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Abstract
The porous structure of geomaterials is of utmost importance for various industrial and 
natural processes. In this study, various conventional porous structure characterization 
techniques such as mercury intrusion porosimetry (MIP), nuclear magnetic resonance 
(NMR), micro-X-ray computed tomography (μCT) imaging, as well as gas injection have 
been employed to perform a systematic and critical evaluation of all such techniques for 
characterization of a carbonate rock sample porous structure. The porosity obtained from 
μCT (5 μm/voxel) (21.5%) is closer than the overall porosity obtained by MIP (17.23%) to 
the gas porosimetry result (23%). The 5% difference could be due to inaccessible pores to 
mercury, which can be accessible to nitrogen with much smaller molecules. The porosity 
obtained from NMR is 21.4%. It is lower than porosity values by μCT (5 μm/voxel) and 
by gas injection and higher than the prediction of MIP. The porosity is obtained by μCT, 
but the much lower resolution (27.5 μm/voxel) results in 8.19% underestimating the poros-
ity by around 50%. Regarding permeability, the results of the NMR technique are highly 
dependent on the cutoff range used and very different from other techniques, whereas the 
permeability obtained by MIP is around 18.42 mD, close to that obtained by gas permeam-
eter (20 mD). The μCT imaging provides the opportunity to measure pore and throat size 
distribution directly, to achieve open and closed porosity, the coordination number of pores 
and surface and volume characteristics of the porous medium, which can hardly be per-
formed through other techniques. The resolution of images, however, fully controls the 
obtained pore and throat size distribution in CT analysis. The Kolmogorov–Smirnov distri-
bution analysis reveals that the resulting pore size distribution from MIP is rather a rough 
estimation of the throat size distribution obtained from μCT (5 μm/voxel), while NMR pre-
diction can provide a rather good approximation of the pore size distribution obtained from 
μCT (5 μm/voxel). The NMR prediction is however dependent on the choice made for the 
surface relaxivity coefficient, and changing it would significantly affect the resulting dis-
tribution. The results of this study provide further insight and elucidate the differences of 
the quantities such as porosity, permeability, and pore and throat size distribution obtained 
from various techniques which are essential either as an input to numerical models of flow 
and transport in porous media or as a building block of the theoretical models.
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CPMG	� Carr–Purcell–Meiboom–Gill
CT	� Computed tomography
FFI	� Free fluids index
GIT	� Green imaging technologies
MIP	� Mercury intrusion porosimetry
NMR	� Nuclear magnetic resonance
PSD	� Pore size distribution
SNR	� Signal-to-noise ratio
XRD	� X-ray diffractometer
PDP	� Pulse-decay permeametry
ROI	� Region of interest
SEM	� Scanning electron microscopy
FIB–SEM	� Focused ion beam–scanning electron microscopy
HIM	� Helium ion microscopy
CDF	� Cumulative distribution function
GIW	� Generalized inverse Weibull distribution

SI unit
Pressure	� 1 psi (6894.76 Pa)
Permeability	� 1 mD (0.9869 μm2)

1  Introduction

The structure of a porous medium affects its physical, chemical, and mechanical properties. 
Therefore, the characterization of porous media is crucial for monitoring and modeling 
many natural and industrial processes. In oil recovery, for instance, a reasonable estimation 
of the recovery factor would not be possible without an in-depth understanding of reser-
voir production mechanisms and a proper evaluation of reservoir rock porous structure. In 
shale gas exploitation (Gao et al. 2018; Klaver et al. 2015; Ma et al. 2019; Qiu et al. 2020, 
2019a, b; Tan et al. 2019; Zhang et al. 2019; Zhao et al. 2019), coalbed methane produc-
tion (Li et al. 2018, 2017; Song et al. 2019; Zhang et al. 2018; Zhao et al. 2017), and car-
bon sequestration (Adebayo et al. 2017; Dejam and Hassanzadeh 2018a, b), knowledge of 
porous structure and pore connectivity is essential for studying fluid storage and transport 
properties. On the other hand, mechanical properties, such as the compressive strength of 
porous cementitious materials, are controlled by porosity and pore size distribution (Hou 
et al. 2019). Furthermore, pore connectivity and porous structure are key factors control-
ling the migration of contaminations in soils, as well as moisture transport in bricks and 
wood. It is, therefore, obvious that the more precise the characterization methods of porous 
media are, the more accurate modeling resulting in various phenomena of interest in indus-
trial and natural porous media would be.

For porous media characterization, several methods have been established, such as gas 
injection, mercury intrusion porosimetry (MIP), nuclear magnetic resonance (NMR), and 
computed tomography and micro-computed tomography (μCT) (Spanne et al. 1994; Bena-
vides et al. 2020; Ghomeshi et al. 2018).

While these three techniques are most widely used as common practice in porous media 
characterization, there has been a wealth of new techniques which in recent years have been 
introduced. The μCT is applicable for capturing mm- to μm-scale features, for instance, 
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sedimentary laminations and micro-fractures. In order to enter the realm of nanometer 
parts of the porous skeleton, focused ion beam–scanning electron microscopy (FIB–SEM) 
for visualizing pores of tens to hundreds nm and focused ion beam–helium ion microscopy 
(FIB–HIM), providing the possibility of capturing sub-10 nm pores, have been developed 
and employed (Wu et al. 2020). However, FIB–SEM and FIB–HIM result in 2D images, 
while μCT can capture three-dimensional images. Introduced first in biological sciences, 
laser confocal microscopy provides the opportunity to obtain 3D images of porous media 
with high resolution (submicron, hundreds of nm) nondestructively. Laser confocal micros-
copy application is, however, limited by its laser penetration depth in the solids (Fredrich 
1999).

The need to extract further data from mere 2D slices of the porous skeleton and to obtain 
a full 3D depiction of porous media based on the basic data such as grain size distribution 
has resulted in the development of 3D reconstruction techniques (Adler et al. 1990; Thov-
ert et al. 1993; Thovert et al. 2001; Øren and Bakke 2002; Hidajat et al. 2002, Mourzenko 
et  al. 2011; Tinet et  al. 2020). In addition to the statistical techniques such as two-point 
and multiple-point statistics, researchers have also examined the use of synthetically gener-
ated porous media images by means of fractals and cellular automata (Hernández Zubel-
dia et al. 2016), which have the potential to produce complex objects based on the simple 
mathematical rules. The difficulty which these porous media reconstruction techniques face 
is the selection of suitable criteria assuring the similarity of the produced object with the 
natural one and achieving the same level of connectivity as the target porous skeleton. The 
simulation of flow inside either the reconstructed porous media (e.g., Adler et al. 1990) or 
on the images obtained by CT imaging (Mostaghimi et al. 2013) has also been employed 
to shed light into the transport properties of porous media. For this purpose, different 
approaches such as Stokes flow directly solved on binarized three-dimensional rock images 
(Mostaghimi et al. 2013) or single- and two-phase flow simulations based on the invasion 
percolation theory or critical point theory applied in the extracted pore networks (Ghared-
aghloo et al. 2018; Franc et al. 2020) are used. Other noticeable progress recently made in 
the porous media characterization is the use of nanoparticle tracking to probe porous media 
and sense its transport characteristics (Wu and Schwartz 2020), the use of machine learn-
ing and deep learning to link pore morphology to permeability (Kamrava et al. 2020), and 
the  learning from 2D X-ray images and predicting the porous media characteristics such 
as porosity, surface area and average pore size (Alqahtani et al. 2020). Finally, the use of 
Minkowski functionals for porous media characterization (Armstrong et al. 2019) gives a 
more refined description of the porous medium characteristics including its connectivity 
and can therefore be better linked to macroscale porous media properties.

Despite such remarkable progress made in different numerical and experimental tech-
niques in porous media characterization, there are only few studies in the literature which 
address the differences and similarities in the result of different techniques such as MIP, 
NMR, and μCT and rarely compare all such techniques and their scope of application, 
particularly for reservoir rocks. Furthermore, these state-of-the-art techniques suffer from 
technical limitations and shortcomings in the conceptual models commonly used to inter-
pret their results. For instance, even though the porous structure is made of two distinct 
elements, namely pores and throats, some of these methods fail to distinguish pores and 
throats. While pores are having much more volume of their own as compared to the throats, 
thereby controlling the storage of fluids, throats mainly control the connectivity and trans-
missibility of porous media.

Washburn was one of the first to introduce a method for porous media characteriza-
tion (Washburn 1921). This method, nowadays known as MIP, is based on a bundle of 
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capillary tubes model that is not analogous to a network of pores and throats, which 
constitutes a real porous structure. Having failed to distinguish between these two dis-
tinct functions of pores and throats, the bundle of the capillary tube model is unable to 
portray porous soil structure and its characteristics correctly. That is why some research-
ers have referred to the distribution of voids obtained from MIP as pore access size dis-
tribution (Feia et al. 2014). In fact, it is neither pore size nor throat size distribution.

Moreover, as NMR analysis can sense the responses of hydrogen atoms in both 
throats and pores, its results could also be representative of both distributions. The 
results obtained from these measurements are often employed either to predict porous 
media characteristics such as permeability and capillary pressure–saturation curves or 
to analyze the changes of the porous structure under environmental loads such as tem-
perature change or stress (Gao et al. 2019). The question is, therefore, if one can directly 
find the pore and throat size distribution from imaging methods such as μCT imaging, 
how the distributions obtained from NMR and MIP correlate to such data. Are they dif-
ferent? To which extent? The current literature lacks the answer to such questions.

Song et al. (2019) employed scanning electron microscopy images and NMR imag-
ing to obtain coal permeability and pore size distribution. The pore size distribution 
obtained from NMR and that of SEM were found to be similar. In their SEM image 
processing, however, all voids were considered as pores. It is, moreover, noteworthy that 
SEM analysis is unable to capture the actual three-dimensional morphology and shape 
of pores and throats.

Wang et al. (2020) compared the pore size distribution of coal samples obtained by 
MIP and μCT analysis. There was no division of porous space of coal matrix to pores 
and throats; they instead considered pores of coal matrix, solely, and the fracture net-
work of the coal sample. The volumetric fraction of pores measured using MIP at the 
nanometer-scale (0.2–1  μm diameter) was much higher than the one obtained using 
μCT image analysis. The volumetric fraction of pores at the micrometer-scale (1–40 μm 
diameter) measured by MIP was much lower than the contribution measured using μCT 
image analysis. The largest volumetric contribution was found for the pores in 1–10 μm 
diameter when measured using MIP. The μCT image analysis resulted in the largest vol-
umetric contribution for the pores in a 10–20 μm diameter range. The complex nature of 
the porous coal matrix could limit the application of their findings to other rock types. 
Furthermore, their study does not include the results of NMR analysis.

This brief review highlights the need to compare porous media characteristics 
obtained by MIP, μCT, as well as NMR altogether and to distinguish between pores and 
throats in the analysis, which has been overlooked in the previous studies.

Thus, in order to address the mentioned shortcomings of the current literature, 
we have applied four state-of-the-art techniques with a wide range of detected pores, 
namely gas injection (helium porosimetry), MIP, NMR, and μCT (Fig. 1) on a certain 
rock sample, and then, their results have been thoroughly investigated.

We intend to address the following issues:

(a)	 Can we obtain pore and throat size distribution from different methods?
(b)	 What are the limitations and scope of application of each technique?
(c)	 How different are the results of various methods?
(d)	 What are the deficiencies in models used for interpreting the results in terms of pore 

size distribution?
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(e)	 Which method is suitable for which process and type of analysis (i.e., transport, storage, 
...)?

It is noteworthy that the target (carbonate) rock is characterized by a wide range of pores 
from nano- to macrosize. In order to process the global structure of the sample, one should 
start at low-resolution or bulk measurements by scanning the full sample size. The next 
steps require detailed investigation at a higher resolution. The experimental workflow is of 
high importance for complex objects such as carbonates. For instance, the image resolu-
tion is a crucial parameter in X-ray CT analysis of the rock; therefore, the resolution of the 
scanning should prevail the characteristic size of the pore. For this reason, the analysis of 
μCT is performed at two resolutions to inspect the influence of imaging resolution on the 
results.

In this study, we summarize the results of the experimental investigation of the core 
sample by a suite of state-of-the-art techniques, including CT and μCT, NMR, and MIP. 
Analysis of our findings results in the discussion on the advantages and limitations of each 
method. In Sect. 2, we introduce the sample characteristics and provide details on experi-
mental techniques. Section 3 outlines the obtained results from various porous media char-
acterization techniques, and a comparison of the results highlights the scope of application 
and merits and demerits of each. It is followed by the summary and conclusions in Sect. 4.

2 � Materials and Methods

2.1 � Rock Samples and Rock Composition

The rock samples used in this study are outcrops and were taken from Iran. An X-ray 
diffractometer (D8 Advance, Bruker, Germany) was employed to inspect the structure 
of the rock samples. Results of XRD analysis revealed that the dominant mineral of the 
rock sample is dolomite (CaMg(CO3)2). Figure 2 illustrates the applied workflow of core 
investigation.

2.2 � Porosity and Permeability Measurement

Gas expansion porosimeter and permeameter (VINCI, France) were utilized to measure 
the porosity and permeability of the core plugs. The gas expansion porosimeter determines 

1 mm 100 μm 1 μm 100 nm

NMR MIPX-Ray CTHe Porosimeter

Fig. 1   The set of experimental techniques with a highlighted range of measured pore size
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the porosity of the core plugs based on Boyle’s law for gases. It could measure up to 60% 
porosity. The gas permeameter (PDP) was capable of measuring permeability in the range 
of 0.5 mD to 5 D. Nitrogen was used as the gas for these measurements.

2.3 � Porous Structure Characterization

Various state-of-the-art methods were employed to get insight into the pore and pore 
throat size distributions of the rock samples. The methods include X-ray Micro-Computed 
Tomography (μCT) and Nuclear Magnetic Resonance (NMR), as well as Mercury Intru-
sion Porosimetry (MIP). In order to perform a CT scan, an X-ray system for Computed 
Tomography (Phoenix v|tome|x L240/180 by GE Sensing & Inspection Technologies 
GmbH) was used. The nano-focus X-ray tube was utilized for μCT scan analysis. The anal-
ysis of the 3D image was performed on the Math2Market GeoDict software package. NMR 
analysis was performed by Geospec 2/53 low-field relaxometer (Oxford Instruments Inc.). 
Its procedure is detailed in the subsequent section. Mercury Intrusion Porosimetry was per-
formed by means of Auto Pore IV 9500 unit (Micrometrics). The analysis was performed 
with a high-pressure model, which could sense pore diameter as small as 0.003 μm.

2.3.1 � MIP Experimental Procedure

A Micrometrics Autopore IV 9500 Porosimeter was used to precisely measure the amount 
of mercury being injected into the rock sample. After weighting the cleaned and dried 
rock sample, a proper penetrometer was selected, and the sample was placed inside the 
rig. Then, the assembly was loaded into the low-pressure chamber of the apparatus. The 
penetrometer was evacuated to a pressure of less than 0.0009 psia, and filled with mercury 
at a pressure of 0.5 psia. The bulk volume of the sample was determined at this point. The 
injection pressure of mercury into the rock sample increased incrementally from 0.5 to 30 
psia. After equilibrium was established in the last step (i.e., 30 psia), injection pressure was 

NMR
PDP

μCT(27.5μm)

MIP

Ø38×40 mm Ø3×40 mm

Ø1–16 mm

XRD

Ø38×80 mm

μCT(5μm)

Fig. 2   The workflow of core sample investigation
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reduced to the atmospheric pressure, and the penetrometer was removed. The penetrom-
eter was then loaded into the high-pressure chamber of the Autopore system. The mercury 
was injected into the core plug at increasing incremental pressures (up to 60,000 psia). At 
each pressure point, mercury intrusion was monitored, while the pressure was held con-
stant. Equilibrium was identified when the rate of intrusion dropped below 0.001 µL/g-sec. 
Finally, mercury saturations were calculated as a percentage of the pore volume at each 
pressure. The pore volume used for calculation of mercury saturation was obtained from 
the maximum intrusion volume of mercury. In the following, the procedure for the deter-
mination of pore size distribution by means of MIP experiments is described (Rezaei et al. 
2020):

Firstly, a graph of the fraction of pore volume injected (v) versus pore access radius (r) 
can be constructed, and the differential of this gives a pore throat size distribution (PSD) 
function:

The differential is calculated numerically. The central difference method is used to cal-
culate PSD as:

Then, PSD is smoothed as:

PSD is then normalized to 1 as follows:

and finally, the normalized PSD is presented in the graphical form. Furthermore, based on 
the mercury capillary pressure–saturation curves and Laplace equation, one can obtain vol-
ume fraction–size distributions. The size of corresponding pores (r), idealized as capillary 
tubes, is obtained from Laplace equation and the saturation change provides the volume 
fraction of the associated pores. The standard Laplace’s law, in which � is the surface ten-
sion and � is the contact angle, reads as follows:

2.3.2 � Experimental Procedure and Setting for μCT

In recent decades, there has been a growing appeal in the use of CT imaging in the oil and 
gas industry. Tomography gives a three-dimensional image of the rock sample (Cnudde 
and Boone 2013). Current improvements in scan quality resolution, with enhanced voxel 
size in the range of micrometers, usually referred to as μCT to emphasize on the resolution 
as well as developments in specialized software for 3D image processing, allow extracting 
most important structural parameters of the samples. These parameters can then be used to 
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estimate other macroscale physical characteristics of the samples such as permeability, dif-
fusivity, and sweep efficiency, eventually information required for the development of oil 
and gas fields (Remeysen and Swennen 2008).

The X-ray CT system is equipped with two X-ray tubes. The micro-focused, higher 
power tube is usually used for large objects and dense materials as capable of working at 
higher energy (accelerating voltage) and power (up to 320 W). For geological samples, this 
usually refers to cores with a diameter of 30 mm and higher. The nano-focused one with 
a tunable size of the focal spot to less than 1 μm and capable for tomography with voxel 
size 1 μm and even less is a choice for a high-resolution μCT and usually applied for sam-
ples with diameter less than 30 mm. The detector is a 2024 × 2024 photodiode array with 
a scintillator and 400 by 400 mm size. For this system, the highest resolution or minimal 
voxel size for a full sample width would be around 1/2000 of its size and hence a function 
of sample size: for example, with a core diameter of 100 mm, a voxel is down to 50 µm, for 
core 8 mm diameter—4 µm. The original core was investigated at voxel size 27.5 µm and 
8 mm mini core drilled out of it at a voxel size of 5 µm.

2.3.3 � Extraction of Pore and Throat Size Distribution from µCT Images

The analysis of pore size distribution was performed using the GeoDict software (Math-
2Market) with two techniques: granulometry and porosimetry modes for analysis of the 
size of pores and throats between open ones. Additionally, a mercury intrusion porosimetry 
(MIP) simulation could be performed, which provides a simulated relationship between 
applied pressure and invaded volume to determine the radius of the pores accessible by 
the mercury. Therefore, the obtained pore size distribution does not include all pores but 
solely the ones connected to the boundaries. The cylindrical pore geometry assumption and 
the bundle of capillary tube conceptualization are two significant problems associated with 
MIP (both in experimental and simulation approaches). The bundle of capillary tube con-
ceptualization has this shortcoming that the large pores behind small necks are considered 
small pores. This leads to an overestimation of the number of small pores and an underes-
timation of large pores (Moro and Böhni 2002). Erosion and dilation of the pore space are 
employed in GeoDict to simulate MIP, morphologically. The pore space is eroded with a 
sphere of a certain radius, then the part disconnected from the boundaries is removed, and 
the remaining part dilated again. Through this process, one would obtain the pore space 
that is reached by a sphere of radius RMIP flowing in from the boundary (Büttner 2011; 
Wiegmann 2007). The same procedure has been utilized by Hilpert and Miller (2001), Arns 
et al. (2005), and Sweijen et al. (2017). The geometrical pore size distribution includes all 
pores and is based on the size of the spheres placed into the pores. The detailed procedure 
of these two techniques can be found in the literature (Büttner 2011; Kim et al. 2013).

2.3.4 � Experimental Procedure and Setting for NMR Core Analysis

Low-field NMR relaxometry was used as one of the methods for porous structure analysis. 
All experiments were performed on a Geospec 2/53 relaxometer (Oxford Instruments Inc.). 
The NMR relaxometer used in the core plugs specifications study is a laboratory analyzer 
of core material operating at 2.28 MHz frequency with a magnetic field of 0.05 T.

NMR relaxometer is designed to measure the NMR T1 and T2 relaxation times 
(spin–lattice and spin–spin relaxation) in rock samples of cylindrical shape (core plugs) 
with a diameter of up to 53 mm. The principle of NMR operation is based on absorption by 
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the substance of electromagnetic energy caused by the magnetic moments of atomic nuclei 
(in our case, hydrogen) reorientation.

In this study, an NMR setup with a set of preset gradient coils located along each side of 
the magnet was used. These coils make it possible to additionally determine the saturation 
of samples with hydrogen-containing liquids, as well as to measure the time of transverse 
relaxation along the selected core axis—the one-dimensional saturation profile and the spa-
tial T2 spectrum. The obtained data is processed using Green Imaging Technologies (GIT) 
Systems Advanced v.7.5.1 software. The proposed scheme of investigations is presented in 
Fig. 3.

After sample preparation, NMR measurements were performed with the determination 
of the following parameters:

•	 The volume of NMR fluid according to T2 test and total porosity;
•	 Saturation profile along the sample axis to ensure the 100% saturation of the core plug;

T2 relaxation curves were measured by the Carr–Purcell–Meiboom–Gill method 
(CPMG); the time echo (TE = 2τ) was set to 0.1 ms. The number of trains (accumulations) 
of the pulse sequence (90° − τ − 180° − 2τ − 180° − … − 180°) was selected based on the 
results of the performed demo test on the core plug and estimated the highest signal-to-
noise ratio (SNR).

The results of NMR measurements were analyzed based on general principles and 
interpretation schemes used by NMR specialists in the petrophysical industry (Abragam 
and Abragam 1961; Bloembergen et al. 1948; Callaghan 1993; Morriss et al. 1997). The 
sample porosity is calculated by T2 results for a fully saturated sample. After testing the 
samples in the as-received state, samples were being dried at T = 80 °C in an oven for 

Fig. 3   The proposed scheme of 
NMR investigations

NMR analysis

Drying at T=80°C

Centrifuging

Saturation with 
kerosene

NMR analysis

NMR analysis

Core plug 
Ø40 mm
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48 h. Then, the NMR analysis was repeated. Samples were saturated with kerosene. The 
samples’ saturation was performed using an automated core saturator at the pressure up 
to 120 bar with a duration not less than 48 h. Saturated samples were carefully prepared 
for further NMR testing and measured on X-ray Computed Tomography. After NMR 
on the saturated core was complete, both samples were sent for centrifuging in order to 
model the irreducible saturation state. Samples with 100% kerosene saturation and irre-
ducible saturation were repeatedly delivered for the next step of NMR analyses.

There are two main approaches to an approximate permeability assessment based 
on T2 relaxation time—the Timur–Coates (Timur 1968) and the Schlumberger–Doll 
Research (Bryant et al. 1993; Morriss et al. 1997) models. In our study, we have esti-
mated the permeability of the sample utilizing the cutoff and spectral mode of Coates 
model:

where φ is the effective NMR porosity, MFFI and MBVI are the number of free and bound 
fluids in the sample determined after centrifuging the sample; C is a numerical coefficient.

The pore size distribution is calculated from the results of T2 relaxation times. The 
relaxation time T2 is described by the following expressions:

where T2 is the transverse relaxation time of the pore fluid measured by the CPMG cycle; 
T2b is the relaxation time T2 of the pore fluid; T2sis the pore fluid relaxation time T2 associ-
ated with surface relaxation; T2 is the relaxation time of the pore fluid caused by diffusion 
in a gradient magnetic field; ρ is the relaxation activity of the rock (T2 relaxation force on 
grain surfaces); (S/V)pore is the ratio of pore surface area to pore volume (specific surface).

In the calculation of the pore size distribution, the surface relaxivity coefficient (ρ) is 
a crucial parameter. This coefficient mainly depends on rock properties and, therefore, 
is difficult to be obtained experimentally. The existing methods for defining the surface 
relaxivity values employ obtaining S/V value from Eq. 7 by nitrogen adsorption, cation 
exchange capacity, or image analysis (Hürlimann et al. 2002; Coates et al. 1999; Fleury 
2007). Another way is to match the received distributions with results of MIP and μCT, 
which makes the NMR results highly built upon the other methods. Values of surface 
relaxivity coefficient for different rocks are reported in many recent studies; the aver-
age value obtained experimentally varies from 2 to 14 μm/s. In the current study, we 
present results on PSD by two selected values for carbonate rocks (5 μm/s and 10 μm/s) 
and attempt to analyze the influence of this coefficient on the comparison of various 
methods.

3 � Results and Discussion

3.1 � Gas Porosimetry and Permeametry Results

The porosity and permeability of the rock sample toward nitrogen gas were determined as 
23.0% and 20 mD, respectively.
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3.2 � Results of MIP

The pore access diameter obtained from this technique is presented in Fig. 4. The mean 
diameter of the pores is about 5 µm. This method is unable to distinguish pores and throats. 
The porosity obtained from the MIP technique is around 17.23%. The difference between 
the estimation of MIP (17.23%) and the one obtained by gas porosimetry (23%) could be 
due to the pores, which are accessible to gas but not mercury. The permeability by MIP 
is around 18.42 mD, which is close to that obtained by gas permeameter (20 mD). The 
capillary pressure curve versus Hg saturation is presented in Fig. 5. This is the advantage 
of the MIP method compared to other aforementioned methods. Based on the capillary 
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pressure–saturation curve, the volume fraction–size distribution is obtained and illustrated 
in Fig. 6.

3.3 � Results of μCT

Imaging by means of computed tomography can be performed under different resolutions 
or voxel size. Starting with an original core (e.g., 40 mm diameter), we can analyze the 
entire sample but under limited resolution (not better than 20  µm/voxel). However, this 
would be enough to estimate the general quality of the sample: homogeneity, presence, 
number, and orientation of fractures, as well as the porous structure and minerals distri-
bution based on X-ray attenuation coefficients. Big pores larger than 40–50 µm would be 
visible, but others will be either unresolved or partially resolved. For the case of tight for-
mations or carbonates, this resolution is insufficient to analyze porous structure adequately: 
for tight formations, most of the pore sizes are below this number, while for carbonates, 
even with some large pores easily identified, we might not just lose porosity related to 
small pores and channels but also lose connectivity of the porous structure. In order to 
increase resolution, the scanning of the central part of the sample and smaller region of 
interest (ROI) could be performed, or smaller samples could be drilled out of the original 
sample for higher resolution scanning. The way with ROI scanning can increase resolution 
usually up to 3 times and would not require damaging operations (e.g., coring smaller sam-
ples) within a sample. The drawbacks of this approach are related to the big “filter” formed 
of the material out of ROI. It attenuates most of the energy and decreases the signal-to-
noise ratio. Additionally, the tube power should be reduced to match the size of the focal 
spot with higher resolution, while the magnification mainly would be increased by mov-
ing the detector to the back due to restrictions of placing the sample closer to the X-ray 
tube. As a result, the scanning time increases significantly with a noisy image. It is also 
hard to position ROI, and usually, this type is done along the rotation axis of the sam-
ple. Coring a smaller sample from the specified place is a preferable way to increase the 
resolution of the 3D image and sample structure. Taking a higher resolution image from a 
small part of the original sample may provide more precise information about the recorded 
structure. Still, this information may not be representative of the original sample due to its 
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possible inhomogeneity. In that case, a correlation between size and properties should be 
analyzed. Same applies to the size of the array for processing with software. The analysis 
of large-size image files is computationally demanding. On the other hand, smaller file size 
risks losing the information content (i.e., porous skeleton information). Therefore, com-
paring microtomography at different resolutions and sizes of the array can shed light on 
the amount of information lost and differences in porous media characterization associated 
with the size of the array and voxel size.

In this section, the comparison of results from µCT scanning at voxel sizes of 27.5 µm 
and 5  μm has been provided. Figure  7 shows the porous structure of the rock sample 
obtained by this technique at 27.5 μm/voxel and in Fig. 8 for 5 μm/voxel portraying pores 
divided into open and closed ones. Table 1 presents the analysis of μCT images in terms 
of total, closed, and open porosity obtained from scans with 27.5 and 5  μm/voxel. The 
segmentation for pores and mineral skeleton was performed by an automatic OTSU algo-
rithm. The array size for both scans is quite close in terms of the number of voxels but 
significantly differs in geometrical size: the volume analyzed at resolution 27.5 μm/voxel is 
about 120 times bigger than for 5 μm/voxel one. The minimal directly detectable pore size 
for a coarse scan is about 40–50 μm. Still, a significant part of porosity is under that num-
ber illustrated by detectable overall porosity for two resolutions and ratio of overall to open 
porosity. The overall porosity for fine resolution scan at 5 μm/voxel is 21.5%, and pretty 
close to one measured by gas pycnometer (23%), revealing most of the porosity lies within 
the range above 7 μm, detectable at 5 μm/voxel resolution. The resolution of μCT, how-
ever, limits to pores bigger than 1 micron, and thereby, prevents it from obtaining a precise 

Fig. 7   The porous structure of a rock sample by µCT imaging (27.5 μm resolution). Slice (left) and 3D seg-
mented image with open and closed porosity
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porosity value, although it is able to distinguish close porosity and open porosity, which is 
not a feasible task for the other methods. The closed porosity is 1.1% for a 5 μm/voxel scan, 
but this may also be connected porosity at a level below the resolution of the scan.

In contrast to 5 μm/voxel data, scan at 27.5 μm/voxel shows that overall porosity is just 
8.2%, and most of it (7.6%) is closed. The open and closed porosity visualization in Figs. 7 
and 8 shows the distribution of open and closed porosity identified for both resolutions 
by analysis of pores connectivity from Z + and Z− planes. The structure of a fine resolu-
tion scan is permeable from one plane to another, while very limited connectivity can be 

Fig. 8   The porous structure of a rock sample by µCT imaging (5 μm resolution). Slice (left) and 3D seg-
mented image with open and closed porosity

Table 1   μCT (27.5 and 5 μm/
voxel resolution) pore structural 
analysis results

Scan resolution 27.5 μm/voxel 5 μm/voxel

Processed array (voxel) 965 × 965 × 1290 1000 × 1000 × 1700
Processed array (mm) 26.54 × 26.54 × 35.48 5 × 5×8.5
Overall porosity (%) 8.19 21.49
Open porosity (%) 0.65 20.37
Closed porosity (%) 7.55 1.12
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identified by the coarse scan. The pore size distribution for both resolutions is presented in 
Fig. 9, together with pore throats size distribution from 5 μm/voxel data. The analysis for 
pore throats size distribution is meaningless for lower resolution since most of the pores 
are identified as disconnected due to the lost connectivity information.

The characteristic diameters for pores occupying overall 10, 50, and 90% of porosity 
space are presented in Table 2. The absence of small pores for coarse scan analysis refers 
to the undetectability of these species. In fact, the inhomogeneity of the sample requires 
significantly larger volumetric array for analysis and, therefore, results in low resolution. 
The throats size distribution for 5  μm/voxel shows a very narrow peak in the range of 
10–30 μm, and that is why identified porous structure at 27.5 μm/voxel scan is almost not 
connected.

Different approaches can, however, be employed to analyze μCT images, some of which 
are implemented in the available porous media image analysis tools. Each method would 
provide the user with a different result based on the interpretations and assumptions behind 
the technique. For instance, GeoDict performs two analyses. The geometric method used in 
GeoDict results in the pore size distribution. The other method uses the pore morphology 
technique [see (Hilpert and Miller 2001) and (Sweijen et al. 2017) for details] to simulate 
non-wetting phase invasion and to model the mercury porosimetry experiment (virtually) 
to obtain throat size distribution.
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27.5 μm/voxel as well as pore throats for images with 5 μm/voxel

Table 2   The characteristic 
diameter of the pores by μCT 
imaging (27.5 μm and 5 μm 
resolution)

Scan resolution 27.5 μm/voxel 5 μm/voxel
Characteristic diameter Pores

D10 61.6 µm 15.2 µm
D50 186 µm 29.2 µm
D90 473 µm 117 µm
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Furthermore, μCT offers the possibility to estimate the surface properties of the porous 
medium. The specific surface area of the rock porous skeleton has been estimated as 
28.41 m2/m3 based on the μCT images.

3.4 � Results of NMR

The incremental volume of pores versus the pore radius obtained from this method on the 
kerosene saturated sample is presented in Fig. 10. Fluid volume by NMR is used to calcu-
late sample porosity, and the plug volume is estimated by geometrical size. The pore size 
distribution is generated based on the T2 relaxation curve. Fluid volume and NMR porosity 
are presented in Table 3.

NMR permeability is calculated using the cutoff Coates model based on the T2 data 
(effective porosity value) and FFI and BVI indexes, which are determined after NMR 
analysis of the centrifuged sample and setting the T2 cutoff value. T2 cutoff is typically 
set by spectral analysis of the T2 curves for both 100% saturated sample and in a state of 
irreducible saturation. The high amount of large voids and insignificant volume of bound 
fluids affects and complicates the T2 cutoff estimation resulting in the range of 16–90 ms 
(depends on calculation method). Thus, the NMR method leads to a large overestimation of 
the sample permeability and, therefore, does not provide a reliable measurement. Regard-
ing permeability, while the NMR technique results in an out of range permeabilities, highly 
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Table 3   Fluid volume by NMR

As-received Dried Saturated Fluid

NMR fluid 
volume

Porosity by 
NMR

NMR fluid 
volume

Porosity by 
NMR

NMR fluid 
volume

Porosity by NMR

cc % cc % cc %

0.38 0.83 0.34 0.75 9.89 21.40 kerosene
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dependent on the cutoff range used, namely 422 mD, the permeability obtained by MIP is 
around 18.42 mD, close to that obtained by gas permeameter (20 mD).

3.5 � Comparing Various Methods of Porous Media Characterization

A comparison of the obtained values for the porosity from different methods is presented 
in Fig. 11.

The porosity by gas porosimetry is considerably different from that obtained by μCT 
scan at low resolution with 27.5  µm/voxel size. Under that insufficient resolution, an 
important part of porosity with characteristic size below 40–50 µm is missing, resulting 
in low recoverable porosity and losing pores connectivity. Choosing scan resolution ade-
quate to the scale of porous structure and taking an image of a representative volume of the 
sample are the key elements for correct CT scan and analysis. Besides these limitations, 
the μCT, however, provides the opportunity to measure pore and throat size distribution 
directly, to obtain open and closed porosity, the coordination number of pores and surface 
and volume characteristics of the porous medium, which can hardly be performed through 
other techniques.

The porosity obtained from μCT (21.5%) is closer than the overall porosity obtained 
by MIP (17.23%) to the gas porosimetry result (23%). The 5% difference could be due 
to inaccessible pores to mercury, which can be accessible to nitrogen with much smaller 
molecules.

The porosity obtained from NMR is 21.4%. This value shows a good correlation with 
the results of μCT scanning. However, it is lower than porosity values by μCT (5 μm/voxel) 
and by gas injection. It can be explained by the presence of large voids (caverns) which are 
not occupied by the saturating fluid and thereafter not detected by NMR. In relation to MIP 
results, NMR provides a higher value of total rock porosity, which confirms the underes-
timation of bulk porosity by mercury intrusion porosimetry. Overall, the NMR technique 
demonstrates a reliable measurement of rock saturation and porosity. However, the applica-
tion of NMR is conditioned by the probe preparation (rock cleaning and saturation proce-
dure) as well as the rock void space specifics (e.g., the presence of open caverns).

The normalized volume fraction of pores and throats and the cumulative volume frac-
tions are presented in Figs. 12 and 13, respectively.
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In the framework of comparison of different methods, we introduce the results of basic 
statistical comparison of PSD obtained by various methods. The cumulative probabil-
ity function distribution (CDF) of the so-called generalized inverse Weibull distribution 
(GIW) has been found to be of the closest match to the experimental cumulative volume 
fractions and therefore has been used for comparison. GIW distribution parameters are 
reported in Table 4. The CDF of GIW is formulated as follows (De Gusmao et al. 2011):

where a, b, and c are GIW parameters and take positive values.

(8)G(x) = exp

[

−c

(

a

x

)b
]

,

Fig. 12   Normalized volume fraction obtained from various techniques

Fig. 13   Cumulative volume fractions by various methods
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Table 5 presents the minimum, maximum, and median values of pore and throat radii 
detected by various techniques.

Based on the estimated CDFs of the results, in order to use the Kolmogorov–Smirnov 
method to compare the CDFs, the estimated CDFs are partitioned into 50 points, and the 
maximum distance between them is measured and reported hereafter (Fig. 14).

As can be seen in Fig. 14, the coefficient of surface relaxivity in the NMR analysis 
plays a great role in the final result. The coefficients used in our study are in the range 

Table 4   Parameters of the 
generalized inverse Weibull 
distribution

Parameter/method GIW distribution 
parameter

Error 
measure 
of fit

a b c R2

μCT pore size distribution 13.61 1.38 1.81 0.99
NMR (ρ = 5 μm/s) 9.70 1.80 0.92 0.99
NMR (ρ = 10 μm/s) 13.88 1.80 1.69 0.99
MIP 1.36 1.34 1.35 0.79
μCT throat size distribution 10.26 4.36 2.55 0.99

Table 5   The minimum, 
maximum, and median pore and 
throat radii as determined from 
various techniques

*The median value has been calculated based on the cumulative vol-
ume fraction–size distributions whose parameters are presented in 
Table 4

Method Min (nm) Max (μm) Median* (μm)

μCT pore size distribution 7500 652.50 27.33
NMR (ρ = 5 μm/s) 0.20 200 11.38
NMR (ρ = 10 μm/s) 0.40 400 22.76
MIP 20 19.97 3.32
μCT throat size distribution 7500 652.50 13.84

Fig. 14   Distance between the cumulative volume fractions (cumulative distributions)
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reported in the literature for carbonate rocks. The coefficient of 10 μm/s yields in the 
best estimation of pore size distribution with the maximum distance of 0.11543 for 50 
points, which is reasonably below that the critical value of the Kolmogorov–Smirnov 
method for 50 points (1.36/√50 = 0.1923, for 95% confidence interval)). A lower choice 
for this coefficient, namely 5 μm/s, results in an estimation of the CDF of throat volume 
fraction–size distribution rather than pore volume fraction. This shows the importance 
of the selection of the surface relaxivity coefficient for the correct calculation of PSD by 
the NMR method. The reason behind this behavior in NMR analysis is that the results 
of NMR contain the effect of resonance of hydrogen atoms in all parts of the porous 
volume, and not only pores. Therefore, the resulting NMR volume fraction distributions 
appear in close vicinity of pore size distribution and throat size distributions.

Furthermore, when examined in light of Kolmogorov–Smirnov distances, MIP, 
which uses the bundle of tube assumption, gives neither a good approximation of pore 
volume fraction–size distribution nor that of throats. The reason is assigning both func-
tions of pores and throats to an idealized cylindrical capillary tube in MIP. This method 
assumes all pores of a certain size are drained at once when the capillary pressure asso-
ciated with that tube radius has overcome, while in reality, all pores of the same size (as 
well as the throats of the same size) may remain saturated until higher capillary pressure 
level, when some pores or throats of smaller size which are in their path to the drainage 
front have been drained. That is to say, the loss of connectivity in the common bundle 
of capillary conceptualization used in MIP leads to an estimation of the so-called pore 
access size distribution, which is neither representative of that of pores nor the throats. 
Although it is closer to the throat volume-fraction distribution, by no means its result-
ing distribution is an acceptable one; it assigns much of the volumes to the considerably 
smaller sizes.

In current work, we have attempted to analyze the applicability and limitations of a 
suite of both state-of-the-art techniques, including NMR, MIP, μCT, and conventional 
methods such as gas injection based on pressure decay (PDP). All the mentioned tech-
niques have their own advantages and limitation, which we shortly stated in Table 6.

In the current study, due to the limited core material, we analyzed the most repre-
sentative experimental methods for the porous structure investigation. For open (bulk) 
porosity determination, any of NMR, μCT, or conventional gas injection (PDP) is 
recommended. Therefore, for precise investigation of the rock effective porosity, it is 
important to control the CT resolution and maintain it at its highest level. For obtain-
ing PSD (pore radius or diameter), both NMR and X-ray CT provide reliable results; 
the raw data processing is essential and should be carefully tuned. Based on our results, 
pore throat size is well characterized by μCT (5 μm/voxel), while the MIP leads to an 
underestimation of the values. Thus, the scope of application of each method according 
to our results can be described as follows (see also Table 6):

•	 Gas injection-based method demonstrates reliable and efficient measurement of 
open/bulk porosity and permeability; it is recommended for preliminary estimation 
of rock reservoir properties.

•	 For a detailed picture of the rock porous structure, the combination of several meth-
ods (NMR, MIP, and CT) is required. In the absence of X-ray CT, one could use 
NMR for obtaining pore size distribution and MIP for throat size distribution. It 
should, however, be noted that both methods underestimate the targeted distribu-
tions, as revealed in this study.
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•	 The permeability by gas is more accurate and reliable than that by NMR calculation; 
additional research involving more experimental techniques for measuring permeability 
may form a basis for a separate publication.

•	 The resulting pore size distribution from MIP is rather a rough estimation of the throat 
size distribution obtained from μCT (5 μm/voxel), while NMR prediction can provide 
a rather good approximation of the pore size distribution obtained from μCT (5 μm/
voxel). One should note that NMR prediction is highly sensitive to the surface relaxiv-
ity coefficient considered in the analysis.

•	 For complex porous systems (such as carbonate rocks) even at a given high porosity 
and permeability, it is difficult to choose one approach yielding the best estimation of 
all porous media characteristics, namely porosity, permeability and pore, as well as 
throat size distribution. Therefore, the joint application of them is recommended (i.e., 
NMR + μCT for pore size, MIP + NMR + Gas (porosimeter) for porosity and Gas (per-
meameter) + MIP for permeability, and finally μCT for throat size distribution, and in 
its absence, alternatively MIP).

Although care was taken to distinguish between pores and throats in our porous media 
characterization, making it superior to the previously published studies in this regard, and 
furthermore a suite of different techniques was utilized, one should note that due to the 
complex nature of porous media in different rocks, it is suggested to perform further stud-
ies on other rock types such as shales and sandstones in order to gain full insight on the 
scope of application of these techniques in different rock types. Specific properties of each 
type of rock (high porosity for sandstone and low porosity, the presence of viscous compo-
nents, and kerogen in shales) may result in significant changes in comparison and analysis 
of utilized techniques. At given conditions, we have attempted to focus on the most recog-
nized experimental techniques and perform all the measurements on the single (target) rock 
sample divided into multiple specimens and utilized according to the proposed workflow. 
The limited core material is one of the crucial issues in the area of experimental petro-
physics which highlights the value of a simultaneous detailed and integrated study on a 
single core sample. Further steps of our research involve enhancing the number of utilized 
experimental techniques such as SEM, FIB–SEM, FIB–HIM, and low-temperature nitro-
gen adsorption for investigation of the nano- and micropores in the rock.

4 � Summary and Conclusions

In this study, a thorough analysis of the porous skeleton of rock samples was conducted by 
means of various state-of-the-art techniques. The following conclusions can be made:

•	 While μCT data if analyzed, directly, can reveal a realistic portray of the porous skel-
eton; the pore size distribution obtained from MIP is considerably different from real 
pore size distribution. It can give a different description of the porous structure, which 
would, potentially, result in the erroneous predictions of flow and transport proper-
ties, if it is used for post-processing. On the other hand, NMR can result in a rather 
good prediction of pore size distribution. The surface relaxivity coefficient, however, 
strongly influences the analysis result.

•	 MIP would rather provide a rough estimation of the throat size distribution, which 
without pore size distribution fails to give a complete characterization of the porous 
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skeleton. Therefore, either the bundle of capillary conceptualization used to interpret 
MIP technique has to be modified to result in both pore and throat size distributions or 
imaging has to be considered as an inevitable part of any porous media characterization 
process. However, one should note that the imaging has to be performed at a suitable 
resolution not to miss the porosity inherent in smaller scales and smaller-scale hetero-
geneities.

•	 The NMR technique, gas injection, and μCT imaging can all be utilized, provided that 
only bulk measures of the porous skeleton, such as porosity, are required to be deter-
mined. Mercury intrusion porosimetry gives an underestimation of porosity as com-
pared to the other methods, and coarse µCT scan imaging due to almost sixfold higher 
resolution loses a considerable amount of information on hidden porosity. Its estimated 
porosity is almost one-third of the porosity estimated by the other techniques.

•	 Regarding permeability estimation, NMR is, however, less reliable as its results are 
highly dependent on the cutoff level and completely different from methods such as gas 
injection and MIP. The definition of permeability by Coates equation employs the val-
ues of free and bound fluid volumes and leads to an overestimation of permeability due 
to initially high free fluid index and not reliable experimental T2 cutoff determination. 
The latter two (gas injection and MIP) are resulting in almost similar permeability.
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