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Abstract
Computed X-ray tomography (CT), together with nuclear magnetic resonance spectroscopy, pulse- and pressure-decay 
permeability methods, is a source of comprehensive information about the geometrical parameters of the pore space. Geo-
logical material consists of 31 samples of tight, gas-bearing, clastic rocks from different wells and formations. The purpose 
was to parametrize in detail the pore structure, revealing the relationships between the various parameters and estimating 
the equation for assessing the fluid flow ability of analyzed tight rocks. Following parameters were taken into consideration 
in the pore space characterization: thickness mean, equivalent diameter, anisotropy, elongation, sphericity, Feret diameter, 
Feret coefficient, Feret shape; shape factors: 2nd circularity coefficient, Malinowska coefficient and Danielsson coefficient; 
as well as parameters from 3D skeleton analysis: junctions, branches, coordination number. It was captured the dependence 
of logarithmic T2 mean from NMR on junction count from CT, as well as T2 cutoff from NMR on elongation from CT for 
the all samples. Logarithm of absolute permeability was estimated based on multiple linear regression analysis using only 
geometrical parameters from X-ray nanotomography, which is a benefit in the times of coring material decrease.
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Introduction

Detailed parametrization of the pore space in tight, gas-
bearing, clastic rocks is a key in understanding the poros-
ity distribution and processes of the fluid flow through the 
pore space, especially important in hydrocarbons exploration 
(Karpyn et al. 2009; Zhang et al. 2017; Ghanizadeh et al. 
2017; Krakowska 2017; Liu et al. 2018). The paper presents 
the combination of various laboratory measurement results: 
computed X-ray tomography (nanoscale), nuclear magnetic 
resonance spectroscopy and also pulse- and pressure-decay 
permeability method. Computed X-ray tomography (CT) is 
a well-known method in medicine and material engineer-
ing (Al-Raoush and Papadopoulos 2010; Kaczmarek et al. 
2017). Physical bases of the method are connected with the 
X-ray absorption coefficient (Stock 2008). Pore space para-
metrization was based on the computed X-ray tomography 

and brought many useful information regarding the pore vol-
ume, pore shape and size, as well as the skeleton analysis. 
Geometrical parameters from CT correspond to the NMR 
results in the form of T2 relaxation time parameters. The 
ability of fluid flow through the tight pore space is strongly 
controlled by the pore sizes, shapes and distributions. How-
ever, the absolute permeability can be estimated based only 
on the geometrical parameters of the pores and microcracks 
using advanced statistical tools as multiple linear regression 
analysis.

Computed X-ray tomography has an unquestionable 
advantage because it does not destroy the material and shows 
the selected objects, pores or minerals, in the 3D aspect 
(Wellington and Vinegar 1987; Kayser et al. 2006; Jarzyna 
et al. 2016; Krakowska et al. 2016; Puskarczyk et al. 2018). 
Still, it is many to research regarding the tight, gas-bearing 
formations, which are the object of the interest of petroleum 
industry (Josh et al. 2012; Guo et al. 2015; Verri et al. 2017). 
Hence, computed X-ray nanotomography is a valuable labo-
ratory method for the qualitative and quantitative analysis 
of complicated pore structures and permeability estimation 
(Cnudde and Boone 2013; Mostaghimi et al. 2013; Kra-
kowska and Puskarczyk 2015; Sun et al. 2017).
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Materials and methods

Research material consisted of Paleozoic 20 tight sand-
stone and 11 mudstone samples, from deep wells located 
in Poland. Sandstones come from Peri-Baltic syneclise, 
Pomeranian anticlinorium, Holy Cross anticlinorium and 
Lublin synclinorium, while mudstones Peri-Baltic syn-
eclise and Lublin synclinorium.

Several laboratory methods were carried out on core 
samples: computed X-ray tomography (CT) in the form of 
X-ray nanotomography, nuclear magnetic resonance spec-
troscopy (NMR), as well as pulse- and pressure-decay per-
meability method (PDP). CT provides 2D and 3D images 
of material for qualitative and quantitative analysis of 
selected objects: minerals or pores (Ketcham and Carl-
son 2001; Caubit et al. 2009; Cnudde et al. 2011). Highly 
specialized algorithms are necessary to obtain the proper 
visualization and quantitative information from objects. 
Firstly, CT data were processed (Feldkamp et al. 1984; 
Jędrychowski et  al. 2017) and next analyzed in newly 
developed software poROSE (Habrat et al. 2017; Kra-
kowska et al. 2018), in which many geometrical param-
eters were implemented for the proper 3D analysis of 
porous materials. poROSE software contains algorithms, 
which allow to parametrize the selected objects, e.g., 
pores, microcracks or minerals, and were built upon basis 
of the knowledge from different disciplines, as material 
engineering, medicine, petroleum geology and petrophys-
ics (Madejski et al. 2018).

The following morphological parameters were taken 
into consideration in pore space characterization: thick-
ness mean, equivalent diameter, anisotropy, elongation, 
sphericity, Feret diameter, Feret coefficient (determines 
the ratio of the maximum diameter of the object meas-
ured in two perpendicular directions), Feret shape (the 
ratio of the maximum length of the Feret diameter meas-
ured in the direction perpendicular to the line defined by 
the shortest Feret diameter to the length of the shortest 
Feret diameter), shape factors: 2nd circularity coefficient 

(determines the diameter of the circle with a perimeter 
length equal to the length of the perimeter of the tested 
object), Malinowska coefficient (combination of objects 
perimeter and surface area) and Danielsson coefficient 
(combination of object surface area and minimum dis-
tance to the object contour); from the skeleton analy-
sis: junctions, isolated objects, branches, end branches, 
coordination number; as well as the result of spherical 
and ellipsoidal pore analysis. Calculations referred to 
the objects: pores and microfractures. Nuclear magnetic 
resonance spectroscopy (NMR) was carried out on satu-
rated samples and processed using individual T2 cutoffs. 
Moreover, pulse- and pressure-decay permeability meth-
ods were conducted for proper absolute permeability esti-
mation (Handwerger et al. 2011). Detailed description 
of tools is presented in Table 1. The goal of the analysis 
was also to combine parameters from the CT and NMR, 
PDP, so an effort was made to search for the relationships 
between the different parameters.

Table 2 consists of the quantitative geometrical param-
eters of pores and microcracks in the form of median value 
calculated in the each samples (Feret diameter, sphericity, 
Feret shape, Feret coefficient) as well as total porosity values 
and grain size class. Although the samples come from dif-
ferent geological formations and wells (Table 2), they have 
a common feature in the form of low porosity (0.02–4.42%) 
and maximum Feret diameter. Pores are characterized with 
the significant deviation from the shape of the ball, more 
elongated and edgy.

Results and discussion

All 31 samples were analyzed qualitatively and quantita-
tively. Exemplary visualization of the Cambrian tight sand-
stone is presented in Fig. 1, while Silurian mudstone sample 
is in Fig. 2.

Pore size distribution for exemplary samples of sandstone 
and mudstone is illustrated in Figs. 3 and 4 in the form of 
equivalent diameter and thickness mean parameters. Tight 

Table 1  Laboratory tools description

X-ray nanotomography (CT) Nuclear magnetic resonance spectroscopy 
(NMR)

Pulse-decay/pressure-decay methods for abso-
lute permeability (PDP)

Nanotom S (general electric), X-ray tube: 
57-W, voltage 180 kV in maximum, 
detector: Ham C 7942CA-02, voxel size: 
0.5 × 0.5 × 0.5 µm

NMR Maran 23 MHz (oxford resonance 
instruments, 2004), field of 0.56 T, tempera-
ture 35 °C

Pressure-decay: crushed material, “as received” 
conditions, helium gas, no net overburden 
stress; pulse-decay: core plug, net effective 
stress: 500, 1500, 3000, 5000 psi, nitrogen gas

Laboratory of Micro and Nano Tomography, 
Faculty of Physics and Applied Computer 
Science, AGH UST (Krakow, Poland)

Laboratory of Petrophysics, Department of 
Geophysics, Faculty of Geology, Geophysics 
and Environmental Protection, AGH UST 
(Krakow, Poland)

TerraTek—Schlumberger Reservoir Laboratory 
(Salt Lake City, USA)
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sandstones consist of pores within large range of diameters 
in comparison with mudstones. Most of the pore diameters 
are below 10 µm in the mudstone group, while in the sand-
stones below 50 µm. Analysis provided information about 
the number of objects in each sample. It appeared that mud-
stones are represented by the larger group but with smaller 
diameters. It is worth paying attention that the sizes of com-
pared samples (Figs. 3 and 4) were different. Sample 17 
(Fig. 3) has a voxel size 700 × 700 × 2000, while sample 26 
(Fig. 4)—500 × 500 × 1880.

Shape factors give an insight into the pore shape, which 
influences the filtration abilities. Danielsson coefficient is 
very sensitive for the pore shape (low values for the elon-
gated objects), while Malinowska coefficient is more likely 
sensitive for the pyramid shape. Slight variability with the 
size and the rotation shows Danielsson coefficient, while 
Malinowska coefficient is stable. Shape factors were imple-
mented and calculated using adopted 3D algorithms. Fig-
ures 5 and 6 show the Danielsson coefficient in the sandstone 
and mudstone group, for each sample, in the form of median 
and quartile values. Pores in tight sandstones have more 

Table 2  Research material characteristic. Values of Feret diameter, sphericity, Feret shape, Feret coefficient calculated for pores and microcracks 
are presented in the form of median value for the sample

Symbols GU—geological unit in Poland, LS—lithostratigraphy, Cm—Cambrian, Cm1—lower Cambrian, Cm2—middle Cambrian, O1—lower 
Ordovician, S1—lower Silurian, S2—middle Silurian, S3—upper Silurian, D2—middle Devonian, C—carboniferous, C1—lower carboniferous, 
ss—sandstone, mds—mudstone

Sample number GU LS Grain size 
(Wentworth 
class)

Total 
porosity 
CT

Feret diameter Sphericity Feret shape Feret coefficient

Unit – – – (%) (µm) Unitless Unitless Unitless
1 Lublin synclinorium Cm1, ss Fine sand 3.24 8.38 0.49 1.80 1.00
2 Lublin synclinorium Cm1, ss Fine sand 3.38 8.79 0.48 1.84 1.00
3 Peri-Baltic syneclise Cm2, ss Fine sand 2.79 10.83 0.45 1.96 1.00
4 Peri-Baltic syneclise Cm2, ss Fine sand 1.79 9.14 0.48 1.91 1.00
5 Lublin synclinorium O1, ss Very fine sand 4.21 8.67 0.49 1.82 1.00
6 Lublin synclinorium O1, ss Very fine sand 4.05 9.01 0.49 1.82 1.00
7 Peri-Baltic syneclise Cm1, ss Medium sand 0.18 3.42 0.60 1.60 1.00
8 Peri-Baltic syneclise Cm1, ss Medium sand 0.04 3.42 0.65 1.50 1.00
9 Lublin synclinorium D2, ss Fine sand 0.05 3.77 0.59 1.61 1.00
10 Lublin synclinorium D2, ss Fine sand 0.06 3.81 0.58 1.60 1.00
11 Pomeranian antyclinorium C, ss No data 0.36 4.03 0.58 1.62 1.00
12 Pomeranian antyclinorium C, ss No data 0.19 4.10 0.58 1.61 1.00
13 Holy Cross antyclinorium C1, ss No data 0.15 3.85 0.53 1.70 1.00
14 Holy Cross antyclinorium C1, ss No data 0.08 4.15 0.54 1.67 1.00
15 Peri-Baltic syneclise Cm, ss Very fine sand 0.04 3.42 0.59 1.54 1.15
16 Peri-Baltic syneclise Cm, ss Very fine sand 0.02 4.15 0.62 1.55 1.18
17 Peri-Baltic syneclise Cm, ss Very fine sand 3.59 10.43 0.40 2.06 1.08
18 Peri-Baltic syneclise Cm, ss Very fine sand 4.42 9.32 0.42 2.05 1.10
19 Peri-Baltic syneclise Cm, ss Very fine sand 0.65 8.80 0.47 1.92 1.33
20 Peri-Baltic syneclise Cm, ss Very fine sand 1.91 8.81 0.45 1.99 1.36
21 Lublin synclinorium S3, mds Fine silt 1.92 7.15 0.52 1.74 1.00
22 Lublin synclinorium S3, mds Fine silt 0.18 4.53 0.55 1.67 1.25
23 Lublin synclinorium S3, mds Fine silt 1.75 6.58 0.50 1.79 1.25
24 Lublin synclinorium S3, mds Fine silt 0.12 5.46 0.53 1.68 1.20
25 Lublin synclinorium S3, mds Fine silt 1.05 6.83 0.52 1.76 1.23
26 Lublin synclinorium S3, mds Fine silt 1.76 7.70 0.50 1.79 1.15
27 Lublin synclinorium S3, mds Fine silt 1.00 5.54 0.55 1.69 1.20
28 Peri-Baltic syneclise S2, mds Coarse silt 0.07 3.85 0.61 1.57 1.00
29 Peri-Baltic syneclise S2, mds Coarse silt 0.13 3.81 0.59 1.61 1.00
30 Peri-Baltic syneclise S1, mds Fine silt 2.17 8.80 0.46 2.09 1.47
31 Peri-Baltic syneclise S1, mds Fine silt 2.76 9.00 0.46 2.09 1.50
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complicated shapes and differed within the group. Mudstone 
pores are more similar in shape. Samples 30 and 31 were 
probed from the wells in the Peri-Baltic syneclise, while the 
rest of the samples—from the Lublin synclinorium, hence 
the difference in the Danielsson coefficient.

Shape factors were combined together with the NMR 
results. Several data sets were prepared with the different 
statistics calculated for each parameter in each sample, as 
median, percentile, quartile, for all detected objects in the 
sample (pores and microcracks). Malinowska coefficient 
correlates with T2 cutoff 1 for clay bound water and cap-
illary bound water (R = 0.61), T2 cutoff 2 for bulk water 
irreducible and moveable fluid volume (R = 0.63) for the 
10 percentile values, as well as with T2 cutoff 2 for bulk 
water irreducible and moveable fluid volume (R = 0.60) for 
the median values. Second circularity coefficient (R = 0.61) 
and Danielsson coefficient (R = 0.61) built the relationships 
with T2 cutoff 2 for bulk water irreducible and moveable 
fluid volume for the 10 percentile value data set.

Moreover, spherical and ellipsoidal pore shape analysis 
was carried out regarding the pore shape. Spherical pores 
parameter describes number of spherical pores per unit of 
rock volume (unit 1/m3 or 1/voxels). Average parameter of 

spherical pores in sandstone group is lower than in mud-
stones and is equal to 1.78E − 7 and 5.84E − 7, respectively. 
It means that more spherical pores are detected in mudstones 
than in sandstones, in the rock volume. In comparison, 
sandstone samples 5 and 6 have about 300 spherical pores, 
while samples 15 and 16 less are than 35. Mudstone samples 
are characterized by higher number of spherical pores in 
comparison with sandstone samples, which is around 300 
spherical pores. Average diameter of spherical pores is quite 
similar, more or less about 1.05 µm for sandstones, with 
0.24 µm of standard deviation, while for mudstones 0.96 µm 
and 0.20 µm, respectively.

Ellipsoidal pores parameter is equal to 1.90E − 6 for sand-
stones and 4.91E − 6 for mudstones and is higher in mud-
stones. It means that relatively there are more spherical and 
ellipsoidal pores in mudstones, but there is no information 
about the pore volume. Sandstone samples have in aver-
age about 1600 ellipsoidal pores, while mudstones—2700. 
Sample volumes were not the same, what influences the 
number of objects. Nevertheless, in general more objects 
were detected in mudstone samples. Pore shape factor is 
ratio of shorter radii of the axis to the longest, evaluated in 
each plane. Pore concentration factor is calculated by the 

Fig. 1  3D image of the tight sandstone pore space (core sample from Cambrian, sample 17), image size: 700 × 700 × 2000  voxels 
(350 × 350 × 1000 µm3), poROSE software
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product of the number of pores per unit of rock volume and 
the length of the longer half-axis of the ellipsoid. Pore shape 
factor is around 0.52 and pore concentration factor around 

6.1 for mudstones and 0.48 and 2.38 for sandstones, respec-
tively. Moreover, pore concentration factor is very diverse, 
which means that samples differ with the longer half-axis.

Fig. 2  3D image of the mudstone pore space (core sample from Silurian, sample 26), image size: 500 × 500 × 1880 voxels (250 × 250 × 940 µm3), 
poROSE software

Fig. 3  Pore size distribution of exemplary tight sandstone sample 17 
in the form of equivalent diameter and thickness mean in micrometers

Fig. 4  Pore size distribution of exemplary mudstone sample 26 in the 
form of equivalent diameter and thickness mean in micrometers
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3D skeleton analysis includes information about junc-
tions (Junctions Pxs Count; pixels that intersect on at least 
two branches), isolated objects (Isolated Pxs Count), ends of 
branches (End Pxs Count), branches (pixels that create run 
and end with junction). It provided unique information about 
the pore space connections and complexity. Results of 3D 
skeleton analysis in the form of junction and branch visuali-
zation are presented in Figs. 7 and 8. Detailed quantitative 
results are illustrated in Table 3.

Detailed skeleton analysis provided information about the 
average coordination number (Ridgway & Tarbuck 1967). 
Average coordination number in many cases was a negative 
number. That is example of poorly developed pore space. 

Only 2 from 11 samples from the mudstones group had a 
positive value and only 10 from 20 samples in sandstone 
group, what indicated that sandstones are characterized by 
more complex structure. Number of junctions varied from 6 
to about 31,686, for arithmetic average 3701 in sandstones, 
while in mudstones from 31 to 2210, with average 668. 
It means that sandstones are characterized by pores with 
complicated shapes, so after transformation into skeleton 
resulted in higher number of Junctions. However, the num-
ber of junctions and branches is not very high, as for con-
ventional rocks.

Different definition of coordination number is connected 
with the number or branches which are connected with the 

Fig. 5  Danielsson coefficient for 
the tight sandstone samples

Fig. 6  Danielsson coefficient for 
the mudstone samples
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Fig. 7  Image of the skeleton analysis for the Cambrian tight sandstone sample 17

Fig. 8  Image of the skeleton analysis for the Silurian mudstone sample 26
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single pore (Rabbani et al. 2016). Coordination number 
defines quality of pores connection. Maximum value of 
coordination number in sandstone group is 17, while average 
is equal to about 3 (Table 4). Mudstones are characterized 
with maximum coordination number equal to 6 and aver-
age about 3. It indicates that sandstones are more diverse 
in pores connection in comparison with mudstones but on 
average they are very similar. Almost all samples have low 
number of junctions, with the highest average for the Cam-
brian sandstone 7 and Silurian mudstone 30.

Maximum coordination number in the sample (Max CN 
Sample) correlates with T2 cutoff 2 for bulk water irreduci-
ble and moveable fluid volume (R = 0.63) and logarithmic T2 
mean T2ML (R = 0.63). There was no relationship detected 
for the coordination number and absolute permeability.

It is worth paying attention to the strong relationships 
between following parameters from different laboratory 

methods: logarithmic mean of transverse relaxation time 
from NMR and number of junctions from CT, logarithm of 
absolute permeability from PDP and anisotropy from CT, T2 
cutoff 2 from NMR (for bulk water irreducible and moveable 
fluid volume) and elongation from CT. Figures 9, 10 and 11 
show the mentioned relationships. Parameters from X-ray 
nanotomography usually build the relationships with the 
NMR spectroscopy results in the form of T2 relaxation time 
because it corresponds to the pore sizes. Mudstone samples 
in Fig. 9 concentrate in the range of low logarithmic T2 mean 
(T2ML) from NMR and low Junctions Pxs Count from CT, 
revealing poorer development of the pore space. Figure 10 
shows dependence of logarithm of absolute permeability 
from pulse- and pressure-decay method on anisotropy from 
CT. Sandstone samples are divided into two groups: group 
of low absolute permeability and high anisotropy values 
from CT and group of high absolute permeability and low 

Table 3  Results of basic 
skeleton analysis for each 
sample. Symbols as in Table 2

Sample LS Junctions 
Pxs count

Isolated 
Pxs count

End Pxs count Branches count Average coordi-
nation number

1 Cm1, ss 5334 875 9789 7829 1.10
2 Cm1, ss 5515 864 9906 8019 1.11
3 Cm2, ss 5393 192 4187 4864 1.02
4 Cm2, ss 2438 191 3055 3043 1.24
5 O1, ss 31,686 555 7792 7472 0.22
6 O1, ss 13,684 543 7679 7212 0.49
7 Cm1, ss 196 204 836 352 − 0.67
8 Cm1, ss 12 127 486 100 − 23.83
9 D2, ss 40 141 566 172 − 5.55
10 D2, ss 37 223 955 244 − 12.62
11 C, ss 423 675 3628 1273 − 2.55
12 C, ss 268 560 2448 810 − 3.08
13 C1, ss 301 391 2302 814 − 2.23
14 C1, ss 107 258 1281 438 − 3.78
15 Cm, ss 59 63 275 115 − 0.76
16 Cm, ss 6 30 138 31 − 12.66
17 Cm, ss 3106 114 3625 3916 1.35
18 Cm, ss 3668 124 4129 4581 1.37
19 Cm, ss 374 105 1448 831 0.57
20 Cm, ss 1376 258 4006 2555 0.80
21 S3, mds 634 468 3944 1783 − 0.59
22 S3, mds 43 548 2772 694 − 32.18
23 S3, mds 1262 761 6211 2999 − 0.16
24 S3, mds 37 141 745 239 − 7.21
25 S3, mds 376 610 4872 1854 − 3.09
26 S3, mds 744 745 6329 2784 − 1.02
27 S3, mds 57 336 1869 553 − 13.38
28 S2, mds 31 322 1321 327 − 21.51
29 S2, mds 101 605 2763 728 − 12.94
30 S1, mds 1862 542 8351 4537 0.38
31 S1, mds 2210 529 8414 4782 0.52
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anisotropy values. Mudstone samples cover almost all range 
of anisotropy values and lower values of absolute permeabil-
ity. Dependence of T2 cutoff 2 (for bulk water irreducible 
and moveable fluid volume) from NMR on elongation from 
CT is presented in Fig. 11. Two groups of sandstone sam-
ples are visible: group of higher elongation values from CT 
and lower T2 cutoff 2 and group of lower elongation values 
and higher T2 cutoff 2. Mudstone samples are characterized 
by the higher elongation values, except two samples, which 
have more pores with sphere shape.

Multiple linear regression method (MLR) was applied 
to search for the best equation for the absolute permeability 
estimation using only X-ray nanotomography results (TIBCO 
2017). Analysis was conducted in Statistica 12. The purpose 
is to establish the formula for minimizing the core destruction, 

as a very valuable material. MLR was done for the all clastic 
samples taking into consideration the one dependent param-
eter—logarithm of absolute permeability from pulse- and pres-
sure-decay permeability method and independent variables as 
all available geometrical parameters from CT. The number of 
independent variables is estimated based on the total number 
of samples. In this case, on one dependent variable there are 
three independent variables for 31 samples. Obtained formula 
for the logarithm of absolute permeability allows to determine 
the absolute permeability with correlation coefficient equal to 
R = 0.78, while determination coefficient R2 = 0.61. There is 
no strong dependence of the MLR absolute permeability from 
period, only one for lithology—for sandstones. MLR absolute 
permeability correlates with PDP permeability for sandstones. 
Although, mudstones reduced the correlation, it is possible to 

Table 4  Coordination number 
(CN) for all samples

Symbols Min—minimum value, Max—maximum value, Ave—average value, Std Dev—standard deviation 
value, other symbols as in Table 2

Sample LS Max 
junction 
sample

Ave. 
junction 
sample

Std dev. 
junction 
sample

Min 
CN 
sample

Max 
CN 
sample

Ave. CN sample Std dev. 
CN sample

1 Cm1, ss 100 4 9 0 6 2.93 0.51
2 Cm1, ss 86 4 8 1 6 2.93 0.52
3 Cm2, ss 183 7 15 1 6 2.95 0.54
4 Cm2, ss 70 5 9 1 5 2.94 0.53
5 O1, ss 159 6 14 0 17 2.96 0.59
6 O1, ss 197 6 15 1 7 2.95 0.53
7 Cm1, ss 54 15 19 1 5 2.99 0.47
8 Cm1, ss 3 2 1 1 3 2.50 0.76
9 D2, ss 12 3 4 2 4 3.05 0.37
10 D2, ss 6 2 2 2 5 3.06 0.73
11 C, ss 27 3 4 1 4 2.89 0.51
12 C, ss 60 4 9 1 6 2.92 0.65
13 C1, ss 15 2 3 1 4 2.78 0.58
14 C1, ss 7 2 2 1 4 2.80 0.63
15 Cm, ss 31 5 10 2 4 2.86 0.41
16 Cm, ss 2 1 0 2 3 2.75 0.43
17 Cm, ss 140 6 14 1 5 2.95 0.48
18 Cm, ss 546 7 33 0 6 2.96 0.49
19 Cm, ss 11 2 2 1 5 2.85 0.55
20 Cm, ss 26 3 4 1 5 2.89 0.58
21 S3, mds 10 2 1 0 5 2.76 0.60
22 S3, mds 2 1 0 1 3 2.40 0.71
23 S3, mds 129 2 8 0 4 2.83 0.52
24 S3, mds 4 1 1 2 4 2.58 0.57
25 S3, mds 5 1 1 1 4 2.69 0.59
26 S3, mds 6 1 1 0 5 2.70 0.61
27 S3, mds 2 1 0 1 3 2.50 0.62
28 S2, mds 3 2 1 2 4 2.88 0.48
29 S2, mds 6 2 1 1 4 2.75 0.54
30 S1, mds 35 2 3 0 5 2.79 0.55
31 S1, mds 25 2 3 0 6 2.83 0.54
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estimate the absolute permeability also for this group using 
the estimated formula.

The formula has the form of Eq. (1):

(1)

logK = −7.501 + (−39.3116 ∗ Anisotropy)

+ (13.6020 ∗ Feret Shape)

+ (−5.0714 ∗ Feret Coefficient)

Table 5 presents the partial regression coefficient and 
the standardized one. Pore anisotropy has the largest 
influence on the absolute permeability, so the pores abil-
ity to fluid flow.

Figure 12 illustrates the comparison between the loga-
rithm of absolute permeability form PDP (log K) and esti-
mated based on MLR (log K MLR).

Conclusions

X-ray nanotomography allowed for the complex para-
metrization of the pore space in the tight clastic rocks. 
Selected parameters connected with the geometrical fea-
tures of pore space can be referred to the ability of fluid 

Fig. 9  Dependence of logarithmic T2 mean (T2ML) from NMR on 
Junctions Pxs Count from CT. Colors: blue—sandstones, green—
mudstones

Fig. 10  Dependence of logarithm of absolute permeability from 
pulse- and pressure-decay method on anisotropy from CT. Colors as 
in Fig. 9

Fig. 11  Dependence of T2 cutoff  2 (for bulk water irreducible and 
moveable fluid volume) from NMR on elongation from CT. Colors 
as in Fig. 9

Table 5  Multiple linear regression results for absolute permeability 
estimation

Parameter Standardized partial regres-
sion coefficient

Partial regres-
sion coefficient

Intercept − 7.0501
Anisotropy − 1.3927 − 39.3116
Feret shape 0.9121 13.6020
Feret coefficient − 0.4054 − 5.0714



1775Acta Geophysica (2019) 67:1765–1776 

1 3

flow, as anisotropy, Feret shape or Feret coefficient. Shape 
factors, as Danielsson, Malinowska coefficient, 2nd circu-
larity coefficient build relationships with the NMR spec-
troscopy parameters, which is related to the pore sizes. 3D 
skeleton analysis revealed the information about the pore 
structure, which in analyzed case is strongly influenced by 
the compaction and mineralogy. Pores are more elongated, 
angular, what definitely is not a benefit. Skeleton analysis 
provided the information about poor quality of the pore 
connections in the form of coordination number in both, 
sandstone and mudstone group. Dependence of logarith-
mic T2 mean (T2ML) from NMR on Junctions Pxs Count 
from CT, as well as T2 cutoff (for bulk water irreducible 
and moveable fluid volume) from NMR on elongation 
from CT, was observed for all the samples.

Using result from pulse- and pressure-decay permeability 
method, it was possible to estimate the equation for absolute 
permeability having only data from X-ray nanotomography 
image analysis. It is an advantage in the times of balance 
between costs of coring and laboratory measurements. Mul-
tiple linear regression was a key in determining the formula. 
Permeability in tight, gas-bearing clastic rocks is influenced 
by the anisotropy of pore shape and size. Presented equa-
tion can be used in the initial assessment of the reservoir 
potential of tight clastic rocks. Computed X-ray tomography 
together with other laboratory techniques, as nuclear mag-
netic resonance spectroscopy, is a valuable source of detailed 
parametrization of the pore space in rock samples.
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