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The oil extraction and production industry generates several types of solid 
and liquid wastes. Scales, sludge and water are typical residues that can be 
found in such facilities and that can be contaminated with Naturally 
Occurring Radioactive Material (NORM).  As a result of oil processing, the 
natural radionuclides can be concentrated in such residues, forming the so 
called Technologically Enhanced Naturally Occurring Radioactive Material, 
or TENORM.  Most of the radionuclides that appear in oil and gas streams 
belong to the 238U and 232Th natural series, besides 40K. The present work 
was developed to determine the radionuclide content of scales and sludge 
generated during oil extraction and production operations. Emphasis was 
given to the quantification of 226Ra, 228Ra and 40K since these radionuclides 
are responsible for most of the external exposure in such facilities. Samples 
were taken from the PETROBRAS unity in the State of Sergipe, in 
Northeastern Brazil. They were collected directly from the inner surface of 
water pipes and storage tanks, or from barrels stored in the waste storage 
area of the E&P unit. The activity concentrations for 226Ra, 228Ra and 40K 
were determined by using an HPGe gamma spectrometric system.  The 
results showed concentrations ranging from 42.7 to 2,110.0 kBq/kg for 226Ra, 
40.5 to 1,550.0 kBq/kg for 228Ra, and 20.6 to 186.6 kBq/kg for 40K. The 
results highlight the importance of determining the activity concentration of 
those radionuclides in oil residues before deciding whether they should be 
stored or discarded to the environment. 
 
 
1 Introduction 
 
 
Naturally occurring radionuclides (NORM) such as the ones from the 238U and 
232Th series and 40K, are essential constituents of the earth’s crust, and can 
be found in higher than normal concentrations in some regions of the planet, 
known as “high natural radiation areas”.  The awareness about radiation 
doses due to natural radiation has been cause of increased concern in recent 



years.  In this context, particular attention has been focused on the mining 
and processing industry, as these operations can be responsible for the 
concentration of NORM in products or residues. When radionuclides 
concentrate after industrial processes they are named TENORM, which 
stands for Technologically Enhanced Naturally Occurring Radionuclides. 
TENORM wastes associated with oil and gas operations at the oil fields occur 
in the form of scale deposits, sludge and produced water.   
 
Scales formed by precipitation, as well as sludge, which accumulates in the 
bottom of storage tanks and other equipment contain variable amounts of 
the naturally occurring radionuclides from the 238U and 232Th series. The 
main radionuclides concentrated in scales and sludge during the production 
of oil and gas are 226Ra and 228Ra (Al-Masri and Suman, 2003; Shawky et al., 
2001; Hamlat et al., 2003). Scales buildup may cause problems in the 
operation of an installation by clogging tubing and valves, thus restricting 
the flow.  
 
In many oilfields the produced water is reinjected into the reservoirs to 
maintain pressure. Normally, the water injected in the wells has a different 
composition from the water already in the reservoir (formation water). 
When these two types of water are mixed and the water/oil emulsion is 
carried to the surface during the pumping operation, precipitation will 
occur.  This precipitation and the consequent scale formation is due to 
variations of sulphate and carbonates solubility and is associated with 
temperature variations, pressure changes and injection of incompatible 
waters (Hamlat et al., 2003; Hebert et al., 1995; Smith et al., 1998; 
Vegueria et al., 2002). 
 
Radium is brought to the surface dissolved in the water produced along with 
the hydrocarbons (produced water). Uranium and thorium are not very 
soluble and remain in the reservoir, as they will not be leached into passing 
fluids. The degree of accumulation of radioactive materials is always 
significant for ducts and equipment that carry produced water.  For this 
reason, TENORM concentrations are, in general, higher in scales and sludge 
formed in water-handling equipment (Smith et al., 1996). Radiation levels 
measured after the water separation stage are, consequently, negligible or 
much lower than those observed in other cases where the water is still 
present in the mixture. As a result, a high water production rate, such as is 
characteristic of older oil fields, can result in increased TENORM 
accumulation on tubing and equipment (Gazineu et al., 2005).  
 
The health impact from the accumulation of TENORM must be assessed. 
Besides external exposure due to gamma radiation, potential exposure 
pathways to humans from oil field TENORM include internal 
radiocontamination by radon gas progeny inhalation and external exposure 
to the highly penetrating radiation. Internal contamination can occur mainly 



during equipment cleaning and decontamination activities. (Gazineu et al., 
2005).  
 
Monitoring radionuclides of the 238U series (226Ra and 210Pb) and 232Th series 
(228Ra) besides 40K has been done for different areas contaminated by 
industrial effluents including oil and gas industries. For the wastes of the oil 
and gas industry, concentrations of radionuclides from the uranium and 
thorium series and 40K can be determined by high-resolution gamma-ray 
spectrometry and the total uranium content of samples determined by laser 
fluorimetry. Most of the radioactivity found in scales and sludge is due to 
enhanced levels of dissolved radium. Only minute quantities of uranium and 
thorium have been found in these residues (Shawky et al., 2001). 
Concentration of these radionuclides can reach 24.7 Bq kg-1 for 226Ra, 31.4 
Bq kg-1 for 232Th, 427.5 Bq kg-1 for 40K, and 25.6 Bq kg-1 for 210Pb (El 
Mamoney and Khater, 2004). Activitiy ratios such as 228Ra/226Ra, 210Pb/226Ra, 
226Ra/238U and 234U/238U can be used for the evaluation of the geochemical 
behavior of these radionuclides (El Mamoney and Khater, 2004; 
Radhakrishna et al., 1996). 
 
In a work done at Syrian oilfields one hundred and fifty-two scale samples 
collected from equipment were analyzed for their radioactivity content (Al-
Masri and Aba, 2005). The average 226Ra activity concentration was found to 
be 174 kBq kg-1, while the highest concentration value for this isotope was 
1,520 kBq kg-1. For 228Ra, on the other hand, the average and maximum 
values were 91 and 868 kBq kg-1, respectively. The maximum value for 224Ra 
concentration in scales was found to be 780 kBq kg-1 while the average value 
was 67 kBq kg-1. A gradual increase in 226Ra specific activity from downhole 
tubes to the equipment and tubing at the surface installations was also 
reported. 
Aiming to provide additional data for future impact assessment the present 
work was developed to determine the radionuclide content of scales and 
sludge generated during oil extraction and production operations in an E&P 
unit in Northeastern Brazil. 
 
 
2 Materials and methods 
 
2.1 Study area 
 
The area chosen for the study belongs to UN-SEAL, a PETROBRAS exploration 
unit responsible for the extraction and production of oil in the states of 
Sergipe and Alagoas, Brazil.  The UN-SEAL produces an average of 42,000 
barrels of oil per day and twenty million cubic meters per day of natural gas 
(Petrobras, 2003).  
 



The study was concentrated in the oil collecting stations pertaining to the 
production fields of Carmópolis and Siririzinho which are responsible for the 
onshore oil production of PETROBRAS in the region. Currently, about 500 
cubic meters per month of sludge are produced at the onshore installations 
of the UN/SEAL. Most of this material is accumulated in the area of 
treatment and final destination of residues and only a small fraction of 
these residues (the one presenting significant exposure levels) is stored in 
200 L drums and sent to a provisional deposit at Carmópolis. 
 
The oil extraction at the Carmópolis and Siririzinho production fields, where 
the Jordão and SZ II collecting stations are situated, is done with water 
injection in order to increase the efficiency of the extraction process. 
Produced water alone can be used for reinjection or it can be combined with 
underground water coming from nearby wells.   
 
2.2 Sample collection and preparation 
 
Twenty four samples of scale and sludge were collected from PETROBRAS oil 
extraction and processing units. Samples were collected in 1 L plastic 
container and transported to the laboratory. 
 
Sludge samples were collected from barrels stored in the patio of the main 
processing unit. These barrels accumulate residues coming from the cleaning 
of separation and storage tanks and other equipment during maintenance 
operations. Scale samples, on the other hand, were taken from produced 
water pipelines. Two samples (9 and 10) were collected from a nearby 
holding pit, used in the past for the disposal of wastes generated at several 
PETROBRAS units in the same oil exploration area. 
.  
The activity concentrations of 226Ra and 228Ra and 40K were determined by 
gamma spectrometry. In this procedure, samples were individually weighed 
and approximately 20 g of each sample were placed in a cylindrical 
container (5 cm diameter, 1 cm height), which was sealed with silicone and 
black electric tape in order to prevent radon gas leakage. Samples were 
then stored for a minimum period of three weeks prior to counting to ensure 
that radioactive equilibrium between 226Ra and its short lived progeny was 
reached. Samples were then counted in an HPGe detector (CanberraTM). 
 
2.3 Gamma-Ray spectrometry 
 
A high-resolution and low background gamma-ray spectrometer based on a 
hyper pure germanium detector (HpGe) from CanberraTM was used for the 
gamma-ray analysis. The energy resolution, expressed in terms of its FWHM, 
was 1.8 keV at the 1332 keV 60Co transition.  The distance from the source 
to the detector was kept at 11 cm in order to reduce the dead time to 



acceptable values. However, samples that presented very high counting 
rates were counted at a 19 cm distance from the detector.  
 
Efficiency calibration for the specified geometries and energies, was 
performed using a reference standard solution of 152Eu (Amersham) provided 
by the Institute of Radioprotection and Dosimetry from the Brazilian Nuclear 
Energy Commission (IRD/CNEN). Low background construction sand was 
mixed with the reference solution and the mixture was homogenized to 
obtain the appropriate sample volume and mass for the counting geometry. 
This sample was then counted at the same geometry as the original samples 
and an absolute efficiency curve was obtained. The efficiency at each one of 
the gamma-rays energy used in this work was then determined. 
 
Under conditions of secular equilibrium, the 226Ra content can be determined 
through either the 352 keV peak of 214Pb or the 609 keV of 214Bi. In this work 
the 609 keV gamma of 214Bi (yield = 46.3%) was used, in order to minimize 
the self-absorption effect. Radium-228, on the other hand, was determined 
through its direct progeny, 228Ac, which emits 911 keV gamma rays with a 
27.7% yield. The 1460.8 keV (10.7%) gamma-ray peak was used to 
determine the 40K concentration. 
 
The lower limit of detection for the measured radionuclides derived from 
the background measurements was found to be 0.1 kBq kg-1 for the 
radionuclides analysed. The uncertainty in the measurement of the activity 
concentrations ranged from 2 to 6 percent (for a 95 % confidence level). 
 
 
3 Results and Discussion 
 
The activity concentrations for 226Ra, 228Ra and 40K for the analyzed samples 
of scale and sludge, expressed in kBq kg-1, are shown in Table 1. Also in 
Table 1 it is possible to obtain information about the sample type (scale or 
sludge). 
 
Table 1 Activity concentration of 226Ra, 228Ra and 40K for the analyzed 
samples of scale and sludge 

Sample 
number 

Sample
type 

226Ra 
Concentration 

activity 
(kBq kg-1) 

228Ra 
Concentration 

activity 
(kBq kg-1) 

40K Concentration 
activity 

(kBq kg-1) 

1 Scale 2.110,0 1.550,0 144,6 
2 Sludge 86,8 83,8 27,5 
3 Scale 115,9 193,3 < LLD 
4 Sludge 91,4 89,3 20,6 
5 Sludge 71,0 69,6 26,6 



6 Scale 1.919,0 1.305,0 138.8 
7 Scale 119,0 144,0 22.5 
8 Scale 109,6 133,8 16.0 
9 Sludge 25,7 35,8 27.2 
10 Sludge < LLD < LLD < LLD 
11 Scale 955,0 807,7 84.64 
12 Scale 91,0 101,5 28.52 
13 Scale 77,9 115,1 33.73 
14 Sludge 42,7 40,5 22.42 
15 Sludge 88,3 80,9 < LLD 

21 Sludge 413,4 117,9 17.67 

23 Scale 839,9 645,0 58.25 

33 Sludge 9,6 10,7 20.55 

34 Sludge 10,4 13,3 53.79 

35 Sludge 9,5 10,3 16.50 

36 Sludge 8,1 9,4 16.24 

45 Scale 1.145,8 799,3 65.10 

46 Scale 1.108,5 714,0 86.20 

47 Scale 1.369,0 799,1 73.1 

LLD = lower limit of detection  

  
The mean 226Ra activity concentration was 470.3 kBq kg-1 and it varied from 
8.1 to 2,110.0 kBq kg-1 being consistent with the literature which shows 
values for 226Ra of up to 15,000 kBq kg-1 (USEPA, 1993). The average value 
for 228Ra was 342.1 kBq kg-1 and the individual values were consistently 
lower than the ones for 226Ra and varied in the range from 9.4 to 1,550.0 
kBq kg-1. Activity concentration values for 40K were much lower than the 
226Ra and 228Ra values, with a mean of 47.6 kBq kg-1 and a range of 16.0 to 
144.6 kBq kg-1. The results of this work are consistent with the values for 
scale and sludge samples collected from onshore oil industries in Egypt, for 
which concentration values for 40K were much lower than were the values for 
226Ra and 228Ra, the main constituents. Activity concentration values were 
68.9 ± 8.0; 24.0 ± 0.9 and 1.3 ± 0.2 kBq kg-1 for 226Ra, 228Ra and 40K, 
respectively (El Afifi and Awwad, 2005).   
 
Only four samples out of a total of twenty four presented 226Ra 
concentration activity values below 10 kBq kg-1 which is the exemption limit 
proposed by the European Union (EU BSS, 1996). For 228Ra, on the other 
hand, only two samples presented values below 10 kBq kg-1. Values for 40K 
were much lower but two samples showed concentration activities above the 



limit established for 40K (100 kBq kg-1). Therefore, these residues can 
represent a significant waste problem.  
 
Until recently, there was no regulation in Brazil for the oil extraction and 
production industry, but in December 2004, the Brazilian Nuclear Energy 
Commission (CNEN) issued a new regulation (CNEN-NN-6.02 / 002) which 
applies to industrial installations that extract, manipulate, process, as well 
as store petroleum and gas and produces wastes containing radionuclides 
from the uranium and thorium natural series (CNEN, 2005). In accordance 
with the above mentioned regulation, installations exempt of control are the 
ones that handle or generate materials with specific activities lower than 
100 kBq kg-1. This regulation is soon going to be modified and the exemption 
level will be 10 kBq kg-1, the value which has been informally used in the 
recent years.    
 
Figure 1 is a statistical analysis of data (Box Plot) and shows the range of 
activity concentration values for all radionuclides investigated as well as 
the median value for each one. It should be pointed out that the median 
value is more representative than the mean value as the first is less 
affected by outliers.   

 
Box Plot for Scales and Sludge
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Figure 1 Activity concentrations for the samples of scale and sludge 
 
 
 
As it can be seen there is a great variability of results for 226Ra and 228Ra 
while for 40K the range of variation is not as wide. The median values for 
226Ra, 228Ra and 40K were 91.4, 115.1 and 27.5 kBq kg-1, respectively. The 



values for 40K were always lower than for 226Ra and 228Ra. The activity 
concentrations presented good correlation between the values of 226Ra and 
228Ra (r2 = 0.9757), 226Ra and 40K (r2 = 0.8888) and for 228Ra and 40K (r2 = 
0.9158). The results show that although all three radionuclides are brought 
up with the mixture oil, water and gas, radium precipitates in a greater 
proportion than potassium, accumulating in scales and sludge.  
 
For a better understanding of the differences between the radioactivity 
content of scales and sludge the samples were then classified as such. Table 
2 shows the minimum, maximum and medium values for each radionuclide in 
scales and sludge samples. 
 
Table 2 Minimum, maximum and mean activity concentration values for 
scales and sludge samples. 
 

Radionuclide 
 

Minimum 
(kBq kg-1) 

Maximum 
(kBq kg-1) 

Mean value 
(kBq kg-1) 

Scales  
226Ra 77.9 2,110.0 830.0 
228Ra 101.5 1,550.0 609.0 

40K 16.0 144.6 68.3 
    

Sludge 
226Ra 8.1 413.4 77.9 
228Ra 9.4 117.9 51.0 

40K 16.2 53.7 24.9 
 
 
As it can be seen in Table 2, concentration values for scales are much higher 
than for sludge, for most of radionuclides analyzed. It can also be noticed 
that the range of values for the activity concentrations is much wider for 
scales than for sludge. The data for the activity concentrations of 226Ra, 
228Ra and 40K can be seen individually for scales (Figure 2) and sludge (Figure 
3). These graphs show the activity concentration values and the median 
value for each radionuclide. As it can be seen in Figures 2 and 3 there is a 
great variability of results for 226Ra and 228Ra while for 40K the range of 
variation is not as wide.  
 
For the scales, the median values for 226Ra, 228Ra and 40K were 897.4 kBq kg-

1, 679.5 kBq kg-1 and 65.1 kBq kg-1, respectively. The values for 40K were 
always lower than the radium values. There was always correlation between 
the values; 226Ra and 228Ra (r2 = 0.9765); 226Ra and 40K (r2 = 0.9225) and for 
228Ra and 40K (r2 = 0.9462). Again we can say that although all three 
radionuclides are brought up with the oil, water and gas emulsion, radium 
precipitates in a greater proportion than potassium, thus accumulating in 
scales and sludge.  



Box Plot for Scales
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Figure 2 Activity concentrations for scale samples 
 
 
 

Box Plot for Sludge

 Median 
 25%-75% 
Non-Outlier Range

 Outliers
 Extremes

226Ra 228Ra 40K
-50

0

50

100

150

200

250

300

350

400

450

Ac
tiv

ity
 c

on
ce

nt
ra

tio
n 

(k
Bq

 k
g

-1
)

 
 

Figure 3 Activity concentrations for sludge samples 
 
Concentration values for sludge samples are represented in Figure 3. As the  
graph shows, the range of values for sludge is not as wide as for scales even 
though only one value was extreme (413.4 kBq kg-1 for sample number 21) 
being far out of the interval of values. For the sludge samples the median 
values for 226Ra, 228Ra and 40K were 42.7 kBq kg-1, 40.5 kBq kg-1 and 21.5 kBq 



kg-1, respectively. A fairly good correlation between the concentration 
values of 226Ra and 228Ra (r2 = 0.62) was observed, but no correlation existed 
either between 226Ra and 40K or between 228Ra and 40K. 
 
Conclusion 
 
Scales and sludge produced during oil extraction and production show 
relatively high levels of 226Ra, 228Ra and 40K in comparison with other values 
reported in several countries. As such, they can represent a considerable 
waste problem. Activity concentrations for scales were higher than for 
sludge. For both scale and sludge, concentration values for 226Ra were in 
most cases higher than values for 228Ra which are much higher than the 
values for 40K. Activity concentrations for the majority of scales and sludge 
samples were higher than the international clearance levels. Therefore, 
special care must be taken when dealing with these residues. Besides, 
workers should stay the minimum possible time close to the places where 
radionuclides accumulation exists, in order to minimize radiation exposure. 
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