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ABSTRACT 
Computed X-ray tomography (CT) is a non-invasive method of rock analysis and provides 

many parameter results of shale gas formations. Samples from Silurian shale gas deposits 

from different regions of Poland were presented in a comparative study. Qualitative and 

quantitative analysis of pyrite and pore space was carried out using 2D slices and 3D 

models from nanotomography results as a new evaluation method. Petrophysical and 

mineralogical laboratory measurement results were also compared to the results obtained 

from CT. Evaluation of pyrite content and pore space heterogeneity offers insights about 

possible reservoir and geomechanical properties of shale gas deposits in Poland. 

 

 

INTRODUCTION  
Unconventional oil and gas deposits in Poland are spread along a belt from the north-west 

to the south-east edge of Poland [1]. Hydrocarbons are accumulated in the Silurian and 

Ordovician formations [2, 3]. Knowledge of physical and chemical parameters of shale gas 

deposits brings us closer to effective hydrocarbons exploration. Moreover, proper 

estimation of parameters may explain why hydraulic fracturing is not conducted in a 

controlled manner in shale gas deposits in Poland. Heterogeneity of pore space and mineral 

distribution in shales plays an important role. Detailed characterization of shale 

heterogeneity suggests the best propositions for exploration. Pyrite, as a heavy mineral, 

significantly influences the mechanical properties of the rock [4]. Pores and pore channels 

shape also affect the reservoir and mechanical properties. Hence, the techniques of 2D and 

3D rock visualization should be taken into account in sophisticated analysis. 
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Computed X-ray tomography (CT) is a non-invasive method of rock analysis [5, 6] and 

provides many parameter results of shale gas formations [7, 8]. Exemplary samples from 

Silurian shale gas deposits from different regions (north-west and south-east Poland) were 

presented and also the objects of the comparison. Qualitative and quantitative analysis of 

pyrite and pore space was carried out using 2D slices and 3D models from nanotomography 

results as a new evaluation method. Furthermore, petrophysical and mineralogical 

laboratory measurement results were also compared to the results obtained from CT. 

 

 

DATA SET AND METHOD  
Data set comprised of samples of Silurian shale gas deposits. Samples 5, 6 and 22 were 

taken from a well located on the Lublin Synclinorium, south-east Poland, while sample 872 

represents the shale from a well situated in the Peribaltic Syneclise, in the north-west 

Poland. Sample 5, 6 and 22 are from 2385.4, 2385.8, 2500.5 m depth, respectively, while 

872 – from 3546 m. 

 

The main laboratory technique, used in the analysis presented in this paper, was the 

computed X-ray nanotomography. Nanotom S 180n General Electric Sensing & Inspection 

Technologies at the Faculty of Physics and Computer Sciences, AGH UST in Krakow 

(Poland), is equipped with a 57-W X-ray tube. The maximum work voltage of the tube is 

180 kV. Images are recorded by the Hamamatsu 2300×2300 pixel 2D detector (Ham C 

7942CA-02). The maximum spatial resolution is about 500 nm. The reconstruction of 

measured objects was carried out using the Feldkamp algorithm for the cone beam X-ray 

CT. All the data was subjected to a filtering process using a 3D median filter. 

 

Mineral composition was derived by XRD method (Table 1). Total porosity and density 

was estimated using a helium pycnometer. The effective porosity of 872 sample was 

determined by mercury porosimetry. For the samples 5, 6 and 22, Tight Rock Analysis 

(TRA) was conducted in Terra Tek Schlumberger Reservoir Laboratory [9, 10]. 

Permeability of all samples was measured using a pressure decay permeability method 

(Terra Tek). TRA pressure decay permeability testing was carried out on crushed shale 

samples at “as received” conditions. A crushed 12/20 mesh sample was weighed out to 30g 

and then exposed to helium gas in the reference cell. The rate at which the helium gas 

diffuses into the particles was monitored. No net overburden stress was applied on the 

sample. 

 

P- and S-wave velocity, measured in the Laboratory of Petrophysics at Faculty of Geology, 

Geophysics and Environmental Protection AGH UST in Krakow (Poland), was 

investigated to obtain information about elastic properties. 

 

 

RESULTS  
The results of XRD analysis contributed the information about the mineral composition 

(Table 1). In comparison to the sample 872, increase in clay mineral content is significant 
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in samples 5, 6 and 22, from 17% for 872 to 46% in sample 22. These results are also 

reflected in quartz content. Sample 22 included more pyrite than sample 872. The 

conclusion from these exemplary samples is as follows: geomechanical properties of shale 

gas reservoirs improve to the north Poland. Total porosity obtained from helium 

pycnometer and CT results differ because of the different measurement resolution (Table 

2). Sample 22 has better reservoir parameters (e.g., higher porosity, permeability) than 

sample 872. 

 

Pyrite is quite a common mineral in shale deposits. Pyrite can mainly be found in the shapes 

of framboids or euhedral crystals [11]. The orientation of pyrite in shale influences 

significantly the mechanical properties of the rock, e.g. causing uncontrolled hydraulic 

fracturing. The CT measurement results offered insight into the amount and orientation of 

pyrite in the shale samples. Pyrite content derived from the CT results is close to these 

obtained from XRD analysis (Table 1). Estimation of pyrite content is a new evaluation 

method based on CT measurement results. 

 

2D slices from CT measurements are presented in Figure 1-4. The most bright elements 

represent pyrite, the most dark – pores. Figures 1-3 show 2D slices of samples 5, 6 and 22, 

respectively, while Figure 4 – sample 872. Samples 5, 6 and 22 differ in pyrite and pores 

orientation from sample 872. Pyrite predominates in the thin laminae in samples 5, 6 and 

22, as opposed to the dispersed form in sample 872. In sample 5 (Figure 1) it is clear that 

the pyrite is developed in the form of elongated forms, while in sample 872 more spherical.  

 

3D visualizations for samples 5, 6, 22 and 872 are presented in Figures 5-8. A transparent 

colour of pyrite indicates forms with volume less than 8 µm3, red – more than 10000 µm3. 

Pyrite in forms larger than 10000 µm3 occurs sporadically. The P and S-wave velocities 

also indicate the weak elastic properties in samples from Lublin Synclinorium. Figure 8 

shows the distribution of pyrite diameters from CT results (Table 2). The most detected 

pyrites have a diameter in the range of 10-20 µm in the all samples (Figure 11). Also, the 

diameters below 10 µm are common. 

 

Pore space is shown in Figure 9 and 10. Pore space of sample 5 is similar to the samples 6 

and 22. Sample 872 has very low porosity in the CT results – only 0.2%. Additionally, the 

microcrack is visible in sample 6 (green object in Figure 9). Most probably, the microcrack 

was naturally formed as a result of stress regime in the formation connected with the pyrite 

laminae appearance (e.g. lack of continuity). Moreover, microcracks are also visible in 

Figure 12, which resulted in increase the quantity of objects with pore diameters above 

200 µm. Generally, microcracks cause increase in porosity and pore space heterogeneity.  

 

Pore space is developed in some laminae. That is why pores are visible only in one direction 

and in consolidated volume (not in whole 3D visualization). The greatest amount of pores 

have diameters less than 10 µm (Figure 12). From the analysis of pore space distribution, 

samples from the Lublin Synclinorium indicate better reservoir properties. The increase in 
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porosity and heterogeneity of pore space distribution reduces the geomechanical properties 

(e.g. decrease in compressive strength, Young modulus, increase in Poissons ratio). 

 

 

CONCLUSIONS 
Computed X-ray tomography is a powerful tool in petrophysical analysis of rocks. Several 

samples from unconventional oil and gas deposits from Poland were investigated using CT 

results. The conclusions are as follows: 

• A new evaluation method of pyrite content estimation was presented. 

• Pyrite content derived from CT results was comparable to these from XRD results. 

• Pyrite occurrence and orientation in shale samples differ depending on well 

location. 

• Pyrite in laminae was detected in samples from the south-east Poland, while in 

dispersed form in the whole sample from north-west Poland. 

• Better reservoir parameters were identified in shale samples from south-east 

Poland. 

• The most pyrite diameters were in the range of 10-20 µm, pores – less than 10 µm 

(range of micro and nanopores). 

 

This paper presents the preliminary results of the project. The goal of the project is to 

analyse CT results of the tight, low porosity and low permeability shales, sandstones, 

limestones and dolomites, and to create and develop the software to process and interpret 

the CT result for the geological and petrophysical purposes (poROSE – Porous Materials 

Examination Software). Furtermore, project task is to analyse fluid flow in Polish tight 

rock. 
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Table 1. Selected mineral content from XRD and CT results. Symbols: P CT – pyrite from CT results, P XRD 

– pyrite from XRD results, Q – quartz, F – feldspars, C – calcite, D – dolomite, Sc – sum of clay minerals 

Sample P CT [%] P XRD [%] Q [%] F [%] C [%] D [%] Sc [%] 

5 1.2 - - - - - - 

6 1.8 - - - - - - 

22 2.1 2 24 11 14 3 46 

872 0.3 <1 46 21 10 3 17 
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Table 2. Petrophysical parameters. Symbols: BD – bulk density, GD – grain density, Φeff – effective porosity, 

Φtot – total porosity from pycnometer, Φtot – total porosity from CT results, K – absolute permeability, Vp 

– P-wave velocity, Vs – S-wave velocity 

Sample 
BD 

[g/cc] 

GD 

[g/cc] 

Φeff 

[%] 

Φtot 

[%] 

Φtot CT 

[%] 

K 

[nD] 

Vp 

[m/s] 

Vs 

[m/s] 

22 2.668 2.729 3.20 4.16 2.4 198 4061 1658 

872 2.623 2.709 0.77 3.15 0.2 47 5054 2751 

 

  
Figure 1. 2D slice of shale sample no. 5. White 

elements – pyrite, black – pores 

Figure 2. 2D slice of shale sample no. 6. White 

elements – pyrite, black – pores 

  
Figure 3. 2D slice of shale sample no. 22. White 

elements – pyrite, black – pores 

Figure 4. 2D slice of shale sample no. 872. White 

elements – pyrite, black – pores 
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Figure 5. 3D visualization of pyrite in shale sample 

no. 5. Colour: transparent – less than 8 µm3, red – 

more than 10000 µm3 

Figure 6. 3D visualization of pyrite in shale sample 

no. 6. Colour: transparent – less than 8 µm3, red – 

more than 10000 µm3 

  
Figure 7. 3D visualization of pyrite in shale sample 

no. 22. Colour: transparent – less than 8 µm3, red – 

more than 10000 µm3 

Figure 8. 3D visualization of pyrite in shale sample 

no. 872. Colour: transparent – less than 8 µm3, red 

– more than 10000 µm3 
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Figure 9. 3D visualization of pore space in shale 

sample no. 6. Colour: transparent – less than 8 

µm3, red – more than 800000 µm3 

Figure 10. 3D visualization of pore space in shale 

sample no. 22. Colour: transparent – less than 8 

µm3, red – more than 100000 µm3 

 

 
Figure 11. Distribution of pyrite diameter d for the all samples detected by CT results 
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Figure 12. Distribution of pore diameter r for the all samples detected by CT results 
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