN for supporting with
information and data and to the anonymous scientific reviewer of the INAC 2017 for the
constructive comments.

REFERENCES

1. E. M. El Afifi, N. S. Awwad,  of the TE-NORM waste associated with
Journal of Environmental

Radioactivity, Volume 82, pp.7-19 (2005).
2. Norma CNEN-NN-8.01 Gerência de Rejeitos Radioativos de baixo e Médio Níveis de

Radiação (2004).
3. C. E. S. C. P. da Cunha, Gestão de resíduos perigosos em refinarias de petróleo, UERJ,

Rio de Janeiro, Brasil.
4. CIPEG, Atlas da distribuição de royalties do Estado do Rio de Janeiro, DRM-RJ, Rio de

Janeiro, Brasil (2016).
5. -sal: Produção de pe

http://www.petrobras.com.br/pt/nossas-atividades/areas-de-atuacao/exploracao-e-
producao-de-petroleo-e-gas/pre-sal/ (2017).

6. Environmental Radioactivity of TE-
NORM Waste Produced from Petroleum Industry in Egypt: Review on Characterization
and Treatment Natural Gas  Extraction to End Use, InTech (2012).

7. L. E. S. C. Matta, M. C. D. dos Reis, Relatório Final Acordo de Mútua Cooperação
CNEN/IRD e Petrobrás/UM-BC, Petrobrás (2002).

8. J. Costa-de- ra da
X

Congresso Brasileiro de Geoquímica e II Simpósio de Geoquímica do MERCOSUL. Porto
de Galinhas, Recife, Brazil. CD-ROM abstracts (2005).

9. J. Costa-de-  Pegmatites of the Parelhas Region, Rio Grande do
Norte, Northeast Brazil. Preliminary Investigation on Radiominerals and Radioactive

- INAC 2009. Revista da
Associação Brasileira de Energia Nuclear  ABEN, Rio de Janeiro, RJ, Brazil (2009).
ISBN: 978-85-99141-03-8.

10. J. Costa-de-
Signature of Columbite-Tantalite and Environmental Impact of Radioactive Pegmatite

http://www.petrobras.com.br/pt/nossas-atividades/areas-de-atuacao/exploracao-e-


INAC 2017, Belo Horizonte, MG, Brazil.

Mining in The Parelhas Reg Northeast Brazil International
Nuclear Atlantic Conference - INAC 2013. Revista da Associação Brasileira de Energia
Nuclear  ABEN, Rio de Janeiro, RJ, Brazil (2013).

11. J. Costa-de-Moura, Assinatura geoquímica de columbita-tantalita e levantamento
radiométrico de pegmatitos radioativos da região de Parelhas, Rio Grande do Norte,
Brasil, Departamento de Geologia  UFRJ, Brasil (2013).

12. T. Graupner, F. Melcher, H.-E. Gäbler, M. Sitnikova, H. Bratz
element geochemistry of columbite-group minerals: LA-ICP- Mineralogical
Magazine, Volume 74, pp.691-713 (2010).

13. F. Melcher, T. Graupner, M.A. Sitnikova, F. Henjes-Kunst, T. Oberthür, E. Gäbler, A. Bahr,
A. Gerdes, H. Brätz, and G. Rantitsch, -Tantalerze am
Beispiel Afrikanischer Selten-Element- Mitteilungen der Österreichischen
Mineralogischen Gesellschaft, Volume 155, pp.231-267 (2009).

14. E. Balboni, N. Jones, T. Spano, A. Simonetti, P. C. Burns,
Applied

Geochemistry, Volume 74, pp.24-32 (2016).
15. -

ecological impacts of non- Journal of
Environmental Radioactivity, Volume 73, pp.151-168 (2004).

16. S. Shawky, H. Amer, A. A. Nada, T. M. Abd El-Maksoud, N. M. Ibrahiem,
om Eastern and Western deserts of

Applied Radiation and Isotopes, Volume 55, pp.135-139 (2001).
17. E. G. Barboza, Análise Estratigráfica do Campo de Namorado (Bacia de Campos) com

base na Interpretação Sísmica Tridimensional, Programa de Pós-graduação em
Geociências  UFRGS, Brasil (2005).

18. Region of the Gulf of Suez  Egypt
https://www.sec.gov/Archives/edgar/data/1002242/000131143508000008/sj20f07suez.gif (2017).

19. Map of the eastern Egyptian desert ,
http://images.pennwellnet.com/ogj/images/ogj2/9526jfhi01.jpg (2017).

20. Map of the western Egyptian desert ,
http://images.pennwellnet.com/ogj/images/ogj/9445feg01.gif (2017).

21. PETROBRAS, RCRa-004/06  Report of gamma spectrometry analysis to determine
226Ra + 228Ra concentrations, Brazil (2006).

22. PETROBRAS, RCRa-005/06  Report of gamma spectrometry analysis to determine
226Ra + 228Ra concentrations, Brazil (2006).

23. PETROBRAS, RCRa-007/06  Report of gamma spectrometry analysis to determine
226Ra + 228Ra concentrations, Brazil (2006).

24. PETROBRAS, RCRa-002/07  Report of gamma spectrometry analysis to determine
226Ra + 228Ra concentrations, Brazil (2007).

25. PETROBRAS, RCRa-003/07  Report of gamma spectrometry analysis to determine
226Ra + 228Ra concentrations, Brazil (2007).

26. PETROBRAS, RCRa-001/08  Report of gamma spectrometry analysis to determine
226Ra + 228Ra concentrations, Brazil (2008).

https://www.sec.gov/Archives/edgar/data/1002242/000131143508000008/sj20f07suez.gif
http://images.pennwellnet.com/ogj/images/ogj2/9526jfhi01.jpg
http://images.pennwellnet.com/ogj/images/ogj/9445feg01.gif

