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ABSTRACT 

 
In offshore production, it is possible that the produced water presents geochemical characteristics that 

correspond to the mixture of formation water (connate water) and the sea water (injection water), and the 

physical-chemical behavior of the injected water allows a considerable variation in the index of salinity altering 

the water/oil ratio during transportation and/or extraction. Injection water is generally used to raise the reservoir 

pressure, increasing the percentage of extracted oil. This water has a significant amount of salts that generate 

some difficulties, such as measuring fractions of volume in multiphase systems. One way to check the effects of 

salinity would be to regularly measure the amount of salt present in the water. In this way, this work presents a 

methodology to measure the concentration and the types of salts using nuclear techniques through the MCNP-X 

computational code. The measurement geometry uses an X-ray beam (40-100 keV) and NaI(Tl) scintillation 

detector positioned diametrically opposed to the source. The studied samples were the NaCl, KCl and MgCl2 

salts in aqueous solution. The results present the possibility of differentiating the formation and injection waters 

due to differences in the salt concentrations.  

 

 

1. INTRODUCTION 

 

In the petrochemical industry, the production of an oil well is basically a process of flow of 

fluids from the depths of the oil well to the surface, where these fluids are separated in their 

different fractions: liquid (hydrocarbons and organic compounds and water) and gas (natural 

gas). In oil wells, there is always water production, initially in small quantities, and as 

production continues, the internal pressure of the oil well decreases which cause a change in 

the fluids. To maintain reservoir pressure, water is injected and the fluid movement changes 

the water/oil ratio and more water is transported to the platform [1]. 
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Injection water is generally used to raise the reservoir pressure, increasing the percentage of 

extracted oil. This water is composed of different types and concentrations of salts, and can 

also be re-injected into the oil well. Thus, over time the water produced begins to present 

geochemical characteristics corresponding to the mixing of formation water and sea water. 

The chemical behavior of this injected water makes it difficult to predict by mass balance 

calculations due to the large anisotropy of the reservoirs. One way to check the effects of 

salinity would be to regularly measure the amount of salt present in the water to correct the 

output device. However, in applications where you cannot access the production line, this 

solution would not be feasible [2]. 

 

A condition that prevents the installation of devices in the oil transport lines from the reservoir to 

the platform is that the fluid moving within the ducts is extremely abrasive, thus, any sensor 

installed to monitor the salinity that comes in direct contact with the medium is strongly corroded 

and must be replaced periodically [3]. 

 

This is one of the characteristics that differentiate the sensors based on the nuclear technique 

with X-rays, since in this type of equipment both the source of radiation and the detector that 

registers the signal of the transmitted beam are positioned externally to the duct and do not 

suffer the abrasive action the medium. Density meters using nuclear technique are dependent 

on the mass attenuation coefficients of the fluids which generally have low density. 

Therefore, the use of low-energy radiation sources, such as 
241

Am or X-ray, makes the system 

with adequate sensitivity for measurement of fluid density [1,3]. 

 

As it is a non-invasive measurement technique, it can be used without changing the 

operational conditions of the industrial plant, being able to measure the density continuously 

and in real time. This allows managing the performance of the plant, improving the 

production process, making it the most appropriate solution for reducing costs and increasing 

productivity. 

 

In the context of nuclear techniques, by using X-ray it is possible to determine the fraction of 

each component without interfering with the operating conditions. However, this method 

shows high sensitivity component of water has salinity content in X-ray at low energy due to 

the high atomic number of chlorine atoms, which significantly modifies the photoelectric 

absorption region [3,4].  
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 This work presents a methodology to measure the concentration and the types of salts using 

nuclear techniques with the MCNP-X code. The MCNP-X code has become a very effective 

tool because of its various applications in many areas, especially those involving radiation 

shielding calculation, modeling of nuclear facilities, radiological protection, among others 

[5]. 

 

In the incidence of an X-ray in a material, part of the beam is scattered, part is absorbed and a 

fraction passes through the material without interacting. It is possible to quantify this process 

of radiation interaction with matter, checking the radiation intensity fraction attenuated 

through the material. This relation gives a parameter, called linear attenuation coefficient, 

which depends on the energy of the X-ray and the proprieties of the salts. This coefficient 

represents the probability of beam suffering attenuation due to Compton scattering and 

photoelectric absorption [6]. 

 

The measurement geometry uses an X-ray beam (10-100 keV) and NaI(Tl) scintillation 

detector positioned diametrically opposed to the source. The studied samples were the NaCl, 

KCl and MgCl2 salts in aqueous solution with different concentrations. The results present 

the possibility of differentiating the formation and injection waters due to differences in the 

salt concentrations.  

 

2. METHODOLOGY 

 

In this part, the model developed in MCNP-X is described and what was the theory used to 

calculate the attenuation coefficient of the aqueous solutions.   

2.1. Modeling using MCNP-X 

 

A simple model was developed with some essential characteristics for a detection system. 

The detection system consists of a NaI(Tl) scintillator crystal positioned 4.1 cm from the 

radiation source. The sample is positioned above the source, containing the aqueous solution 

(3 types of salts at different concentrations), water and a vacuum sample. The energy range 

used for the spectrum was of 1 keV to 100 keV. Figure 1 shows the modeling scheme 

developed in the MCNP-X. 
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2.2. Calculating the attenuation coefficients 

 

When an X-ray beam strikes a material of thickness x, a part of the beam can pass through 

the transmitted beam. To calculate the attenuation coefficients the Beer-Lambert’s Law is 

used, which is describes in equation 1: 

xeII  0                (1) 

 

Where I0 and I are, respectively, the transmitted and the scattered beams; µ the linear 

attenuation coefficient; and x is the path travelled by the beam. To measure the mass 

attenuation coefficient, it is enough to divide the linear attenuation coefficient by the density 

of the absorber material [1]. 

 

 

 

3. RESULTS AND DISCUSSIONS 

It was observed that it is possible to distinguish the salinity variation, even with little 

percentage variation, at low energies, mainly in the region between 30 keV and 40 keV, as 

shown in the Fig. 2, 3, 4 and 5. 

 

Figure 1: Design developed in the MCNP-X 
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Figure 2: Graphic of variation of concentrations in aqueous solutions with sodium chloride, vacuum and 

pure water. 

 

 
 

Figure 3: Graphic of variation of concentrations in aqueous solutions with magnesium chloride, vacuum 

and pure water. 
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Figure 4: Graphic of variation of concentrations in aqueous solutions with potassium chloride, vacuum 

and pure water. 

 

 

Figure 5: Graphic of variation of concentrations and types of salts in aqueous solutions, vacuum and pure 

water. 

 

In Fig. 2, 3 and 4, the same trend is observed, where it is possible to observe that it is possible 

to distinguish the different concentrations of salts, even though they are so small. 

In Fig. 5 containing all types of salts and the different concentrations, it is still possible to 

differentiate the types and concentrations. However, the concentration of 4% of magnesium 

chloride and 2% of potassium chloride are close, showing a possible difficulty to distinguish 

them. 
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The results of linear attenuation calculation for the types of salts and different concentrations 

will be shown in Fig. 6, 7, 8 and 9. 

 

 

Figure 6: Graphic of linear attenuation coefficient for aqueous solution with different concentrations of 

sodium chloride. 

 

 

Figure 7: Graphic of linear attenuation coefficient for aqueous solution with different concentrations of 

magnesium chloride. 
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Figure 8: Graphic of linear attenuation coefficient for aqueous solution with different concentrations of 

potassium chloride. 

 

 
 

Figure 9: Graphic of linear attenuation coefficient for aqueous solution with different concentrations and 

types of salts. 

 

In the results of calculating linear attenuation for the types of salts and different 

concentrations shown in Fig. 6, 7 and 8 shows that even at very close concentrations, it is 

possible to note the difference in the percentages of the salts at low energies. 

In the graph shown in Fig. 9 it is noted that there is a region where it is best to distinguish the 

types of salts and concentrations, which was detached between 20 keV and 30 keV. 

The results for the calculation of the mass attenuation coefficient in Fig. 10, 11, 12 and 13 

will be shown below. 
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Figure10: Graphic of mass attenuation coefficient for aqueous solution with different concentrations of 

sodium chloride. 

 

Figure 11: Graphic of mass attenuation coefficient for aqueous solution with different concentrations of 

magnesium chloride. 

 

 

Figure 12: Graphic of mass attenuation coefficient for aqueous solution with different concentrations of 

potassium chloride. 
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Figure 13: Graphic of mass attenuation coefficient for aqueous solution with different concentrations 

types of salts. 

 

 

For the calculation of the mass attenuation coefficient, shown in Fig. 10, 11 and 12 are the 

results for NaCl, MgCl2 and KCl salts respectively. In all three cases, a preferential region 

between 20 keV and 30 keV is observed where the difference between the concentrations, as 

already mentioned for the linear attenuation coefficient, is remarkable. 

In the comparison between the types of salts and different concentrations, it is also noted that 

there is a proximity of values to 4% of MgCl2 and 2% of KCl. Nevertheless, it is possible to 

differentiate the types of salts and their different concentrations. 

 

 

 

 

 

4. CONCLUSIONS  

 

The methodology developed was feasible because it shows the possibility of distinguishing 

different materials and concentrations. As this is an initial study, more parameters will be 

included in the future so that the technique becomes usual. For future work, a methodology 

will be developed using X-ray generation through an electron beam using MCNP-X. 
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