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ABSTRACT 
 
The presence of Naturally Occurring Radioactive Material (NORM), contaminating oil and gas installations, is 
usual in the petroleum industry, and can be severe enough to expose the workers to elevated levels of radiation.  
The segregation of contaminated residues although necessary, is still a problem without a satisfactory solution.  
Currently, the most practical and economic option for discarding this material is to stock it in areas of the 
installation with controlled access.  Certain equipment used in the petroleum industry has scale and sludge that 
could be associated to important levels of radioactivity.   Typically, the scales are mixtures of carbonate and 
sulphate minerals, such as barite (BaSO4), that easily incorporate 226Ra and 228Ra in their structures.  The 
objective of this work was to measure the emanations of the radon present in NORM samples, via diffusion 
chambers containing a nuclear track detector (CR-39).  The images of α particle tracks emanated by 222Rn 
registered on CR-39 were observed with a Nikon E400 optic microscope and captured by a Nikon Coolpix 
digital camera and then stored in a database, to later count the tracks using the computational program, Image 
Pro plus.  Since the number of those tracks resulted proportional to the emanation rate of 222Rn this 
methodology allowed the comparison of contamination levels in analyzed samples.  
 
 

1. INTRODUCTION 
 
The presence of naturally occurring radioactive material (NORM) contaminating oil and gas 
facilities is frequent in the petroleum industry, because small amounts of radioisotopes 
inherent to the natural geological formations that contain oil, are carried during the process of 
extraction. Therefore some contamination may expose the maintenance personnel and other 
workers to dangerous radiation levels.  Since 1980´s, great attention has been given to the 
presence of increasing concentrations of natural radionuclides due to human technological 
practices. The term technologically enhanced naturally occurring radioactive material 
(TENORM) is used in this case.  
 
The option adopted to achieve NORM successful management should be in accordance with 
general environmental and safety objectives and should involve the application of best 
available techniques and best environmental safety practices.  
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The primary radionuclides present in NORM wastes are 226Ra from 238U decay series (figure 
1) and 228Ra from 232Th decay series (figure 2). Therefore, radon (222Rn) is a naturally occurring, 
highly mobile, chemically inert radioactive gas in the 238U decay series. 222Rn is produced by the 
radioactive decay of 226Ra. 

 
               

Figure 1. Uranium-238 Decay Series 
 
 
 

 
 
 
 

Figure 2. Thorium-232 Decay Series 
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When the formation water contains tracers of radium, scale in the petroleum production 
pipeline, probably, becomes radioactive. Similarly, the production waste streams can be most 
likely contaminated by radium concentrations including produced water, scale and sludge. 
Radium, which is slightly soluble, can be mobilized in the liquid phases of a formation and 
transported to the surface in the produced water stream. Dissolved radium either remains in 
solution in the produced water or precipitates out in scales or sludge. [1, 2] 
 
The disposal of NORM-contaminated wastes is a major problem not entirely solved.   The 
decontamination of petroleum production facilities can generate large volumes of NORM 
wastes. These materials require the same handling as low-level radioactive wastes. Storage or 
disposal of material contaminated with NORM is undoubtedly very expensive. The high cost 
of disposal of NORM wastes is opening new opportunities for research and development of 
methods and techniques to reduce waste volumes. [3, 4]  
 
Radon and its isotopes emit alpha particles with different energies through radioactive decay 
and some of its daughters are beta and gamma emitters. Energies and range of alpha particles 
are very important parameters for detection and measurement of radon concentration. [1]  
The solid state nuclear track detector (SSNTD) has been the most widely used technique due 
to some advantages like simplicity of the experimental task, easy geometry and its 
characteristic to obtain an integral signal after long-term measurement. [5] 
 
The objective of this paper is to measure radon emanations, present in naturally occurring 
radioactive materials, from oil, contaminated oil and gas installations. The emanation of 
radon will be evaluated through a system of measures consisting of a cylindrical tube and a 
diffusion chamber containing a solid state track detector (SSNTD). In this case, the CR-39 
detector was used due to its high efficiency, especially when used in nuclear physics and 
related areas. In order to increase the diameter of the tracks and to allow them to be seen and 
counted using an optical microscope, an appropriated chemical etching was carried out. [6] 
 
After the etching, the images of the tracks produced by alpha particles were captured using an 
optical microscope and a digital camera attached to a computer. The number of tracks of 
alpha due to NORM present in the samples was determined using the Image Pro Plus 
computing program. Images containing traces were scanned in jpeg files and then stored in 
digital media, creating a database. [6] 
 

2. DETECTION AND MEASUREMENT OF RADON BY SSNTD 
 

Radon and its isotopes are alpha emitters. They emit alpha particles with different energies 
through radioactive decay. Energies and range of alpha particles are very important for 
detection and measurement of radon concentration. Radon is an alpha emitter, but some of its 
daughters are beta and gamma emitters favoring the use of various detection and 
measurement techniques.  
 
Due to their advantages like simplicity, easy geometry and their characteristic to obtain an 
integral signal after long-term measurement (up to several years, practically permanent), solid 
state nuclear track detectors (SSTND) are widely used in different scientific fields, from 
fundamental investigations to high and low energy nuclear physics. [5] 
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CR-39 detector, the trademark for allyl diglycol carbonate (an optical plastic detector), is 
widely used for detecting nuclear tracks, because of its efficiency, availability, good 
sensitivity, stability and cost. In order to increase the diameter of the tracks and to allow them 
to be seen and counted using an optical microscope, an appropriate chemical etching was 
carried out. [7, 8, 9, 10, 11] 
 
When the alpha particles collide with CR-39, latent tracks of the order of nanometers form it 
and an etching with alkaline solutions of sodium hydroxide or potassium hydroxide is 
necessary. After this etching, track diameters can be about 104 Å to 10 Å, making them 
visible in an optical microscope. In this procedure, it was chosen to use sodium hydroxide 
solution. [6, 12] 
 

3. EXPERIMENTAL PROCEDURES 
 

A small piece of CR-39 with an area of about 1 cm2 was placed in the experimental 
arrangement (figure 3) in such a way as to allow the sample containing NORM to irradiate 
the CR-39 foil. The detector was fixed into a diffusion chamber at the upper, closed end of a 
PVC tube, 25 cm in length and 5 cm in diameter, and the compartment with the NORM 
sample was placed at the bottom of the tube. The bottom end of the PVC tube was covered 
with a plastic film in order to exclude contaminations or interferences from the surroundings. 
Then the CR-39 detector was exposed for a certain period. During the exposure time, the 
alpha particles emitted by radon bombarded the CR-39 detector. Next, the exposed CR-39 
foil was collected and chemically etched, using a 6.25 N NaOH solution at 70 °C for 5 h. 
Following the etching step, CR-39 detector was washed under running water and then with 
distilled water. A measurement system employing an optical microscope, a video camera and 
a computer code was used to count the number of tracks per cm2 recorded on the track 
detector. The experimental arrangement is shown in figure 3. [6]  
 
In this work, samples containing NORM (Am 1, Am 2, Am 3 and Am 4) were removed from 
pipes used in oil processing in a refinery in Brazil. The PVC pipe was 25 cm in length and 5 
cm in diameter, the solid state nuclear track detector, CR-39, manufactured by Pershore 
Molding, UK, with thickness of 625 μm, was cut into small squares with 1 cm2 of area. The 
diffusion chamber, made of carbon fiber, had internal semi-spherical volume with 1.5 cm 
radius. Details of the chamber are shown in figure 4. [6] 
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Figure 3. Experimental Arrangement 
(a) Detailed view of PVC tube 

                                         (b) Detailed view of the diffusion chamber  
 

 

      
 

         
 

Figure 4. Diffusion chamber details 
(a) CR-39 detector; (b) filter; (c) perforated lid; (d) support for detector and filter; 

(e) semi-spherical chamber 
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4. EXPOSURE TO RADON 
 

According to Urban [12], exposure to radon, XRn, expressed in units of Bq d m-3, is given by: 
 

                                                        ∫ XRn = C (t) dt                                                                 (1) 
  
where: 
  
T is the time of irradiation in days (d); 
C (t) is the concentration of 222Rn, measured by the system shown in figure 3. 
   
In D. Mazur [13], the density of nuclear tracks is proportional to the exposure to radon and 
the concentration of radon, given by: 
 
 
                                                       C = (N-NB) / kstM                                                 (2) 
where: 
 
N is the number of tracks;  
NB is the number of tracks related to background radiation (background);  
k is the calibration factor in kBq h m-3;  
s is the area of an optical field; 
t is the time of exposition in hours (h);   
M is the number of fields counted. 

 
 
In order to obtain the calibration factor, k, Araújo, G. S. [12], exposed the nuclear track 
detector, CR-39 (625 µm in thickness), to a known concentration of 222Rn from a standard 
secondary source of 226Ra. As the concentration of 222Rn in the interior of the cylindrical tube 
is constant, the exposure on the CR-39 may be considered also constant. Thus, the number of 
tracks revealed in the plastic detector is related to exposure due to 222Rn. The calibration 
straight line for CR-39 was obtained by Araújo, G.S. [12], relating the number of tracks in the 
CR-39 to exposition due to 222Rn. The equation of the line, adjusted by the least square 
method resulted in: 
 
                                              X = 0.1713 (N – NB) – 11.987                                                   (3) 

 
The samples remained irradiating the detectors at the arrangement, as indicated in figure 3, 
for periods of 7, 14 and 30 days respectively, totaling 12 experiments. In addition, the 
radiation background (BG) was also determined at the diffusion chamber, with the CR-39 and 
the filter, for 7, 14 and 30 days, respectively, totaling 3 experiments. [6] 
 
Aiming at determining the CR-39 exposure  to 222Rn from the samples, in each period, using 
the equation (3), experiments were conducted under the same conditions adopted by Araújo, 
G.S. [12] for the etching of the track detector. In other words, the CR-39 detectors were 
chemically etched in a 6.25 N NaOH aqueous-solution maintained at 70 °C (with an accuracy 
of ± 1º) in thermal bath for 5 hours. After the etching, the tracks produced by α particles were 
clearly seen using a NIKON E400 optical microscope (ocular lens 10x and objective lens 
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40x) and the images of these tracks on the CR-39 were captured with a COOLPIX 995 Nikon 
camera. The alpha track number due to NORM materials was determined using an Image Pro 
Plus 6.2 processing & analysis software. [6] 
 

5. RESULTS 
 

After a period of CR-39 detectors exposure to α particles from 222Rn, coming from the 
samples with NORM (Am 1, Am 2, Am 3 and Am 4), during 7 days, 14 days and 30 days, 
each CR-39 foil was submitted to chemical etching and subsequent capture of the images of 
the tracks recorded. Similar experiments were conducted for 7, 14 and 30 days to determine 
radiation backgrounds BG 1, BG 2 and BG 3, respectively.  
 
Images shown in figure 5, were captured by a digital camera COOLPIX 995 Nikon and 
stored in files on the computer, for later evaluation and procedures for counting the number 
of  tracks per cm2 , using the computer program Image Pro Plus 6.2.  
 
 

 
 

Figure 5 – Image of tracks from alpha particles, observed in Nikon E400 optical 
microscope with 400 times enlargement  

 

 
In order to calculate 222Rn emanation levels from the samples containing NORM, the values 
of the number of tracks were replaced in equation (3). Results of track counting per cm2 
(tracks density) of α particles from 222Rn, coming from the samples, and the exposure due to 
222Rn are registered on table 1. 
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Table 1 – Track densities of α particles from 222Rn coming from the samples:              
Am 1, Am 2, Am 3 and Am 4. 

 

Sample Exposure 
Time (days) 

Track Density (#tracks/cm2) Exposure to 222Rn 
[kBqh/m3] 

7 2313 ± 151 228.18 ± 35,97 

14 6541 ± 427 768.46 ± 95,24 

 

Am 1 

30 6591 ± 430  468.85 ± 115,97 

7 2476 ± 161 256.10 ± 37,69 

14 4649 ± 303 444.36 ± 74,00 

 

Am 2 

30 3930 ± 256  13.02 ± 86,16 

7 393553 ± 25660 67247.60 ± 4405,66 

14 788549 ± 51413  134726.43 ± 8829,14 

 

Am 3  

30 1113175 ± 72579 190026.70 ± 12475,09 

7 18863 ± 1230  3063.20 ± 220,81 

14 31896 ± 2080 5111.80 ± 378,40 

 

Am 4  

30 54074 ± 3526 8602.70 ± 646,31 

BG 1 7 911 ± 59 - 

BG 2 14 1985 ± 129 - 

BG 3 30 3784 ± 247 - 

 
 
 

 

Results of the experiments were plotted (figure 6) to facilitate interpretation and provide a 
simultaneous reading of all the results of the four samples investigated (Am 1, Am 2, Am 3 
and Am 4).  
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Figure 6 – Track Densities of alpha particles from 222Rn coming from the samples:     

Am 1,  Am 2, Am 3 and Am 4. 

 

 
 

6. CONCLUSIONS  
 

The presence of radon and radium in oil industry equipment has produced materials 
contaminated with radioactive waste, which may result in potential exposure of workers, both 
in the oil industry and in the metal recycling field. 
 
Samples Am 1 and Am 2 coming from an oil facility showed levels of emanation of 222Rn a 
little high in relation to natural radiation in the environment. This fact was expected, since the 
radiometric survey carried out at the collecting place registered a value near the level of 
natural radiation in the region. 
  
The high track density presented by samples Am 3 and Am 4 was observed because of high 
levels of emanation, due to high concentration of NORM in the samples, indicating that the 
contamination with NORM is spreading to the refinery, since these samples were collected 
from scales of pipelines from a refinery. 
 
In fact, as there is no assurance that the samples came from the same processing chain, we 
can believe that depending on the field or well where the extraction of oil is performed, 
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NORM contamination can occur at the whole chain, reaching the refinery, as was observed in 
samples Am 3 and Am 4. 
  
The great difference observed on the results of 222Rn emanation levels, from the samples 
investigated, might be due its origins. Actually, these samples came from wells placed in 
different geological formations, where the oil reservoir is located. 
 
We suggest a study of the whole chain, from extraction stage to distribution of oil, from 
different wells in different fields, including geological studies in order to check for NORM 
contamination and to determine its level. 
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