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1. INTRODUCTION

Petrophysics is the study of the physical and chemical proper-
ties of rocks and their contained fluids (Tiab & Donaldson, 
1996). Many petrophysical properties depend on the distri-
bution of other properties such as mineralogy, pore size, or 
sedimentary fabric, and the chemical and physical properties 
of both the solids and fluids. Accordingly, petrophysical 
properties can be fairly constant throughout a homogeneous 
reservoir or vary significantly from one location to another 
in an inhomogeneous or heterogeneous reservoir (Fitch et 
al., 2015). The scale of observation is a fundamental aspect 
in modelling material behaviour or deriving its effective 
parameters from the constituent relations governed by the 
spatial distribution of its components. Frazer et al. (2005) 
commented that heterogeneity is an inherent, ubiquitous, 
and critical property that is strongly dependent on scales of 
observation and the methods of measurement used. Frazer 
et al. (2005) and Fitch et al. (2015) suggest that heteroge-
neity does not necessarily refer to the overall system, or in-
dividual rock/reservoir unit, but instead may be dealt with 
separately for individual units, properties, parameters, and 
measurement types. Recently, accurate determination of rock 
heterogeneity becomes essential for a variety of industrial 

applications. For instance, it plays a crucial role in determin-
ing the reservoir’s ability to recover oil and gas (Russo & Jury, 
1987; Chang & Gao, 1995; Muhlhaus & Oka, 1996; Webster, 
2000), carbon geo-storage efficiency (Feyel & Chaboche, 
2000; Peerlings & Fleck, 2001; Kouznetsova et al., 2001, 
2002), contaminant mitigation and natural source zone de-
pletion (Bear & Bachmat, 1990; Clausnitzer & Hopmans, 
1999), water discharge and extraction rates (Brown et al., 
2000; Baveye et al., 2002) or geothermal energy production 
feasibility (e. g., Al-Raoush & Willson, 2005). It is thus im-
portant to understand rock heterogeneity in detail to make 
reliable predictions or process optimization. The issue of how 
the scale of measurement will be impacted by heterogeneity 
can be represented through the concept of a Representative 
Elementary Volume (REV) to characterise the point when 
increasing the size of data population no longer impacts 
the average, or upscaled, the value obtained (Bear, 1972; 
Bachmat & Bear, 1987).

One of the simplest techniques to determine REV was pro-
posed by Bear (1972); it is evolved from plotting porosity against 
rock volume, the point at which the parameter, i.e., porosity, 
becomes constant identifies the REV. Almost all recent REV 
studies have evaluated the variation of X-ray imaged porosity 
with increasing measurement volumes. Such studies have been 
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carried out for glass bead mixtures (Al-Raoush & Willson, 2005; 
Clausnitzer & Hopmans, 1999), rocks (Biswal et al., 1998; Brown 
et al., 2000), and soil (Baveye et al., 2002; Vogel et al., 2002). 
Authors of studies also comparing different materials generally 
reported individual REVs for each specific material or sample 
(Baveye et al., 2002; Al-Raoush & Papadopoulos, 2010; Borges 
et al., 2018; Zhang et al., 2000).

In the present work, CT scanning was applied in the study 
of a 5 m long core of the Boda Claystone Formation (BCF) to 
get an accurate insight into the variability of the porosity and 
density of the rock-forming components. The main objective of 
this study was to calculate the representative elementary volume 
(REV) of porosity.

The basic R EV concept introduced by Bear (1972) is 
shown in Fig. 1A. This idea says that if an infinitesimal cu-

bic elementary volume, at a point , is considered, its porosity 
can take two values, 0 or 1. If the point is inside a pore, the 
porosity at is 1, in the other case, the porosity is 0. When we 
increase the volume around gradually, the corresponding 
porosities alternate between 0 and 1. This region is labelled 
as the ‘Domain of microscopic’ (Fig. 1A, left-hand side). Be-
yond a particular volume around (Fig. 1A, Vmin), these micro-
scopic variations tend to decay, leaving only small-amplitude 
fluctuations that are due to the random distribution of pore 
sizes in the neighbourhood of (Fig. 1A, middle part). The 
homogenous region may become again heterogeneous af-
ter a particular volume (Fig. 1A, Vmax). The region between  
Vmin and Vmax is called Representative Elementary Volume.

2.  X-R AY COMPUTED TOMOGR APHY (CT); 
QUANTITATIVE AND APPLIED

2.1. Quantitative data in CT scan images

X-ray computed tomography (CT) can provide unrivall ed 
information about the internal structure of materials non-
destructively from the meters down to the tens of nanometres 
length scales. It exploits the penetrating power of X-rays to ob-
tain a series of two-dimensional (2D) radiographs of the object 
viewed from many different directions. This process is called 
a CT scan. A computed reconstruction algorithm is then used to 
create a stack of cross-sectional slices from these 2D projections 
(radiographs) of the object (Withers et al., 2021).

A single CT scan image is produced using a mono-energetic 
X-ray. As each X-ray beam passes through the sample, it attenu-
ates varyingly, and the transmitted X-ray is received by a detector 
(Hounsfield, 1973). The attenuation is measured at many angles 
and reconstructed in a 3D matrix. The 3D distribution of the X-ray 
attenuation coefficient in reservoir rocks is dependent on varia-
tions in mineral composition (atomic number and density), po-
rosity, and saturation. X-ray attenuation is physically determined 
mainly by photoelectric absorption and the Compton effect. 
Photoelectric absorption is dependent on the effective atomic 
number and is especially important at low energies (Yang et al., 
2019; Withers et al., 2021). The Compton effect predominates 
at high energies and the associated X-ray attenuation is mainly 
controlled by density (Withers et al., 2021). Just as 2D images 
are made up of 2D pixels, 3D images are made up of many cubic 
volume elements called voxels (Withers et al., 2021). The X-ray 
attenuation can be determined using Beer Lambert’s law (Eq. 1). 
Each rotation of the X-ray source around the sample produces 
a cross-sectional image, which can then be stacked to form a 3D 
volume.

 I = I0 e–(md)  (1)

where I is the intensity of the transmitted X-ray, is the initial  
X-ray intensity, is the linear X-ray attenuation coefficient and 
is the length of the X-ray path inside the object. When X-ray 
energy and intensity are kept constant, linear attenuation of 
X-ray occurs as a function of density, resulting in the sensitiv-
ity of CT images to density changes (Heismann et al., 2003; 
Duchesne et al., 2009).

Series of X-ray attenuation measurements are numerically 
processed (reconstructed) to show the spatial distribution of  
X-ray attenuation coefficients within the sample; the signal at 
each point in the reconstructed images referred to as CT numbers 
are expressed in Hounsfield units. The Hounsfield unit (HU) 
scale is a linear transformation of the original linear attenuation 
coefficient measurement into one in which the radiodensity of 
distilled water at standard pressure and temperature (STP) is 
defined as zero Hounsfield units (HU), while the radiodensity 
of air at STP is defined as – 1000 HU. The corresponding HU 
value is therefore given by:

HU = 103 .  m–mw

 (2)

Fig. 1. A: Definition of the Representative Elementary Volume, REV (after 

Bear, 1972). B: locations of initial cubic volume.

mw
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where is the attenuation coefficient of the measured material, 
and is the attenuation coefficient of water. The X-ray attenuation 
coefficient is represented as CT numbers for a medical CT, which 
is calibrated to air with the value – 1000 and water with the value 
0 according to the Hounsfield scale.

Grey-scale images are generally used to visualise the differences 
in X-ray attenuation. This process provides a digital 3D grey-scale 
representation (often referred to as a tomogram). This can be 
quantitatively analysed and virtually sliced in any direction or 
specific constituents can be digitally colour-coded to visualise the 
3D morphology. For example, bright colours (high values) have 
low porosity and dark colours (low values) have high porosity in 
reservoir rocks with constant mineralogy and saturation (Földes 
et al., 2004; Wesolowski & Lev, 2005; Földes, 2011).

Measurements with X-ray CT are subject to a range of errors 
and image artifacts, including Beam hardening, star-shaped, po-
sitioning error, and machine error. Techniques used to minimise 
them were discussed in full by Van Geet et al. (2000), Ketcham 
& Carlson (2001), and Akin & Kovscek (2003).

2.2. Applied CT scan images

A core sample of BCF (Ib-4), about 5 m-long, was scanned at 
a high-resolution X-ray CT facility at the Institute of Diagnostic 
Imaging and Radiation Oncology, University of Kaposvar, Hun-
gary. The CT measurements were performed on a Siemens Emo-
tion 6 medical scanner. The instrument operates at 120 kVp (peak 
kilovoltage), with 250 mAs (milliampere-seconds) current, 1.0 s 
(sampling intervals). The lateral resolution was (0.1953 × 0.1953) 

mm2 with 1.25 mm of scan-slice thickness. The image recon-
struction matrix was 512 × 512 pixels. The field of view (FOV) 
was approximately 9.99 cm. CT images are stored in a DICOM 
(Digital and Imaging Communications in Medicine) format. 
DICOM images are be easily read by ‘classical’ 3D volume ren-
dering software (Abutaha et al., 2021a).

Scans were made using a modified dual-scanning approach 
(Balázs et al., 2018). Usually, rock samples are dried in a vacuum 
oven at temperatures of 120 to 210 °F (50 to 100 °C). Drying 
is terminated when the samples reach a stable weight (Soeder, 
1986). After six hours of vacuuming the sample, all pore water 
was removed, and CT measurements were acquired (scan of the 
dry core). The next phase was pumping water in the whole dried 
sample (saturation process). After an hour of relaxation, those 
slices that went under vacuumed then flooded condition were 
re-scanned. CT images were stored in a DICOM (Digital and 
Imaging Communications in Medicine) format. A DICOM file 
contains in its metadata the scanning parameters, i.e., Pixel Spac-
ing and Slice Thickness attributes. These metadata are essential 
for geoscientific applications as they record the dimension (in 
millimeters) of each voxel in the x, y, and z direction.

The laboratory guaranteed that the DICOM files were free 
of any artifacts and that during the second scan, the same pix-
els were measured as during the first one. This image format 
is a standard in medical applications and can be easily read by 
‘classical’ 3D volume rendering software (e.g., VOXLER).

For the present paper, we have calculated the porosity values 
for each voxel of the scanned slices from both scans (Moss et al., 
1990; Abutaha et al., 2021 a). 

Fig. 2. A – Distribution of Boda Claystone Formation sequences in the Mecsek Hills area (after Haas & Péró, 2004); B – The studied core site, Ibafa 4 (Ib-4), 

marked by a red star in the upper left-hand corner.
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3. GEOLOGICAL SETTING AND MINER ALOGY

The Upper Permian sedimentary sequence of the Boda 
Claystone Formation (BCF) is where the studied sample has 
its place. It is located in the western Mecsek mountains, southern 
Transdanubia (southern Hungary) (Fig. 2A); it is known for 
150 km2. Ten percent of which can be found on the surface. This 
formation has been selected as a potential disposal repository 
rock formation for high-level nuclear waste (HLW) due to its 
low porosity, appropriate hydraulic conductivity, and absence 
of organic residues (Boisson, 2005). Two distribution areas 
of BCF are known (Fig. 2B), the western Mecsek mountains  
(a peri-anticlinal structure; ca. 700 –900 m) and in the Gorica 
block (ca. 350 m). However, Gorica Block has only one borehole 
(Ib-4); it covered ca. 200 m of the complete sequence of BCF.

BCF was deposited in a shallow-water salt lake environment 
surrounded by dry to saline mudflats, under semi-arid to arid 
climatic conditions (Baraba’s & Baraba’s-Stuhl 1998; Máthé, 
1998; Árkai et al., 2000; Varga et al., 2005; Máthé & Varga, 
2012). The stratigraphical position, as well as the detailed geologi-
cal information of the core sample studied, are shown in Fig. 3.

The main rock-forming minerals of BCF are clay minerals 
(10–55 wt %), albite (20–60 wt %), detrital quartz (5–30 wt %),  
carbonate minerals (calcite and dolomite; 10–50 wt %) and 
hematite (5–10 wt %) (Máthé, 1998, 2015; Árkai et al., 2000; 

Varga et al., 2005, 2006). The illite–muscovite, and chlorite have 
also a remarkable occurrence; 15–50 wt % and 0–35 wt %,  
respectively. Otherwise, smectite, kaolinite, vermiculite, and 
mixed-layer clay minerals (illite/smectite, chlorite/smectite) 
are minors (Máthé, 1998, 2015; Árkai et al., 2000; Varga et al., 
2005, 2006). The authigenic albite is present as albite cement 
(typical for all rock types of BCF), and few millimetre sized ir-
regular vesicles filled with albite and carbonate minerals (typical 
for albitic claystone) In the Gorica block, same as the authigenic 
albite, the analcime is present as cement and pore-filling material. 
According to mineralogical investigations, amounts of analcime 
range between 8 and 25 wt % (Fedor et al., 2018).

According to the cooperation between the University of Szeged, 
GEOCHEM, and the Public Limited Company for Radioactive  
Waste Management (PURAM), the raw data sets of dry and flood-
ed CT measurements of the core material were transferred to the 
University of Szeged for further analyses. Five larger blocks of the 
core material served as the basis of the present work. Only the tex-
turally undamaged parts of the core blocks were analysed (Fig. 3).

4. METHODS

4.1. Pre-processing

Figure 4 shows the workflow followed to obtain the REV of 
voxel porosity. A 3D-nearest neighbour algorithm was used to 
build the 3D volumes of the scanned core blocks. This process 
resulted in two lattices, one for the vacuum dried and one for 
the saturated core volumes. The so-called scanning artifacts 
may obscure details of interest or cause the CT value of a single 
material to change in different parts of an image. The most com-
monly encountered artifact in CT scanning is beam hardening. 
Various methods have been developed to reduce or remove the 
effects of beam hardening (Van Geet et al., 2000; Ketcham & 
Carlson, 2001; Akin & Kovscek, 2003). One of these is subset 
the CT volumes. It means removing the 3D image’s outer edges 
and only central volumes are handled in quantitative analysis. 

For the identification of rock-forming components of the core 
sample, CT HU intervals defined by PURAM for characteris-
tic rock types of BCF were used as follows: detrital fragments 
(coarse siltstone): < 2700 HU, fine siltstone: 2700–3150 HU, 
claystone: 3150–3300 HU, calcite and/or dolomite: 3300–3600 
HU, and albite: > 3600 HU (Abutaha et al., 2021a). The reality of 
the rock-forming components was compared with macroscopic 
core descriptions.

Calculation of the relative percentages of the rock-forming 
components for scanned core parts was a prerequisite of the 
definition of small-scale layers. These layers are called CT layers 
in the rest of this paper.

4.2. REV calculations

The REV is a function of the spatial position of point (Fig. 1A), 
where the volume-increasing process starts. Consequently; in 
the domain of REV, the porosity of such volume should not vary 
significantly across different parts of the sample (Fernandes et 

Fig. 3. The core and the intervals studied by CT. Abbreviations:   

Hg Poro = Mercury Porosity, Den = Density log, TG = Natural Gamma log. 
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al., 2012). In this work, we pointed out 
five different starting positions, within 
the studied CT volumes to calculate REV 
(Fig. 1B).

The calculations were started with 
a  traditional point-centred cube ge-
ometry, in which dimensions were in-
creased symmetrically in all directions 
from a single-voxel starting point. The 
averages of the acquired porosity values 
were then plotted on a chart of Statistical 
Process Control (SPC). Control limits 
are the standard deviations located above 
(UCL) and below (LCL) the centreline of 
an SPC chart. If the voxel porosity meas-
urements are within the control limits 
(tolerance margins), it indicates that the 
process is in control (Fig. 5); non-random 
pattern in the distribution. If there are 
data points outside the tolerance margins, 
it indicates that a process is out of control 
(Montgomery, 1997; Russo et al., 2012; 
Geiger, 2018; Abutaha et al 2021b).

The term ‘non-random pattern’ can be 
matched with the REV domain since both 
express ‘controlled’ processes (Figs. 1A,5). 
In Fig. 5 the studied parameter has only 
controlled values at the sampling point be-
yond Sfirst. This sample point corresponds 
with the minimum volume from which 
the REV can be defined (Figs. 1A,5). That 
is, the minimum volume of REV can be 
identified by using SPC.

In general, the practice of SPC analysis 
consisted of three steps: understanding 
the process and specification limits, elimi-
nating special sources of variations, and 
monitoring the ongoing process (Polhe-
mus, 2005). In the present study, the last 
step is not used. Normally, SPC works 
under the assumption that the data ob-
served are independent. However, in our 
case, a continuous transition violating in-
dependence between the different rock-
forming components must be assumed. 
ARIMA (Auto-Regressive Integrated 
Moving Average) charts are designed to 
handle such situations (e.g., Box et al., 
1994; Polhemus, 2005; Russo et al., 2012).

Figure 5 illustrates a typical example 
of the applied analysis with ARIMA 
charts for the first CT volume. The start-
ing point was at the upper left side of the 
volume. In Fig. 6A, the components of 
the fitted ARIMA (1,0,0) model are 
shown. The explicit form of this model 
is a linear combination of a constant, one 

calculating the representative elementary volume of porosity using x-ray computed tomography: boda claystone...

Fig. 4. The workflow.

Fig. 5. The SPC chart

Fig. 6. An example of the applied ARIMA charts. A – Parameters of the selected model; B – The explicit 

form of the selected model; C – Parameters of the ARIMA chart; D – ARIMA chart with the indication of 

the volume step where the REV can be defined.
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autoregressive term, and an error term (Fig. 6B). The calculated 
centreline (average) and the UCL and LCL lines are shown 
in Fig. 6C. Finally, in Fig. 6D, the ARIMA chart can be seen, 
where the red dots indicate those parts of the series where severe 
deviations can be detected from the ARIMA (1,0,0) model. 
From the 10th incremental step, a series of averaged porosity 
values are within the UCL and LCL. That is, the porosity is fully 
controlled. Consequently, the minimum volume of REV can 
be identified as the volume belonging to the 10th incremental 
step (64.75 cm3).

Such calculations were performed for each of the 20 CT vol-
umes (Tab. 1). A particular REV value obtained may also depend 
on the size of the corresponding CT volume, which makes the 
comparison complicated. To circumvent this problem, the REV 
values were normalised by the studied CT volumes (Tab. 1). 
In this way, REV could be expressed as the percentage of the 
studied volume.

The Monte Carlo simulation focuses on constantly repeating 
random samples to achieve certain results. Once the simulation 
is complete, the results are averaged to provide an estimate. We 
applied this approach to simulate 1 000 outcomes of REV calcu-
lated for each CT volume. By doing so, we assumed that those 
parts of the core studied fairly and representatively described 
the composition of the rock types of the entire core (Tab. 2).

The prior procedure was five times iterated by varying the 
location of starting voxel volume; upper left, upper right, lower 
left, lower right, and middle. Table 3 shows the mean REV – 
porosities of CT volumes.

4.3. Post-processing

When investigating the REV, it is essential to fully understand 
spatial distribution and variability of petrophysical properties of 
the core sample studied. Abutaha et al. (2021a) used a Boolean 
function to show the 3D spatial distributions of voxel-porosity by 
rock types. In that way, a straight connection between the rock-
forming components and the voxel porosities would derive. In the 
present work, the Boolean lattices were built up for 4L-1 and 4L-2 
core volumes to visualise the three-dimensional distribution of 
voxel-porosities of rock-forming components. In addition, relying 
on Abutaha et al. (2021b), layers boundaries of the 4L-1 and 4L-2 
core volumes were defined. The layer-averaged voxel-porosity 
frequencies were calculated in each layer to quantify the vari-
ability of pores distributions across different rock components.

Linear correlation coefficients were calculated between any 
two pairs of rock-forming components and corresponding aver-
age porosities over the CT layers. Only those correlations were 
regarded as important relations, where the 25 % (r2 = |0.5|) of 
the variance of a variable was predictable from the other one.

5. R ESULTS AND INTERPR ETATIONS

5.1. Actual and simulated REV values

Detailed calculations of the REVs (cm3) and the normalised REVs 
(%) of the twenty CT volumes of each location are summarised in 

Tab. 1. Summary table of REV calculations.

Block 
No.

CT Volume 
No.

Voxel 
Volume of 

the CT brick 
(cm3)

REV (cm3)
Normalised REV (%)

(REV (cm3) / CT brick volume ) * 100 %

Upper 
left

Upper 
right

Lower 
left

Lower 
right

Middle
Upper 

left
Upper 
right

Lower 
left

Lower 
right

Middle

1L1

volume 1 222.00 64.75 16.90 4.58 159.68 47.50 29.17 7.61 2.06 71.93 21.40

volume 2 236.00 74.08 10.62 36.85 26.57 24.00 31.39 4.50 15.61 11.26 10.17

volume 3 42.53 19.12 16.33 1.82 2.73 0.45 44.96 38.41 4.28 6.42 1.06

volume 4 85.05 19.05 13.23 10.56 17.72 31.19 22.40 15.55 12.41 20.83 36.67

volume 5 70.88 58.73 8.10 0.32 16.64 9.90 82.86 11.43 0.45 23.48 13.97

1L2

volume 6 96.26 35.77 1.31 31.13 2.27 6.25 37.16 1.36 32.34 2.36 6.49

volume 7 313.88 95.33 16.90 13.94 17.90 1.97 30.37 5.38 4.44 5.70 0.63

volume 8 265.05 41.53 0.38 87.12 3.87 0.85 15.67 0.14 32.87 1.46 0.32

volume 9 101.84 41.53 10.62 2.08 0.42 1.35 40.78 10.43 2.04 0.41 1.33

2L1

volume 10 439.92 64.75 41.97 55.12 9.24 0.12 14.72 9.54 12.53 2.10 0.03

volume 11 205.92 56.24 16.66 21.37 31.43 0.81 27.31 8.09 10.38 15.26 0.39

volume 12 198.43 41.53 1.26 13.09 16.65 0.81 20.93 0.64 6.60 8.39 0.41

4L1

volume 13 126.00 7.87 1.30 50.50 51.52 0.12 6.25 1.03 40.08 40.88 0.09

volume 14 277.20 41.53 13.52 41.51 44.70 101.60 14.98 4.88 14.97 16.12 36.65

volume 15 136.42 20.26 8.17 10.25 26.90 3.62 14.85 5.99 7.51 19.72 2.65

volume 16 26.87 16.89 0.38 14.55 2.01 5.39 62.85 1.41 54.13 7.48 20.06

volume 17 74.40 36.83 8.17 40.99 1.49 0.12 49.50 10.97 55.10 2.00 0.16

4L2

volume 18 92.16 7.87 0.16 2.96 6.50 6.25 8.54 0.17 3.21 7.06 6.78

volume 19 105.12 32.25 0.38 6.75 8.47 7.87 30.68 0.36 6.42 8.05 7.49

volume 20 442.08 149.30 144.88 15.68 22.24 107.94 33.77 32.77 3.55 5.03 24.42
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Tab. 1. As of now, the term of location is used to show the position 
of the initial volume of the REV calculation.

Table 2 shows, that the average REV values range from 16.56 
up to 46.26 cm3. The largest REV value corresponds to the upper 
left location, while the smallest REV relates to the upper right 
location (Tab. 2).

The normalised REVs, in the upper right and the middle loca-
tions, give almost equal volume percentages; ≈ 9 %. They also 
have almost similar values at the lower right and lower left loca-
tions: 14 % and 16 % (at the scale of the studied core volume). 
However, the upper left location displays an extremely high 
average REV percentage; it is about 31 % (Tab. 2).

The Monte Carlo simulation with 1 000 runs was used to 
simulate the long-run properties of REV and the normalized 
REV of voxel-porosity. The results are seen in Tab. 2 (the last 
two columns). In the studied core volume, the average range of 
the simulated REV extends from 54 to 65 cm3. Notwithstand-
ing, the middle location of REV shows a much smaller value 
around 42 cm3.

According to the simulation of the normalised REV values, 

the percentages at the scale of the studied core volume (from 
highest to smallest) are as follows: upper left location 40 %, the 
lower right location 41.34 %, and the lower-left location 23.86 %, 
respectively. The upper right and the middle locations have al-
most the same percentage volumes around 15.5 %.

The average effective voxel porosity of BCF is approximately 
2.55 %. In Tab. 3, the REV porosities calculated from the sample’s 
corners (upper left, upper right, lower left, and lower right) have 
mostly coincided with the general BCF average voxel porosities of 
2.46 – 2.58 %. However, the middle location has an exceptional 
larger REV porosity value (~ 2.8 %).

The REV porosity of the middle position showed an odd high 
value (~ 2.8 %). To understand this remarkable result, further 
quantifying analyses of porosity distribution were applied to 
the 2 m bottom of the studied core sample (4L-1 and 4L-2 core 
volumes).

Quantitative analysis of porosity in 4L-1 and 4L-2 volumes
In Fig. 7, each 3D brick of the dry scan includes five-rock con-

stituents: detrital fragments, fine siltstone, claystone, carbonate, 
and albite. The voxel porosity averages of these rock-forming 
components were calculated using dual CT scanning (Abutaha 
et al., 2021a).

Figure 7 shows the voxel porosities of the analysed CT vol-
umes (second column). From the third to seventh columns, 
the porosity characters of the five rock-forming components 
are detailed. In the eighth column of Fig. 7, the porosities of the 
detrital fragments and the albite nests are pooled. The ninth 
column shows the small-scale layers defined by the dominant 
rock-forming component (Abutaha et al., 2021b). Finally, the 
last column is for their average porosity.

Based on Fig. 7, the following facts could be derived: 1) The 
spatial distribution of the porosities of the detrital fragments and 
the albite nests are very similar (Fig. 7, the third and the seventh 
columns); 2) The higher the amount of the detrital fragments 
and albite, the larger the CT-layer-averaged porosity (Fig. 6, the 
eighth and the tenth column); 3) The alternation of the CT lay-
ers with high and low layer-averaged porosity shows a cyclical 
pattern (Fig. 6, the tenth column).

In a former study, the CT-layers were classified into three 
genetic groups based on data-mining techniques, by which the K-
fold cross-validation algorithm was used to determine the cluster 
distribution number of the calculated voxel porosities (Abutaha 
et al., 2021a). The first group was CT-layer with dominantly ma-
trix porosity, where 75 % of the voxel porosities were smaller than 
7 %. The second group was called CT-layers with dominantly 
macro-porosity. In this group, 75 % of the voxel porosity ratios 
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Upper 
left

Avg (cm3) 46.26 30.96 64.80 39.65

Md (cm3) 41.53 29.77 60.53 37.98

STD 33.39 18.79 30.56 15.47

Min (cm3) 7.87 6.25 7.45 8.70

Max (cm3) 149.30 82.26 149.75 78.19

Upper 
right

Avg (cm3) 16.56 8.53 53.77 15.71

Md (cm3) 9.39 5.69 49.24 14.67

STD 31.76 10.32 32.47 8.32

Min (cm3) 0.16 0.14 0.51 0.73

Max (cm3) 144.88 38.41 143.55 36.64

Lower 
right

Avg (cm3) 23.45 13.80 61.44 41.34

Md (cm3) 16.45 7.77 55.68 40.11

STD 35.16 16.84 34.96 17.96

Min (cm3) 0.42 0.41 1.44 2.83

Max (cm3) 159.83 71.93 158.02 87.31

Lower 
left

Avg (cm3) 33.35 16.05 55.59 23.86

Md (cm3) 28.06 8.95 51.75 22.19

STD 30.44 17.23 27.60 11.00

Min (cm3) 2.08 0.45 2.53 1.96

Max (cm3) 131.42 55.10 130.85 53.94

Middle

Avg (cm3) 17.91 8.56 42.23 15.53

Md (cm3) 4.50 4.57 38.11 14.73

STD 32.16 12.16 23.56 7.98

Min (cm3) 0.12 0.03 0.37 0.13

Max (cm3) 107.94 36.67 107.04 35.61

Tab. 2. Summary statistics of actual and simulated REV values.

Tab. 3. Summary statistics of the mean porosities of the REVs.

REVs porosity averages (%)

Upper 
left

Upper 
right

Lower 
right

Lower 
left

Middle

Average 2.52 2.58 2.55 2.47 2.78

Median 2.52 2.62 2.54 2.51 2.81

Standard deviation 0.21 0.22 0.22 0.185 0.26

Minimum 2.08 2.09 2.01 2.10 2.23

Maximum 2.88 2.92 2.88 2.85 3.05
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were larger than 7 % and smaller than 19 %. The larger than 19 % 
voxel porosities were regarded as outliers and extremities. Finally, 
the third group was for no-porosity (pores ~ 0).

Table 4 shows two groups of small-scale layers. The first group 
(Tab. 4A) summarises the relative frequencies of the tabulated 

layer-averaged porosity values for lay-
ers containing a significant amount 
of detrital fragments and albite 
nests. Part B of Tab. 4 includes the 
same tabulation for layers that do 
not have a considerable amount of 
detrital fragments and albite nests. 
The cumulative percentages of the 
micro and matrix porosities are cal-
culated (Tab. 4).

The cumulative percentages of 
the macro and matrix porosities are 
significantly different in the two 
groups. They suggest that the pres-
ence of both the detrital fragments 
and the albite constituents might 
increase the average porosity by en-
hancing the presence of the macro 
porosity. Conversely, the absence of 
detrital fragments and albite might 
intensify the matrix porosity. Matrix 
pores can be related to the presence 
of dense proportions of claystone-
siltstone components (e.g., Ahmad 
et al., 2018).

The linear correlation coefficients 
were calculated between the weight 
percentages of the rock-forming com-
ponents and corresponding average 
porosities (Fig. 8). Figure 8 shows that 
the detrital fragments component has 

a moderate relationship with the 7 – 25 % interval of the macro 
porosity; the r-value is around 0.55 (Fig. 8, upper black arrow). 
Whereas the albite has a significantly stronger linear relation to 
the macro pores; the corresponding r-value is around 0.8 (Fig. 8, 
lower black arrow). The pore spaces (macro pores) might be cre-

ated within the detrital fragments be-
cause of the larger relative grain size. 
The correlation structure of Fig. 8 can 
prove this theory. The high correlation 
coefficients belonging to the weight 
percentage of albite show, that albite 
plays a substantial role in the genera-
tion of macro porosity. The negative 
correlation coefficient between the 
weight percentage of albite and the fre-
quency of very small voxel porosities 
(Fig. 8, red arrow) can be explained 
by the process of CT measurement. 
During the saturation phase, the dif-
ference between the pore pressure 
and the injected water pressure may 
force some movable small particles 
to get out from some semi-filled pore 
space. In this way, the pore volume in-
creases in the exhausted pores (Simon 
& Anderson 1990; Zhou et al., 1995; 

Fig. 7. Average porosity values of the five rock-forming components; boundaries of layers, and voxel-poros-

ity averages of each layer were also defined.

Fig. 8. The linear (Pearson) correlation coefficients for averaged porosity cut-off ratios and rock-forming 

components.
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Hayatdavoudi & Ghalambor 1996; Al-Yaseri et al., 2015). In our 
case, releasing albite particles from pore volume could generate 
an additive macro pore space resulting from particles’ migration. 
Those additive macro pores might cause a higher macro porosity 
measurement, resulting in a higher overall porosity ratio of each 
CT layer (Fig. 7, last column). However, if these small particles 
(i.e., albite) meet a narrow pore throat during their movement, 
they could cause throats plugged, by which the corresponding 
pore volume would decrease (Ahmad et al., 2018). This process 
results in an erroneous negative correlation coefficient between 
the voxel porosity and the albite content (cf. Fig. 9).

Figure 9 gives additional visual clues as to the presence of 
albite could be partly responsible for raising macro porosity ac-
cording to removing (migrating) the albite cement from pore 

volume (Fig. 9, red arrows), as well as reducing porosity by filled 
pores (Fig. 9, white arrows).

5.2. REV interpretation

The frequent appearance of detrital fragments and albite inter-
calations reflects a repetitive pattern of porosity distributions in 
the middle part of the studied succession (Fig. 7). As the initial 
voxel volume started in such a medium (where albite and detrital 
fragments took place), the average porosity variations of the 
continuous volume transitions would become minimal at a high 
REV porosity value (~ 2.8 %) because the intensive macro pores 
exist. However, the scene was different when the initial voxel 
volume started from any four sample’s corners (upper left, upper 
right, lower left, and lower right). The sample’s core (centre) was 
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Fig. 9. Albite nests. On the left, the albite voxels appear with very high CT 

numbers. The corresponding voxel porosities are shown for the same slice 

on the right. The red arrows indicate albite removed from pore volumes, 

and white arrows point to the albite-filled pores

Tab. 4. Tabulated relative frequencies of the average voxel porosities 

by layers.
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Layers

Matrix 
porosity

Macro-
porosity

Extrem 
large values

(0 – 7)% (7 – 19)% (20 – 25)%

L1 82.08 17.87 0.44

L3 83.35 16.62 0.29

L5 82.40 17.56 0.37

L7 83.26 16.70 0.30

L10 82.81 17.16 0.36

L20 81.22 18.69 0.55

L22 82.38 17.58 0.39

L25 82.73 17.24 0.33

L27 81.65 18.28 0.52

L29 84.15 15.79 0.19

L31 83.37 16.60 0.30

Average 82.68 17.28 0.37
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L2 87.96 12.00 0.05

L4 85.80 14.03 0.15

L6 86.38 13.50 0.12

L8 87.27 12.65 0.07

L9 87.21 12.70 0.08

L11 88.56 11.40 0.04

L12 88.61 11.30 0.03

L13 80.92 12.98 0.09

L14 84.49 13.46 0.06

L15 86.66 13.26 0.07

L16 87.75 12.20 0.05

L17 88.06 11.88 0.05

L18 87.44 12.49 0.07

L19 85.84 14.04 0.12

L21 85.20 14.49 0.28

L23 85.26 14.56 0.17

L24 88.39 11.56 0.04

L26 87.33 12.60 0.07

L28 85.50 14.34 0.15

L30 87.59 12.36 0.05

L32 87.04 12.90 0.06

Average 87.02 12.89 0.09
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surrounded by a dense proportion of claystone-siltstone (mostly 
lacking albite and detrital fragments); matrix-porosity is highly 
expected (Fig. 7 – 8th column). Therefore, since the continuous 
transition of the initial voxel volume occurred within the matrix 
porosity medium, the REV porosity value was significantly lower 
than that obtained from the middle. It was pretty close to the 
voxel porosity average of BCF (~ 2.5 %). That is, the REV poros-
ity value relies on the spatial position of the volume increasing 
process starts (initial volume).

6. SUMMARY AND CONCLUSION

3D X-ray computed tomography images enabled obtaining ac-
curate quantification of the variability of the porosity and the 
density of the rock-forming components. Such quantification 
allowed performing the REV analysis of porosity variations. CT 
scanning is applied in a 5m core sample of the Boda claystone 
formation (BCF) in the current work. This study’s main objec-
tive is to calculate REV of porosity. The REV calculation was 
carried out five times using the ARIMA SPC technique across 
the core sample. Each time it would start from a different cubic 
volume position. The obtained REVs were generalised using 
the Monte-Carlo simulation method, and the variations of REV 
porosity averages were thoroughly studied.

The general average range of REV values was from 16.56 to 
46.26 cm3. The Monte Carlo simulation with 1 000 runs was 
used to simulate the long-run properties of REV and the nor-
malised REV of voxel porosity. The simulated REV range was 
42–65 cm3. Their volume percentages were 15.5 % and 40 %, 
respectively. The REV porosity averages calculated from any 
sample’s corners (upper left, upper right, lower left, and lower 
right) were exhibited coincident approximations with the general 
BCF average voxel porosity; 2.47–2.58 %. However, the middle 
site gave the oddity value, which was much higher than the rest 
of the REVs porosity averages; it was around 2.8 %.

The remarkable result associated with the highest REV poros-
ity was studied deeply by further quantitative porosity analyses 
application. Accordingly, the following conclusions were derived: 
1) Both detrital fragments and albite constituents might influ-
ence the averaged porosity proportions of the studied layers 
by enhancing the presence of macro-porosity ratios (7–25 %). 
Conversely, the absence of detrital fragments and albite might 
intensify the matrix porosity ratios (0 –7 %). Matrix (throat) 
pores are almost related to dense proportions of claystone-silt-
stone components; 2) Although the detrital fragments might 
be a factor in the macro pores presence, the albite almost plays 
a significant part in developing macro porosity; 3) The saturation 
process of the core sample studied was the key to interpreting the 
dual-role of the albite. Hence, the albite particles could release 
and re-deposited downstream in pore throats during the core 
sample saturation process. Compiling its particles might be caus-
ing throats plugged (decreasing porosity). Otherwise, releasing 
albite particles from pore volume might generate an extra macro 
pore space (increasing porosity ratio).

As a result, when the initial voxels started from a medium 
where the macro porosity is expected to exist primarily (detrital 

fragments and albite took place), the higher REV porosity was 
gained (≈ 2.8 %). Alternatively, when the volume of the initial 
voxel occurred within the matrix porosity medium (barely pres-
ence of albite and detrital fragments), the REV porosity ratio 
would be < 2.8 %. That is to say, the middle part of the studied 
sample might not be adequate to be considered as an initial voxel 
volume of the REV calculation because its REV porosity value 
was significantly higher (~ 2.8 %) than the average of the effec-
tive voxel porosity of BCF (~ 2.5 %).
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