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ABSTRACT

Computed Tomography (CT) techniques have emerged as a promising non-
destructive method to analyze the physical properties of rocks and porous media. CT
techniques provide quantitative and qualitative information without disturbing the
internal structure of the samples, which is a significant advantage for studies focused
on understanding subsurface characteristics. This study investigated the potential and
application of gamma-ray computed tomography (y-CT) and X-ray
microtomography (XR-pCT) for characterizing the microporosity and density of
rocks, specifically carbonate rocks. Accurate characterization of these properties is
crucial for evaluating water reservoir potentials, understanding geological
formations, and assessing environmental impacts. The research aimed to validate the
accuracy of both techniques and assess the feasibility of using a single XR-uCT
projection to determine physical properties, potentially reducing computational
demands. Validation involved samples with homogeneous, known composition,
determining density and mass attenuation coefficients with both techniques, and
comparing results to literature values. y-CT achieved accuracy within 1.86%, while
single-projection XR-pCT showed relative differences up to 10.65%. Subsequently,
three carbonate rock samples were analyzed using XR-pCT with an average of four
projections, improving accuracy over the single-projection method. Results from
both CT techniques and literature values were compared, with y-CT measuring
parameters showing a relative difference of up to 4.58%, and the four-projection XR-
pPCT demonstrating strong accuracy. Relative differences in y-CT were generally
higher than XR-pCT, confirming the four-projection approach's significant
improvements.

Keywords: Computed Tomography, gamma transmission, X-ray microtomography,
carbonate rocks, porosity, density.

Introduction

Computed Tomography (CT) techniques
and other industrial nuclear measurement systems
fundamentally rely on the use of one or more
radiation sources combined with one or more
detection units. These systems pair radiation
sources with detectors to monitor interactions with
the target object or process. Valuable information
can be obtained by assessing how ionizing
radiation interacts with the material or process
under study. Such measurements provide critical
parameters for analyzing and evaluating the system

or object under investigation (Abdullah et al.,
2008). Among the array of CT techniques for
industrial process studies, gamma-ray computed
tomography (y-CT) and X-ray microtomography
(XR-uCT) stand out (Jacobs & Cnudde, 2009;
Bjernstad, 2021). Both are based on measuring the
attenuation process of a photon flux during its
interaction with the process or object under
investigation (Martyushev et al., 2019, 2022,
2023ab, 2024).

These techniques are widely used in non-
destructive studies of the physical properties of
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rocks and porous media (Geiger et al., 2009; Miiter
etal., 2012; Gurin et al., 2018; Fonseca et al., 2019;
Al-Tersawy et al.,, 2021; Giamas et al., 2022;
Saadat & Rahimpour-Bonab, 2023). Specifically,
their application is essential in examining
carbonate rocks, a sedimentary rock characterized
by high porosity and density. These properties
make them ideal for storing and facilitating the
flow of hydrocarbons, which are critical to the oil
and gas industry, sustainable water resource
management, and  environmental  impact
assessment.  Accurate  characterization  of
microporosity and density in carbonate rocks is
crucial for understanding their potential as
reservoirs for oil and water, optimizing resource
extraction, and minimizing environmental impacts
(Van Geet et al., 2000; Martinez-Martinez et al.,
2016; Rahner et al., 2018; Galkin et al., 2022; Al-
Yaseri et al., 2024). The characterization of rocks
plays a fundamental role in geological-physical
studies of caves and soils subjected to drilling and
exploration, including rock formations of
sandstones, quartzites, gneisses, mica schists,
basalts, ferruginous formations, and alkaline
volcanic rocks (Freire et al., 2017), as well as in
studies of susceptibility and vulnerability to
erosion (Melo et al., 2023).

While XR-uCT has a wide range of
applications across scientific and industrial fields,
underscoring its versatility, the present study
focuses specifically on its use in the
characterization of carbonate rocks. A brief
overview of these broader applications is provided
below to contextualize the technique’s capabilities.

Recent studies detailing the applicability of
XR-uCT-based techniques in  geographical
sciences and environmental studies are discussed
below. Abbasi et al. (2022) used XR-uCT to
visualize and analyze the 3D structure of natural
gas hydrates in sediments, offering a powerful tool
for understanding their formation, distribution, and
impact on fluid flow. The use of this technique
revealed how hydrates grow within different pore
structures, providing insight into their filling
modes and the influence of hydrate saturation on
sediment mechanical properties. Chirol et al.
(2021) applied XR-puCT and developed a robust
segmentation method for quantifying pores, live
roots, and necromass in complex wetland soils.
This provides a comprehensive view of the 3D
structure and interactions of these elements. The
approach distinguishes live roots at the surface
from necromass, enabling studies of soil functions
such as cohesivity, nutrient exchange, and carbon
dynamics. An et al. (2023) employed XR-uCT to
visualize and quantify the development of drying-
induced cracks in granite residual soil (GRS) under

controlled desiccation conditions. The 3D
reconstruction of cracks reveals that connected
cracks play a key role in soil cracking and affect
soil permeability. By comparing simulated and
measured permeability values, the study validates
the accuracy of seepage models and demonstrates
the significant impact of desiccation on the
hydraulic properties of GRS. Tétzke et al. (2024)
used XR-uCT as a non-invasive approach to detect
and analyze microplastic particles in sandy soil,
even in organic materials. The combination of
neutrons and X-rays allows unambiguous
identification of microplastic particles and
provides detailed information about their 3D shape,
size, and distribution within the soil matrix. This
technique opens new possibilities for studying the
influence of microplastics on soil properties and
plant-soil interactions. Martinez-Garcia et al.
(2021) developed a novel automated method to
extract 3D tree-ring structures and calculate tree-
ring widths from XR-puCT data. This approach
performed well on various wood species, including
conifers, ring-porous, and diffuse-porous woods,
offering a highly reproducible and efficient method
for analyzing large datasets. Cloete et al. (2019)
used XR-puCT to analyze the elemental content and
microstructural features of roasted organic coffee
beans from different regions, providing insights
into their nutritional content, quality, and
geographic origin. Although the study does not find
a strong association between elemental profiles and
production region, it suggests that soil-plant
properties may influence regional elemental
signatures. Khudhur et al. (2023) investigated the
mechanisms and microstructures involved in slag's
passive atmospheric CO; mineralization at ambient
conditions, using various analytical techniques,
including XR-puCT. The analysis revealed that the
porous microstructure and the presence of
akermanite-gehlenite minerals play crucial roles in
the CO; uptake process, with calcite being the main
precipitated carbonate. This study provides a
detailed understanding of the microstructural
features that influence CO2 uptake and highlights
the potential to optimize passive CO;
mineralization in slag. Leon-Quinto et al. (2024)
investigated the effects of cold on the inner and
outer morphologies of neotropical pest larvae. XR-
uCT plays a crucial role in characterizing the
morphological changes associated with cold
acclimation, specifically the reduction in
hemolymph volume and the thickening of the
integument. The study also investigates the levels
of cryoprotectants, such as glycerol, trehalose, and
glucose, in hemolymph. This research contributes
to the understanding of the diverse strategies
insects employ to survive cold temperatures,
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highlighting the complexity of insect cold
adaptation.

Despite its extensive applicability, as
discussed above, this study centers on comparing
XR-uCT and y-CT specifically for density and
porosity analysis in carbonate rocks. The
refinement of y-CT and XR-uCT techniques for
characterizing carbonate rocks is continually
evolving to offer simpler sample preparation and
more efficient image projection. This advancement
enables precise, faster estimation of fundamental
properties, such as porosity, moisture content,
morphology, compaction level, permeability, and
density, of soils and rocks. Estimates of
microporosity and density obtained using CT
techniques contribute to the classification of rock
formations as siliciclastic or carbonate, with the
latter being the focus of this investigation. For
example, in siliciclastic rocks with aquifer-type
porosity, mechanical processes predominate. In
contrast, in carbonate rocks, the predominant
porosity is of the aquifer type in a fissure medium
(Paula & Rocha, 2021). Additionally, the literature
includes applications of XR-uCT in oil recovery
research for the nondestructive visualization of
internal rock features and sediments (Peters &
Afzal, 1992). In this context, CT imaging analysis
of carbonate rocks using estimated linear and mass
attenuation  coefficients is  essential  for
characterizing rock composition. The technique is
based on obtaining a set of projections that
represent the object irradiated. This set of images
will represent the photon’s attenuation coefficients
of each material.

Despite its many advantages, XR-uCT
faces challenges, notably the generation of large
data  volumes. This requires  powerful
computational capabilities for reconstruction and
processing, often leading to significant delays and
limiting the technique’s broader application.
Considering this, the present study proposed a
novel approach to streamline XR-puCT analysis by
exploring the feasibility of using only a reduced
number of projections, potentially even a single
forecast, to determine physical properties such as
density and porosity.

While the versatility of XR-puCT has been
extensively demonstrated in various fields, this

work narrows the focus to carbonate rocks, aiming
to contribute specifically to their radiometric
characterization. The comparative analysis of y-CT
and XR-puCT in this geological context is
particularly relevant given the economic and
environmental importance of carbonate reservoirs.

The main scientific gap addressed here is
the lack of comparative studies between y-CT and
XR-uCT for carbonate rocks, especially regarding
the impact of projection number on accuracy and
computational efficiency. By evaluating the
potential for reducing projection numbers in XR-
pCT without significant loss of accuracy, this study
provides original insights into optimizing analysis
workflows, with implications for cost-effective,
timely  assessments in  geoscience and
environmental applications.

This study aimed to evaluate the feasibility
of using fewer XR-puCT projections to estimate
density and porosity in carbonate rocks, aiming to
reduce computational time without significantly
compromising accuracy. The main objective is to
compare XR-uCT and y-CT techniques in terms of
their performance and agreement with reference
values. Secondary goals include examining the
potential environmental and economic benefits of
simplified XR-puCT protocols, such as reduced data
volume, faster processing, and suitability for
routine applications in reservoir characterization.

Material and Methods
Phantoms for the validation tests

To evaluate the accuracy of the y-CT and
XR-uCT techniques, homogeneous cylindrical
phantoms were fabricated from materials of known
composition, including aluminum, graphite,
acrylic, and water-filled tubes. These materials
were chosen because they have known properties
similar to those of the samples studied. They serve
as references based on their mass attenuation
coefficient values, available in the NIST (National
Institute of Standards and Technology) XCOM
database (Berger et al., 2010). Table 1 shows the
chemical compositions, elemental densities, and
mass attenuation coefficients at the gamma-ray
energy for a **'Am source (59.5 keV) for the
materials used as references in this study.

Table 1. Physical and Radiometric Properties of the Phantoms. Font: Carvalho et al. (2024).

Material | Composition | Density p (g cm™) | Mass attenuation coefficients p/p (cm? g™!)
Aluminum | Al-100% 2.6989 0.2810
Graphite C—-100% 1.7000 0.1758
Acrylic C—-59.98%
(Cs05Hs) 0 -31.96% 1.1900 0.1930
H - 8.05%
Water H-66.73% 0.9970 0.2050
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(H0) | 0-33.37% |

Geological samples of carbonated rocks

The study focused on three carbonate rock
samples (Figure 1, Table 2) from the reef limestone
outcrop in the Conde municipality, Paraiba, south
of the capital, Jodo Pessoa (Nova, 2020). The reef
limestone outcrops are situated along the coastal
strip and extend approximately 10 km between the

(a)
Figure 1. Carbonate rock samples (a) VN02, (b) VNO1, and (c) VNO4. Font: Carvalho et al. (2024).

Table 2. Samples of carbonate rocks. Font:
Carvalho et al. (2024).

Sample p (g/cm?) Reference
1 (VN02) 2.31
1T (VNO1) 2.38 (Nova, 2020)
1 (VNO04) 2.62

Gamma-ray computed tomography

Studies using the y-CT technique on
phantoms and geological samples were conducted
with a single-beam gamma-ray computed
tomography scanner installed at the Department of
Nuclear Energy (DEN) of the Federal University of
Pernambuco (UFPE). The system comprises a
2l Am gamma transmission source with an activity
of 7.4 x 10° Becquerel, a half-life of 432.2 years,
and a photon energy peak of approximately 59.5
keV. Detection is performed by a Nal(TIl) solid
scintillator coupled to a multi-channel analyzer
(MCA) model Osprey manufactured by Canberra
Inc. Both the source and the detector are equipped
with lead collimators, each with a diameter of 5.5
mm and a shielding length of 73 mm. The
maximum distance between the source and the
detector is 344 mm, as shown in Figure 2.

beaches of Jacuma and Tambaba (07°21'51" S,
34°47'52" W). The rock samples used were
characterized in previous studies using X-ray
Fluorescence (XRF) and X-ray Diffraction (XRD)
techniques. The samples were determined to

contain calcite and dolomite mineral composition
(Nova, 2020).

(©

N
(St
Figure 2. First-generation gamma-ray computed
tomography scanner (TGC - 1st Gen) of the DEN

at the UFPE. Font: Carvalho et al. (2024).

The sample to be analyzed for gamma
tomography is first prepared by removing any
excess material on its surface. Next, the samples
are placed on a support tray in the central position,
perfectly aligned, between the source and detector
systems. After this step, the initial alignment
position of the sample is controlled via computer,
ensuring that the gamma-ray beam does not
interact with the sample but passes close to it. This
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is done visually using reference markings on the
source-base-detector system. Subsequently, the
tomography computer is configured to move the
sample support base unidirectionally (step size 0.1
mm) perpendicular to the source-detector
alignment. This movement is necessary to scan the
sample from one end to another. As a result, the
gamma tomography records the detected beam
intensity at each position, which is saved in a text
file.

Microtomography of X-rays

The XR-uCT technique was applied to
both phantoms and geological samples using the
Nikon Metrology XT H 225 ST industrial scanner.
This equipment operates with a maximum power
output of 225 W, supporting a voltage of up to 225
kV and a current of up to 1000 pA. The scanner is
equipped with a tungsten anode and a 500 um-thick
beryllium window. As shown in Figure 3, the XR-
uCT system is composed of four primary
components: (1) the X-ray source, (2) the detector,
(3) the sample holder, and (4) a computer for data
acquisition, image reconstruction, and analysis.
The X-ray computed tomography scanner is
housed at the X-ray Computed Tomography
Laboratory (LTC-RX). This facility is part of the
Nuclear Engineering Department (DEN) at the
Federal University of Pernambuco (UFPE).

UCT-XR Equipment

Projection

N

Figure 3. Computed Tomography X-ray Scanner of
the DEN at the UFPE. Font: Carvalho et al. (2024).

All  samples  underwent  physical
preparation before scanning. The lateral surfaces
were manually polished to remove surface
irregularities that could interfere with beam
attenuation. In addition, the samples were dried in
an oven at 60 °C for 24 hours, then stored in a
desiccator to maintain a stable moisture content
during scanning. The geological and phantom
samples were positioned within the tomography
scanner and irradiated under consistent conditions
using predefined parameters to ensure uniform
exposure.

Image reconstruction was performed using
the CT Pro 3D software, which included Gaussian
smoothing filters and ring artifact correction.
Segmentation and porosity quantification were
performed using VGStudio Max v3.4, with global
thresholding based on the contrast in the grayscale
histogram between the matrix and pores.
Tomographic projections were then acquired to
capture the internal structure of each sample. Lines
were drawn on these projections to create grayscale
intensity profiles for analysis. These profiles
provided measurements of the incident intensity
(I0) before passing through the sample and the
transmitted intensity (I(x)) detected after
interacting with the sample of known thickness
(ea(x)). This data was used to apply a set of
equations, described in the next section, to
calculate the attenuation coefficient (p), density
(p), and porosity (¢) for both sample types. Figure
4 presents a flowchart outlining the experimental
procedure conducted in this study.

S

Sample

Figure 4. Steps of the experimental procedure for obtaining the variables: y, p, ¢ from one XR-uCT projection.

Font: Carvalho et al. (2024).
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Mathematical modeling

The mathematical model used to evaluate
photon attenuation in matter is based on the Beer-
Lambert equation (Equation 1). This equation is
widely used in the scientific community to relate
incident and transmitted intensities to the
attenuation coefficient, thereby describing the
interaction of radiation with matter. In the Beer-
Lambert equation, “I0” represents the incident
radiation intensity, “I” is the transmitted beam

€y,

intensity, “x” is the path length of the radiation, and
“w” is the linear attenuation coefficient (cm™).
Since this equation is defined for a monochromatic
radiation beam, we assume a narrow irradiation
geometry, meaning only the transmitted intensity
“I” is considered in the transmission measurements

(Peak, 2023; Sturrock, 2023).

I(x) = Ipe™#~* Eq. (1)

The samples undergo gamma ray
attenuations, resulting in I(x) and [0, which
represent the photon counts transmitted through the
sample (or sample container) and the air (or an
empty container), respectively. This calculates the
relative intensity of gamma transmission across the
sample's cross-section (Equation 2).

100)
I, = % Eq. (2)

Usually, radiation attenuation in the
material is represented independently of the
material density by dividing the linear attenuation
coefficient “p” by the density of the material
(Equation 3). This coefficient is called the mass
linear attenuation coefficient (pm).

Sample

XR-uCT Equipment

ko it

Analysis technique

Pore volume

Hm = Eq. (3)

Equation 4 calculates the material density
along the photon path using the mass attenuation
coefficient (obtained from the XCOM database)
(Dantas et al., 2008; Santos et al., 2011).

- _* I_ (22
p=— ln(Iy)x = In (Iy) Eq. (4)

X

To determine the pn using the XR-puCT
projection method, Equation 5 is solved using the
X-ray beam intensities at each position of the
analyzed projection lines.

=1 2o ) _p. .
() = s I (75), —Ri < x < RiEq. (5)

Finally, for the determination of the
porosity using the y-CT technique, the linear
attenuation coefficients of the porous medium (p)
and the material comprising the porous medium
(up) (Equation 6) were employed.

¢=1—:—p Eq. (6)

Two strategies were employed to
determine porosity using the XR-uCT technique.
The first strategy, which utilized all the obtained
projections, employed the Porosity/Inclusion
Analysis technique implemented in VGStudio Max
version 3.4 image processing and analysis software
(Volume Graphics GmbH, 2020) (Figure 5). The
second strategy, used for analyses with a single or
a set of projections, employed a methodology
similar to that used with the gamma transmission
technique.

Projections

x4

|

Segmented images

Segmented volume

U

S %

Figure 5. Steps of the experimental procedure and mathematical modeling for obtaining the ¢ from XR-pCT
projections utilizing the VGStudio Max image processing and analysis software. Font: Carvalho et al. (2024).
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Validation of the y-CT and XR-uCT techniques

The first step was validating the y-CT and
XR-puCT techniques. Considering this purpose, the
radiometric  density and mass attenuation
coefficient for the four homogeneous material
samples were determined. These parameters were
then compared with the reference densities of the
materials and the values available in the XCOM
database. The radiometric density of the samples
was determined using Equation 4. In the y-CT
technique, the attenuation coefficient was
determined from the gamma-ray tomography
intensity values (Figure 6). In contrast, the
attenuation coefficient of the XR-uCT technique
was calculated from the XR-pCT projection
(Figure 7). Table 3 presents the values obtained for
the linear attenuation coefficient by the y-CT and
XR-uCT techniques, and Table 4 presents the
comparison of the densities obtained by the y-CT
and XR-puCT techniques with the reference
densities of the materials.

= Aluminum
3.0+ Gamma-ray « Graphite
+  Acrylic

+  Water
2.5

204

154

-n(IMo)

1.04 [ \

0.5

.

0.0+

0.5 T T T T T T T 1
20 45 10 05 00 05 10 15 20
Position (cm)

As shown in Table 4, validation of the y-
CT and XR-uCT techniques revealed divergent
results in density determination using the
radiometric methods. The vy-CT technique
exhibited good accuracy, with a maximum relative
difference of 1.86% for the acrylic sample. In
contrast, the XR-uCT technique, which uses only a
single projection, yielded results that deviated
significantly from the reference values, with a
maximum relative difference of -10.65% for the

Figure 6. Gamma-ray attenuation obtained by y-CT
for the four homogeneous material samples. Font:
Carvalho et al. (2024).

Aluminum
Graphite
—— Acrylic
Water

20

-In(1/1/0)

W

-20 -15 10 D:os‘tiﬂn: (cmﬂ)fs 10 15 20
Figure 7. X-ray attenuation obtained by XR-uCT
for the four homogeneous material samples. Font:
Carvalho et al. (2024).

Table 3. Comparison of the linear attenuation
coefficient obtained by the y-CT and XR-uCT
techniques for the four homogeneous material
samples. Font: Carvalho et al. (2024).

p (cm™)
Sample
P p@-CT) | p(XR-pCT)
Aluminum 0.7658 0.5187
Graphite 0.3018 0.2635
Acrylic
(COH) 0.2254 0.1954
Water 0.2070 0.1800
(H20)

aluminum sample. This discrepancy can be
attributed to the complexity of single-projection
analysis in XR-uCT. The XR-uCT technique
traditionally requires reconstructing multiple
projections to generate a three-dimensional image,
enabling more precise analysis of the sample's
internal structures. Using only a single projection
can result in the loss of information about the
structure's complexity, limiting the accuracy with
which physical properties can be determined.

Table 4. Comparison of densities obtained by the y-CT and XR-puCT techniques with the reference density for
the four homogeneous material samples. RD% represents the relative difference in % between the measured

and reference densities. Font: Carvalho et al. (2024).

Sample p (g cm™)
p (Reference) p (y-CT) (RD%) p XR-uCT) (RD%)
Aluminum 2.6989 2.7253 (-0.98%) 2.9863 (-10.65%)
Graphite 1.7000 1.7167 (-0.98%) 1.7267 (-1.57%)
Acrylic (CsO,Hs) 1.1900 1.1679 (1.86%) 1.1807 (0.79%)
Water (H,0) 0.9970 1.0725 (-1.28%) 1.0445 (-4.76%)

The next step was to determine the mass
attenuation coefficients for the four homogeneous

material samples. Table 5 compares the mass linear
attenuation coefficients obtained using the y-CT
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and XR-uCT techniques with the reference values
available in the XCOM database. As expected,
given that the mass attenuation coefficient is
calculated from linear attenuation coefficient data,

the gamma transmission technique yielded
satisfactory results. On the other hand, the XR-uCT
technique yielded less precise results, with
significant deviations from the literature values.

Table 5. Comparison of mass attenuation coefficients obtained by the y-CT and XR-pCT techniques with the
reference mass linear attenuation coefficient for the four homogeneous material samples. RD% represents the
relative difference in % between the measured p/p and the p/p of the XCOM database. Font: Carvalho et al.

(2024).
wp (cm* g™
Sample w/p (XCOM w/p (y-CT) w/p (XCOM w/p (XR-pCT)
database) * (RD%) database) ** (RD%)
Aluminum 0.2810 0.2837 (-0.98%) 0.1737 0.1922 (-10.65%)
Graphite 0.1758 0.1775 (-0.98%) 0.1526 0.1550 (-1.57%)
Acrylic (CsO,Hs) 0.1930 0.1894 (1.86%) 0.1655 0.1642 (0.79%)
Water (H.0O) 0.2050 0.2076 (-1.28%) 0.1723 0.1805 (-4.76%)

* 241 Am - 59.5 keV; ** Effective energy (97.15 keV) obtained from SpekCalc code (Poludniowski et al., 2009).

Results and Discussion

After obtaining unsatisfactory results from
homogeneous samples with XR-pCT using only
one projection, the question arose whether the poor
results were due solely to a single projection or
were consistent across multiple projections.
Therefore, the first study with carbonate rock
samples aimed to evaluate the influence of using
just one projection. To do this, the results from a
single projection were compared with the averages
from two, four, eight, sixteen, and all projections.
The model using all projections was assumed to be
the most accurate. Table 6 compares the mass
attenuation coefficients obtained by the XR-pCT
technique with the proposed number of projections

and the relative difference with respect to the
model with all projections. As shown in Table 6,
the results for p/p with only one projection exhibit
relative differences compared to the model with all
projections that exceed 2%. When using two
projections, one sample showed relative
differences exceeding 1%. Therefore, four
projections were chosen as an acceptable number,
yielding results with relative differences of less
than 1% compared to those from all projections.
This ensures the method's precision regarding the
number of projections used; however, it does not
guarantee the accuracy of the results. To address
this, further comparisons were made with the y-CT
technique and results from the literature.

Table 6. Comparison of mass attenuation coefficients obtained by the XR-uCT technique for the three
carbonate rock samples. RD% represents the relative difference in % between the p/p obtained with all the
projections and the u/p obtained with a subset of the projections. Font: Carvalho et al. (2024).

Sample w/p (cm? g/ number of projections
All 16 (RD%) 8 (RD%) 4 (RD%) 2 (RD%) 1 (RD%)
I (VNO2) | 0.2342 | 0.2340 (<1) 0.2338 (<1) 0.2326 (<1) 0.2309 (1.44) 0.2291 (2.18)
II (VNO1) | 0.2298 | 0.2296 (<1) 0.2294 (<1) 0.2289 (<1) 0.2277 (<1) 0.2255 (1.87)
I (VNO04) | 0.2255 | 0.2253 (<) 0.2250 (<1) 0.2244 (<1) 0.2233 (<1) 0.2197 (2.57%)
The attenuation measurements for the three 351 - Sample | (VND2)
carbonate rock samples, obtained using both y-CT 204 2222!2::“2(,%%‘,3)
and XR-uCT (average of four projections), are
illustrated in Figures 8 and 9. The gamma-ray =7 - "//&—\
attenuation (Figure 8) and X-ray attenuation 5201 ,/ g
(Figure 9) profiles exhibit distinct patterns, % 5 «’! \\
reflecting differences in how each technique ' / \
quantifies the interaction of gamma rays and X- 1.0
rays with the rock samples. The linear attenuation I :
coefficients, derived from the relative photon- j, \
0.0 T T T T T

intensity curves for the three samples using both y-
CT and XR-uCT, are presented in Table 7.

25 —ZI.D —1‘.5 71'.0 —DI.S 00 05 10 15 20 2‘5
Paosition (cm)

Figure 8. Gamma-ray attenuation obtained by y-CT

for the three carbonate rock samples. Font:

Carvalho et al. (2024).
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Figure 9. X-ray attenuation obtained by XR-uCT

for the three carbonate rock samples. Font:

Carvalho et al. (2024).

Table 7. Comparison of linear attenuation
coefficients obtained by the y-CT and XR-pCT

techniques for the three carbonate rock samples.
Font: Carvalho et al. (2024).

B (cm™)
Sample
P RG-CT) | u(XR-pCT)
1 (VNO02) 0.7333 0.5288
I (VNO1) 0.7525 0.5536
111 (VN04) 0.8297 0.5879
The radiometric density and mass

attenuation coefficients of the carbonate rock
samples were determined from their linear
attenuation coefficients. Table 8 presents the
density results for the three carbonate rock
samples, along with comparisons to the reference
densities of the materials. Table 9 presents the mass
attenuation coefficients for the three samples,
comparing results from y-CT and XR-uCT with
reference values from the XCOM database.

Table 8. Comparison of densities obtained by the y-CT and XR-uCT techniques with the reference density for
the three carbonate rock samples. RD% represents the relative difference in % between the measured

and reference densities. Font: Carvalho et al. (2024).

Sample p (g cm)
p (Nova, 2020) p (y-CT) (RD%) p (XR-uCT) (RD%)
1(VN02) 2.31 2.41 (-4.29%) 2.38 (-2.83%)
I (VNO1) 2.38 2.48 (-4.21%) 2.49 (-4.73%)
11T (VN04) 2.62 2.74 (-4.58%) 2.65 (-1.17%)

Table 9. Comparison of mass attenuation coefficients obtained by the y-CT and XR-uCT techniques for the
three carbonate rock samples. RD% represents the relative difference in % between the measured p/p and the

XCOM u/p. Font: Carvalho et al. (2024).

wp (em* g
Sample w/p (XCOM pu/p (v-CT) p/p (XCOM p/p (XR-pCT)
database) * (RD%) database) ** (RD%)
1 (VNO02) 0.3044 0.3174 (-4.29%) 0.2226 0.2289 (-2.83%)
11 (VNO1) 0.3034 0.3162 (-4.21%) 0.2221 0.2326 (-4.73%)
111 (VN04) 0.3028 0.3167 (-4.58%) 0.2218 0.2244 (-1.17%)

* 241 Am - 59.5 keV; ** Effective energy (76.94 keV) obtained from SpekCalc code (Poludniowski et al., 2009).

Based on the results presented in Tables 8
and 9, several important conclusions can be drawn
regarding the densities and mass attenuation
coefficients of the three carbonate rock samples
(VNO02, VNO1, VNO04) using the y-CT and XR-pCT
techniques. First, both y-CT and XR-uCT
techniques yielded density values and mass
attenuation coefficients close to the reference
values, with XR-puCT generally showing smaller
relative differences than y-CT, especially for
Sample III. This suggests that XR-uCT may offer
slightly better accuracy in density measurements
for these carbonate rock samples. Second, unlike
homogeneous samples, where XR-pCT results
were generally poor, using a few projections (four
instead of one) appears to have been effective for
rocks. Overall, while both methods are suitable for

the radiometric characterization of carbonate rocks,
XR-uCT seems to be the more reliable technique
(the y-CT technique always obtained results with
differences above 4%), offering more precise
measurements that align closely with established
reference data.

Table 10 displays the porosity values
calculated for the three carbonate rock samples
using both the y-CT and XR-uCT techniques with
the two strategies, alongside reference values from
earlier studies (Nova, 2020). Table 10 reveals
notable differences in the porosity values obtained
from the y-CT technique and the XR-pCT analysis,
based on a subset of four projections, compared to
the reference values. For Samples I and II (VN02
and VNO1), the y-CT and XR-pCT techniques
overestimate porosity between 90% to 160%. For
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Sample III (VNO4), the results are even worse,
significantly overestimating the reference values
by more than 300%. This overestimation likely
stems from a combination of factors, including the
limited spatial resolution of the techniques and the
inability of reduced-projection XR-uCT to capture
microstructural complexity fully. Additional
contributors may include instrumental noise,

detector sensitivity, and segmentation artifacts,
particularly from automated routines in VGStudio
Max, that can blur pore boundaries and inflate pore
volume estimates. Mineralogical heterogeneity in
carbonate rocks and insufficient detection of fine-
scale pore throats can also exacerbate these
discrepancies.

Table 10. Comparison of the porosity values obtained by the y-CT and XR-uCT techniques for the three
carbonate rock samples. RD% represents the relative difference in % between the calculated porosities and the
reference porosity in Nova (2020). Font: Carvalho et al. (2024).

¢ (%)
Sample Reference ¢ 0 0 ¢ (XR-pCT VGStudio
(Nova, 2020) | ¢ @-CT) RD%) | ¢ (XR-pCT) (RD%) Max) (RD%)
32.96 41.08 16.34
I(VNO2) 16.17 (-103.80%) (-154.06%) (-1.05%)
32.11 3924 16.26
- . 0 - . 0 . ()
11 (VNOI) 16.55 (-94.04%) (-137.10%) (1.75%)
29.13 36.95 6.64

From an applied perspective, the
implications are significant: porosity values
directly influence reservoir modeling, permeability
estimates, and resource recovery forecasts.
Porosity overestimating by more than 300% could
result in substantial errors in volumetric and flow
calculations, leading to misguided investment
decisions and inefficient exploitation strategies.
However, the analysis using VGStudio Max’s 3D
segmentation approach produced results much
closer to reference values, with relative differences
under 2%, demonstrating that with adequate
resolution and robust segmentation tools, XR-uCT
can deliver reliable porosity assessments.
Moreover, the use of just four projections, when
properly segmented, offers a promising route to
reduce computational demands in routine reservoir

301)“0'0 40 030.0

assessments while balancing efficiency with
acceptable accuracy.

Compared to the previous methods, the
porosity estimated using the Porosity/Inclusion
Analysis technique implemented in VGStudio Max
version 3.4 image processing and analysis software
was much closer to the reference values, with a
maximum relative difference of 1.75%. These
findings underscore the importance of considering
multiple factors, including sample preparation,
imaging parameters, and 3D analysis methods,
when evaluating porosity using CT techniques.

Figure 10 presents the segmented 3D
images of the carbonate rock samples obtained
from XR-pCT, highlighting the internal pore
distribution.

(c)
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Figure 10. Segmented 3D images with the pore distribution obtained by XR-uCT for the three carbonate rock
samples. (a) Sample 1, (b) Sample 2, and (¢) Sample 3. Dimensions in millimeters. Font: Carvalho et al. (2024).

It is evident that Samples 1 and 2 exhibit
relatively homogeneous porosity patterns, with
pores distributed more continuously throughout the
matrix. In contrast, Sample 3 shows a markedly
heterogeneous pore structure, with clusters of
concentrated porosity and regions of low pore
connectivity. These spatial patterns are consistent
with the quantitative overestimation observed in
porosity measurements for Sample 3, suggesting
that structural heterogeneity may significantly
impact segmentation accuracy and porosity
estimation.

Conclusion

This paper demonstrates the applicability
of gamma-ray computed tomography (y-CT) and
X-ray microtomography (XR-pCT) for
environmental studies, specifically in
characterizing the microporosity and density of
soils and rocks. The comparative analysis of the y-
CT and XR-pCT techniques demonstrated that
both methods can estimate density and porosity in
carbonate rock samples, but with notable
differences in performance and applicability. The
results confirmed that reducing the number of XR-
puCT projections can be a viable strategy under
specific conditions, particularly when combined
with adequate image processing protocols. The
study also identified limitations in spatial
resolution and segmentation accuracy,
underscoring the importance of selecting
appropriate techniques and settings for reliable
porous media characterization. These findings
support the proposed objectives and reinforce the
need to adapt tomographic workflows to balance
efficiency and reliability.
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