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A B S T R A C T 

In recent decades, faster and more affordable methods for characterizing reservoir 

rocks in environmental and geological studies have gained importance, particularly 

for hydrocarbon exploration and resource management. One promising method is X-

Ray Computed Micro-Tomography (XR-μCT), enabling non-destructive analysis of 

rock properties. However, this technique presents challenges related to image 

interpretation, property characterization below the voxel scale, and results in 

comparison across configurations. This study analyzed laminated limestones from 

the Crato Formation, analogs to the pre-salt Barra Velha Formation, using XR-μCT 

to estimate density and porosity. These rocks are substitutes for actual reservoir 

conditions, addressing the challenge of limited subsurface samples. This study 

assessed the feasibility of XR-μCT for characterizing these properties and 

understanding the impact of millimeter-scale laminations on their distribution. 

Calibration values for calcite, the primary mineral, were used to ensure accuracy and 

repeatability. The results demonstrate that XR-μCT is a viable environmental and 

geological characterization tool. Laminations due to stratification influenced porosity 

distribution in the axial direction, with higher concentrations in certain sections of 

the samples. The porosity values calculated using XR-μCT align relatively well with 

the gas porosimetry results, with most samples showing a relative difference of less 

than 10%. However, exceptions were observed in LM4 and T10.2, where the relative 

difference reached -15.90% and -12.80%, respectively. Despite these challenges, 

qualitative analysis was achieved. The study highlights the necessity of accounting 

for mineralogy and calibration in XR-μCT to ensure reliable comparisons across 

different tomographic systems, enhancing the method’s applicability in 

environmental and geological studies. 

Keywords: X-ray computed tomography, laminated carbonate, Crato Formation, 

density, porosity. 

Introduction 

The pre-salt is a rock formation located 

underground on the Brazilian coast, approximately 

300 kilometers offshore, which extends between 

the states of Santa Catarina and Espírito Santo, 

reaching an area of around 800 kilometers long and 

200 kilometers wide (Dou et al., 2024; Hai et al., 

2024; Rossoni et al., 2024). This rock formation is 

the most significant oil discovery in the past five 

decades. Brazilian reserve estimates indicate up to 

15 billion barrels of recoverable oil equivalent, 

comprising 12.8 billion barrels of oil and 380 
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billion cubic meters of natural gas. The pre-salt 

represents more than half (56%) of the national 

reserves (Abelha & Petersohn, 2019). However, 

the exact amount of oil in the pre-salt is still 

unknown, as some studies suggest that the actual 

reserves might be up to twice as much as those 

currently projected. These reserves are located 

below the seabed, in the deep and ultra-deep waters 

of the Santos and Campos Basins, and beneath rock 

layers that are 3 to 4 kilometers thick. This set of 

rocks, with potential for the formation of oil, is 

located under an extensive layer of salt that reaches 

thicknesses of up to two thousand meters, forming 

a kind of seal and thus guaranteeing the generation 

of excellent quality oil (Neves Junior et al., 2023; 

Pilotto et al., 2024). 

The study of properties and 

characterization of rocks in the limestone 

reservoirs of Brazil's pre-salt region is crucial for 

the efficient and safe exploration of these extensive 

oil reserves. To this end, efforts have been focused 

on characterizing reservoir rocks and their analogs, 

particularly geological facies that pose challenges 

in the assessment and exploitation of energy 

resources (Busch et al., 2022; Alencar et al., 2024; 

Michael, 2024; Valencia-Gómez et al., 2024). In 

literature, a substantial number of articles with this 

focus have been identified using various methods. 

One such method that has been successfully used 

in recent years for the study of the properties and 

characterization of reservoir rocks is the X-Ray 

Computed micro-Tomography (XR-μCT) (Xie et 

al., 2022; Pak et al., 2023; Q. Liu et al., 2023; 

Shukla et al., 2024). This technique offers 

advantages over others as it allows for a 

quantitative, three-dimensional representation of 

the microstructure of porous geomaterials and 

directly measures the complex morphology of the 

pore space in sedimentary rocks at resolutions that 

can reach a few micrometers. Additionally, it is a 

fast and non-invasive technique that provides 

quantitative results on the mineralogy and pore 

space of rocks and can be used for petrophysical, 

mechanical, and flow studies. The image generated 

by this method depends on the rock's density and 

effective atomic number (mineralogy). Depending 

on the scale used, 3D image analysis can estimate 

density and porosity, fracture patterns, quantify 

mineralogies, and complex microstructures. 

Combined with the rock's macrostructure, these 

factors allow for predictions about reserve volume 

and production estimates, contributing to a more 

accurate interpretation of the reservoirs. Finally, 

the development of this technique, as well as the 

evolution of computational methods, have made it 

possible to replace synthetic images derived from 

statistical models obtained from 2D images with 

three-dimensional representations of the pore space 

in rocks (Wellington & Vinegar, 1987; Cnudde & 

Boone, 2013; Zhu et al., 2018; Lv et al., 2020; 

Wang et al., 2021). 

For example, Teles et al. (2016) evaluated 

the pore space evolution of a rock sample retrieved 

from the coquina region of the subterranean pre-

salt carbonate reservoir formation subjected to a 

hydrochloric acid flow through the whole sample. 

For that, they employed X-Ray Computed 

Tomography with a microfocus source. This 

research allowed, for the first time, a visual 

investigation of the consequences of an acid system 

on subterranean pre-salt carbonate reservoir 

outcrops. The findings revealed that the branches 

of the wormhole deviate from the areas close to the 

main channel, and the quartz volume diminishes 

following acid treatment. It was confirmed that 

while the acid primarily interacts with the most 

porous areas, the wormhole also traverses zones of 

lower porosity. This process results in an overall 

increase in the porosity of the carbonate rock. 

Additionally, Islam et al. (2018) presented insights 

into the processes of imaging, segmentation, and 

numerical simulation of single-phase flow through 

both a standard homogeneous Silurian dolomite 

core plug sample and a heterogeneous sample from 

a carbonate reservoir. XR-μCT was performed 

using a Versa 500 CT device. They also developed 

a procedure incorporating experimental results into 

the segmentation phase to calibrate porosity and 

utilized two different numerical tools for 

simulating fluid flow. Furthermore, Herlinger & 

Vidal (2022) aimed to understand and predict Sor 

in pre-salt carbonates of the Barra Velha 

Formation, Santos Basin, using Ensemble Learning 

techniques (AdaBoost, Gradient Boost, and 

XGBoost) with X-ray μCT scans and routine core 

analysis (RCAL) data. They extracted 

morphological attributes related to pore size, shape, 

and orientation from the scans to build machine-

learning models. Their findings showed that facies 

control significantly affected Sor due to rock 

genesis variations. Larger pores led to more 

heterogeneity and oil trapping. Gradient Boosting 

performed best, and RCAL data did not improve 

model accuracy, indicating Sor could be predicted 

using only morphological attributes. Moreover, Liu 

et al. (2023) employed XR-μCT to reconstruct the 

3D pore space of selected samples from 

unconventional volcanic reservoirs in the Songliao 

Basin (NE China) at depths between 2283 and 3757 

meters. They reconstructed the morphology and 

size distribution of the pores in selected samples of 

basaltic lava, rhyolitic lava, and rhyolitic 

pyroclastics. Their study investigated potential 

relationships between porosity and permeability 
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but found no clear correlation between these 

parameters or depth and permeability. Although 

their analysis is valid within a length scale of about 

20 μm to 1 cm, their methodological approach can 

be extended to other reservoirs to study the 

evolution of pore systems as a function of various 

processes affecting volcanic rocks. Lastly, 

Martyushev et al. (2023) applied thin sections and 

computed tomography to analyze the petrography, 

2D pore images, and 3D pore network of carbonate 

reservoirs from three oil fields in Perm Krai, 

Russia. Well-testing and core studies revealed 

detailed structural features of the reservoirs, 

showing that magnesium in the limestone reduced 

its capacitive characteristics. They identified three 

types of void spaces: (i) primary intercrystalline 

pores, (ii) larger secondary pores, and (iii) a 

combination of primary and secondary voids 

connected by partially healed fractures. These 

structural variations affect reservoir behavior, with 

larger voids and higher initial permeability leading 

to intense deformation and decreased permeability 

as pressure drops. Finally, Kadyrov et al. (2024) 

explored the integration of high-resolution XR-

μCT imaging and transfer learning for the 

automated characterization of reservoir rocks and 

tomofacies identification. Their study employed a 

dataset of 66,560 2D μCT images of 130 standard 

core plugs, encompassing all major reservoir rock 

types, for model training. The effectiveness of the 

transfer learning for rock characterization achieved 

high validation rates, with an average classification 

accuracy of over 94%. This hints that integrating 

XR-μCT imaging and transfer learning could 

improve reservoir rock characterization's 

automation, speed, and accuracy. 

As observed, many of these studies using 

XR-μCT to characterize reservoir rocks employ 

standard segmentation techniques based on 

obtaining a threshold value to differentiate the solid 

matrix from the void space. However, some of the 

reservoir rocks in the pre-salt, such as the 

laminated limestones found in certain formations 

of the Santos Basin, have their porous space 

constituted by pores with dimensions below 10 μm 

or even at the nanometric scale. In this pore size 

range, it is impossible to capture the details of the 

full core plug sample microstructure at the standard 

resolution of most commercially available μCT 

scanners, which have a voxel size of ~20-40 μm3. 

Therefore, for these rock samples, standard 

segmentation techniques that implement a 

threshold value are not adequate. This is precisely 

one of the challenges of XR-μCT: the interpretation 

of images and characterization of properties below 

the voxel scale.  

This study aimed to develop, apply, and 

validate an analogous method for characterizing 

properties in laminated limestones with a porous 

microstructure below the μCT voxel scale. The 

strength of this method lies in its ability to quickly 

provide estimates consistent with those obtained by 

traditional petrophysical methods for the same 

lithology, specifically regarding the density and 

porosity of the lithological features of interest.  

 

Material and Methods 

This study focused on characterizing the 

laminated deposits that comprise some facies of the 

pre-salt interval reservoirs in the Santos Basin, 

specifically the laminates of the Barra Velha 

Formation. The Barra Velha Formation in the 

Santos Basin (Figure 1) is a major pre-salt 

carbonate reservoir deposited during the Aptian in 

the Alagoas Stage. This formation, characterized 

by its lacustrine origin, features diverse carbonate 

textures, including fascicular calcite crystals, 

calcite spherulites, and mud. Notably, 

microbialites are rare and mainly found in the 

uppermost 20-30 meters of formation. In more 

distal regions, shales and mudstones are 

predominant (Vital et al., 2023).

 

 
Figure 1. Santos Basin in the Brazilian pre-salt. Font: Veiga et al. (2024). 
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Geological samples of the Crato Formation 

In the literature, it is possible to identify 

articles that use laminated limestones from the 

Crato Formation as analogs for the low-

permeability calcareous facies of the reservoir 

rocks in the Barra Velha Formation. This is due to 

the correspondence in depositional age and 

similarities in lithology, petrophysical properties, 

and geomechanical characteristics. For example, 

Soares et al. (2015) studied hundreds of carbonate 

rock samples extracted from outcrops in several 

sedimentary basins of Northeastern Brazil and 

Western Portugal. The study reported values for 

grain density, total density, porosity, permeability, 

elastic properties (P and S wave velocities), and 

dynamic elastic moduli calculated from elastic 

wave velocities and total density. The results 

obtained in this study are vital for making estimates 

under any saturation condition, which would be 

particularly useful to support any exploration and 

reservoir studies. In addition, Santos et al. (2015) 

assessed the uncertainty due to sampling biases in 

scanline data of opening-mode fractures in Aptian 

laminated limestone outcrops from the Crato 

Formation. The Monte Carlo method introduced 

random values into sampled data to evaluate 

fracture network representation accuracy errors. In 

their analysis, errors and uncertainties were merged 

into a single parameter called the coefficient of 

uncertainty, defined as the ratio between the 

artificially introduced uncertainties and the original 

scanline data. The propagation of these errors to the 

power law coefficients was also analyzed. Their 

evaluation assists in developing more accurate 

geomechanical models by utilizing analog 

geological models for naturally fractured 

reservoirs. This assessment contributes to 

developing more precise geomechanical models by 

employing analog geological models for naturally 

fractured reservoirs. Finally, Miranda et al. (2018) 

investigated the fracture networks of Aptian-

Albian lacustrine laminites from the Crato 

Formation as analogs for pre-salt carbonate facies. 

Traditional scanline methods characterized 

fractures by spacing, aperture distribution, length, 

and intensity. The fractures, primarily shear and 

extensional, exhibited a linear relationship between 

length and aperture, with Set 1 (NNW-SSE) and 

Set 2 (NE-SW) showing different distribution 

patterns. Fractures in Set 2 were more clustered and 

had wider apertures. The results provided crucial 

fracture attributes for Discrete Fracture Network 

(DFN) modeling, enhancing fluid flow simulations 

in carbonate reservoirs. 

The Crato Formation (Figure 2), located in 

northeastern Brazil, is a significant 

lithostratigraphic unit renowned for its 

fossiliferous laminated limestones. Fossils in the 

Crato Formation encompass a variety of aquatic 

insect groups, providing valuable insights into both 

local and transported species. These fossils reveal 

a diverse assemblage of organisms, reflecting both 

native inhabitants of the ancient lake and those 

carried in from other aquatic environments. This 

formation was deposited during the Upper Aptian 

of the Lower Cretaceous in a large lacustrine 

environment, approximately 100 km by 50 km. The 

depositional setting included a stratified water 

column with well-oxygenated upper layers and 

anoxic lower layers, reflecting a complex 

paleoenvironment with varied aquatic conditions 

(Carvalho et al., 2023; Bezerra & Mendes, 2024; 

Nel & Ribeiro, 2024; Silva et al., 2024). The Crato 

Formation is part of the Santana Group, including 

the Barbalha, Ipubi, and Romualdo Formations. It 

features six carbonate units (C1–C6), interspersed 

with sandstones, siltstones, and shales. These 

carbonate packages are exposed in the Araripe 

Plateau across Ceará, Pernambuco, and Piauí, often 

found in commercial quarries and river margins 

(Storari et al., 2021).

 

 
Figure 2. Crato Formation. Font: Veiga et al. (2024). 
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The study employed eight laminated 

limestone samples (Figure 3) (Table 1) from the 

Crato Formation. All samples have diameters 

ranging from 1.28 to 1.49 inches and heights 

between 1.60 inches and 3.67 inches. These 

samples are as similar to each other as natural 

materials allow, except for their cutting orientation. 

Four laminated limestone plugs from the Crato 

Formation were cut with their longitudinal axis 

perpendicular to the laminations. In contrast, the 

remaining four plugs were cut with their 

longitudinal axis parallel to the laminations.  

 

 
Figure 3. Laminated limestone samples from the Crato Formation. Font: Veiga et al. (2024). 

 

Table 1. Laminated limestones samples geometrical properties. Font: Veiga et al. (2024). 

Sample Diameter ±SD (inch) Heights ±SD (inch) Mass (grams) 

LM1 1.4912 ±0.0031 3.6734 ±0.0096 254.35 

LM2 1.4890 ±0.0013 2.9444 ±0.0279 185.36 

LM3 1.4866 ±0.0010 2.6682 ±0.0113 168.93 

LM4 1.4926 ±0.0021 2.6202 ±0.0089 166.69 

T14.1 1.3258 ±0.0019 2.0790 ±0.0018 105.11 

T5.1 1.3146 ±0.0058 2.0594 ±0.0060 112.71 

T10.1 1.2848 ±0.0118 2.2104 ±0.0029 109.98 

T10.2 1.3268 ±0.0058 1.6030 ±0.0038 82.47 

 

Gas Porosimetry 

Porosity analyses of the eight laminated 

limestone samples from the Crato Formation were 

conducted using the gas expansion porosimetry 

technique at the Petrophysics Laboratory of the 

Departamento de Energia Nuclear of the 

Universidade Federal de Pernambuco (DEN-

UFPE). Considering these analyses, the DCI Test 

Systems Helium Porosimeter (Figure 4) was 

employed (DCI Test Systems, n.d.). This 

instrument measures the pore volume of the sample 

through the isothermal expansion of helium gas, 

utilizing the principles of Boyle's and Charles's 

laws. The experiment was conducted at a reference 

pressure of approximately 100 psi. Helium was 

selected for its inert nature and small atomic size, 

ensuring accurate measurements by penetrating the 

sample's smallest pores. The porosity of each core 

plug was measured five times using the gas 

porosimeter, and the average of these 

measurements was reported. 

 

 
Figure 4. Helium Porosimeter at the Petrophysics 

Laboratory of the DEN-UFPE. Font: Veiga et al. 

(2024). 

 

X-Ray Computed Tomography 

The XR-μCT studies were conducted at the 

X-ray Computed Tomography Laboratory (LTC-
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RX) of the Porous Media Imaging, 

Characterization, and Simulation Research Group 

(ICSMP) at the DEN-UFPE. This facility has a 

third-generation NIKON XTH 225 ST tomography 

machine (Figure 5). The device operates with a 

maximum beam voltage of 225 kV and a maximum 

current of 2000 μA. It features a rectangular flat 

panel detector with 1520 pixels vertically and 1900 

pixels horizontally, allowing for image resolutions 

up to 5 μm for millimeter-scale samples and several 

tens of micrometers for centimeter-scale objects. 

For cylindrical plugs with a diameter of 3.80 cm 

(1.5 inches) and heights ranging from 3 to 10 cm, 

imaging is performed at a resolution of 40 μm. The 

equipment also includes a variety of physical filters 

(Al, Cu, Sn, and Ag) with different thicknesses.

 

 
Figure 5. X-ray Computed Tomography Scanner at the DEN-UFPE. Font: Veiga et al. (2024). 

 

The samples were positioned inside the 

tomography scanner and irradiated under the same 

conditions and pre-selected parameters (Table 2). 

These conditions and parameters were chosen to 

achieve the highest-quality tomographic images for 

the laminated limestone plugs, enhancing the 

contrast between voids and solids. The selection 

was based on previous experience with carbonate 

rock scans. Figure 6 presents a simplified diagram 

of the steps involved in the rock characterization 

method using X-ray computed tomography 

developed in this study. 

Table 2. Experimental parameters used in the 

scans. Font: Veiga et al. (2024). 

Parameter Value 

Current (µA) 110 

Voltage (kV) 180 

Filter (mm) Cooper (0.50) 

Voxel size (μm3) 40 

Integration Time (ms) 500 

 

 

 
Figure 6. Flowchart for porosity calculation using XR-μCT. Font: Veiga et al. (2024). 
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Once the samples were scanned with a 

voltage higher than 100 kV, where the Compton 

Effect predominates, the linear attenuation 

coefficient of the obtained images is proportional 

to the density of the studied material.  

Due to scattering radiation and despite 

using an aluminum filter, it is impossible to assert 

that all incident photons have energy above 100 

kV. However, the sample is an attenuator; its outer 

layer attenuates the beam more than the interior. 

Only the most energetic photons can penetrate the 

sample's center, causing disproportionate 

attenuation in the outer layer. This phenomenon is 

known as the edge effect and is a known artifact in 

tomographic images (Fox et al., 2018; Ketcham & 

Carlson, 2001; Taguchi & Khaled, 2009; Korpics 

et al., 2016).  

To minimize this artifact, the edges of the 

generated volume must be discarded during the 

analysis process, which was adopted for all 

analyzed volumes. Employing the software 

VGStudio MAX version 3.4 (Volume Graphics 

GmbH, 2020), the images were converted to 

Hounsfield units (Hu), where the air has a value of 

0, and water has a value of 1000 (with each unit 

representing a 0.1% change in density). 

 

Mathematical modeling  

Traditional methods for analyzing 

tomographic images involve a segmentation step to 

distinguish between the solid matrix and the porous 

space. However, this approach can be problematic 

in samples with a smaller porosity than the pixel 

size, as with the studied lithology, which contains 

pores less than 10 μm or nanometric. Such fine 

details cannot be accurately captured with standard 

voxel resolutions, such as 40 μm3. 

An alternative method that does not rely on 

segmentation uses attenuation values of minerals to 

compare radiodensities. To achieve this, it is 

necessary to compare the attenuation of the studied 

rock with that of a known control mineral. By 

understanding the linear attenuation coefficient of 

the rock's minerals, one can infer that the difference 

between the expected attenuation of the mineral 

matrix and the observed attenuation is proportional 

to the void volume within each pixel. Considering 

rocks with a homogeneous composition, porosity 

can be directly derived from the image histogram, 

where higher radiodensity values correspond to the 

mineral matrix. 

It is important to highlight that this method 

requires careful calibration of mineral attenuation 

and consideration of the X-ray source’s 

polychromatic nature. Its accuracy can be affected 

by image artifacts, unknown mineralogy, sample 

heterogeneities, and variations in the X-ray energy 

spectrum, as the linear attenuation coefficient 

changes with photon energy (Ketcham & Carlson, 

2001). 

Calcite (CaCO3), with a density of 2.71 g 

cm-3, was chosen as the calibration mineral due to 

its significant presence in the matrix of carbonate 

rocks of interest and its role as the main constituent 

in the studied analogs (Heimhofer et al., 2010). A 

translucent, prismatically shaped calcite sample, 

approximately 6 x 3 x 1 cm, was scanned to obtain 

the average attenuation. As with the rock samples, 

the edges of the calcite sample were excluded to 

mitigate the influence of the edge effect caused by 

beam hardening. Despite the sample's relatively 

homogeneous composition, it exhibits structural 

heterogeneities such as porosity, fractures, 

diagenetic variations, and other micro- or 

nanometric imperfections. To reduce uncertainty in 

determining a representative attenuation value for 

the mineral, a normal distribution was applied to 

the average attenuation values of the slices. Based 

on the normal distribution, the mineral matrix of 

the samples was represented by slices with the 

highest attenuation values. The threshold was set at 

a point corresponding to the 95th percentile of the 

normal distribution. This value is the attenuation 

caused by a solid voxel with a material of 2.71 

g‧cm-3 density and homogeneous composition 

under standard acquisition and processing 

conditions. Values below this threshold are 

considered mixed voxels, meaning they contain 

both mineral matrix and pores. 

Equation 1 can be used to determine the 

density of a given voxel in the rock samples. This 

method allows for measuring density at discrete 

points or volumes of interest within the object. This 

property was used in this study to check for any 

correlation between the laminations and the density 

distribution in the rock. 

 

𝜌 [
𝑔

𝑐𝑚3] =
𝜇[𝐻𝑢]

𝜓
    Eq. (1) 

 

where ψ is the calibration coefficient and follows 

the form of Equation 2. The value of ψ was 

obtained by the ratio between the attenuation of the 

calibration mineral (obtained from the CaCO3 

scans) and its theoretical density. 

 

𝜓 =
𝜇𝑚𝑖𝑛𝑒𝑟𝑎𝑙

𝜌
    Eq. (2) 

 

Similarly, the porosity can be estimated as 

a ratio of the attenuation coefficients of the 

calibration mineral and the rock samples (Equation 

3). 
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𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 [%] =
𝜇𝑚𝑖𝑛𝑒𝑟𝑎𝑙−𝜇𝑟𝑜𝑐𝑘 𝑠𝑎𝑚𝑝𝑙𝑒

𝜇𝑚𝑖𝑛𝑒𝑟𝑎𝑙
 Eq. (3) 

 

Results and Discussion 

Gas porosimeter results 

Table 3 shows the results of the porosity 

analysis for the eight laminated limestone samples 

from the Crato Formation using the gas expansion 

porosimetry technique. The values presented in 

Table 3 represent the samples' effective porosity 

(PHe), meaning the fraction of interconnected voids 

within the rock volume that allows the passage of 

the gas used in the experiment. These results 

indicate a notable range in porosity values, from a 

low of 8.54% in sample T5.1 to a high of 19.05% 

in sample LM4.  

 

Table 3. Porosity analysis using the gas 

porosimetry technique. Font: Veiga et al. (2024). 

Sample PHe (%) 

LM1 12.28 ±0.13 

LM2 17.68 ±0.30 

LM3 17.48 ±0.26 

LM4 19.05 ±0.30 

T14.1 17.60 ±0.29 

T5.1 8.54 ±0.35 

T10.1 13.12 ±0.13 

T10.2 16.04 ±0.46 

 

This variation indicates the heterogeneous 

nature of the laminated limestones, which is a 

critical factor in assessing the potential of these 

formations as hydrocarbon reservoirs. The 

relatively higher porosity values in samples LM2, 

LM3, LM4, and T14.1 (above 17%) suggest more 

extensive void networks, likely enhancing fluid 

flow within these rocks.  

These samples could represent zones 

within the formation where depositional conditions 

favored the development of larger or more 

interconnected pore spaces. Conversely, the lower 

porosity in samples T5.1, LM1, and T10.1, at 

8.54%, 12.28%, and 13.12%, respectively, points 

to tighter rock fabrics. These samples might 

correspond to areas within the formation where 

depositional or post-depositional processes, such 

as compaction or cementation, have reduced pore 

space. These differences could significantly impact 

the overall permeability and, consequently, the 

extractability of fluids from these rocks.  

 

Evaluation of the traditional threshold-based 

method for porosity estimation 

An initial study was conducted using one 

of the samples, T14.1, which had shown one of the 

highest porosity values (17.60%) in the gas 

porosimetry analysis. This sample was selected to 

evaluate the effectiveness of the traditional 

threshold-based method for porosity estimation. 

The method was applied to the tomographic images 

of T14.1 to assess how well it could detect porosity 

at this scale. 

The results revealed that the traditional 

threshold-based method only detected a porosity of 

0.45%, far below the gas porosimetry result. This 

discrepancy highlights the limitations of the 

threshold-based approach when the pore sizes are 

below the resolution of the tomography scanner. 

These results underscore the challenges of fine-

scale porosity in samples like T14.1, where the 

scanner does not capture much of the pore space. 

Figure 7 illustrates the spatial distribution of the 

detected pores in a 3D image obtained during the 

threshold analysis, further emphasizing the 

method's inability to detect smaller pores 

effectively.

 

 
Figure 7. Average attenuation values for each slice of the calcite sample. Font: Veiga et al. (2024). 
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Calcite calibration results 

Calcite calibration is critical in establishing 

the appropriate calibration parameter for the 

analyzed rocks, specifically calcite with a 2.71 g 

cm-3 density. This mineral, identified as the 

principal component of the rock samples in 

previous studies (Heimhofer et al., 2010; Gurjão et 

al., 2013; Soares et al., 2015), plays a crucial role 

in our analysis.  

The calibration process is essential to 

ensure the accuracy of our porosity and density 

measurements, allowing for refined interpretations 

of the imaging data. Figure 8 shows the average 

attenuation values (in Hounsfield units) for the 

calcite sample after μCT scanning; the edges of the 

calcite sample were excluded. Figure 9 shows the 

normal distribution applied to the average 

attenuation values of the slices to reduce the 

uncertainty in determining the representative 

attenuation value for the mineral. 

 

 
Figure 8. Average attenuation values for each slice 

of the calcite sample. Font: Veiga et al. (2024). 

 

 
Figure 9. Normal distribution of the average 

attenuation values of the slices of the calcite 

sample. Font: Veiga et al. (2024). 

 

Following the methodology outlined in 

Section 2.4, the attenuation threshold, a point 

greater than 95% of the normal distribution, was 

established at 3686.04 Hu. This value reflects the 

attenuation characteristic of a solid calcite volume 

with a density of 2.71 g‧cm-3 and uniform 

composition under standard acquisition and 

processing conditions. When applied to Equation 2, 

the calculation yielded a ψ value of 1360.16, which 

is representative of the intrinsic properties of 

calcite. Subsequently, by applying this calibration 

coefficient, it is possible to reformulate the curve 

in Figure 9 in terms of density. As illustrated in 

Figure 10, the recalibrated average densities are 

approximately 2.705 g‧cm-3. Similarly, applying 

the calibration coefficient to the data presented in 

Figure 8 yields the density distribution for all slices 

of the calcite sample (Figure 11). The values 

obtained after calibration confirm that, despite the 

calcite sample exhibiting structural heterogeneities 

such as porosity, fractures, diagenetic variations, 

and other micro- or nanometric imperfections, its 

density values are consistent with those reported in 

the literature for this material.  

 

 
Figure 10. Normalized curve for the density 

distribution of the calcite sample. Font: Veiga et al. 

(2024). 

 

 
Figure 11. Density distribution in the slices of the 

calcite sample. Font: Veiga et al. (2024). 
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Obtaining physical indices of rock samples from 

tomographic images 

Following the establishment of the 

calibration for the mineral of interest, eight samples 

of laminated limestones from the Crato Formation 

were analyzed. As previously described in the 

methodology, the volumes selected for analysis, 

taken from the interior of the samples, were 

reconstructed in Hounsfield units. The average 

attenuation value of the selected region from each 

slice was plotted in the charts in Figure 12. Next, 

the calibration coefficient (ψ) was applied to the 

values in the graphs from Figure 12, resulting in the 

graph shown in Figure 13. 

 

 
Figure 12. Average attenuation of each slice of the selected sample volume. Font: Veiga et al. (2024). 

 

 
Figure 13. Density distribution in the slices of the laminated limestone samples. Font: Veiga et al. (2024). 



Journal of Environmental Analysis and Progress V. 09 N. 04 (2024) 340-355 

Gonçalves, F.V.R.; Pérez, D.M.; Rodríguez, A.G.; Proenza, Y.G.; Duarte, D.A.; Brito, M.F.P.; Machado, C.B. ...       350 

The profiles reveal distinct variations 

across the samples, distinguishing between those 

cut perpendicular and those cut parallel to the 

sedimentary layers. LM1 to LM4, cut 

perpendicular to the laminations, exhibit more 

significant fluctuations in HU values, particularly 

in LM2 and LM3. This suggests a higher degree of 

heterogeneity in these samples, likely due to slicing 

through multiple sedimentary layers with varying 

compositions. In contrast, the other four samples 

(T14.1, T5.1, T10.1, and T10.2), which were cut 

parallel to the laminations, display relatively stable 

attenuation profiles, reflecting more consistent 

material properties along the plane of the 

laminations. 

Figure 13 presents the corresponding 

density profiles, where the general trends mirror 

the attenuation data. Samples LM2 and LM3 show 

greater variability in density, likely due to the 

heterogeneity between sedimentary layers, while 

T14.1, T5.1, T10.1, and T10.2, with their more 

uniform laminations, show much more stable 

density profiles across the slices. These results 

highlight how cutting orientation relative to the 

sedimentary layers affects both attenuation and 

density measurements, with more variability 

observed when the sample is cut across the 

laminations. The comparison of density profiles 

across the samples reveals a broad spectrum of 

material properties, from dense, compacted rocks 

to more porous, less dense structures. The higher 

densities observed in LM1 and LM4 suggest rocks 

with lower porosity and potentially greater 

mechanical strength. In comparison, the lower 

densities in T14.1 and T10.2 indicate rocks that 

may be more porous and have a higher potential for 

fluid storage. T5.1 and LM2 serve as intermediate 

cases, suggesting a balance between compaction 

and porosity, making them less extreme but still 

informative for understanding the overall 

characteristics of the Crato Formation. 

The next step was the determination of 

porosities, for which Equation 3 was used. This 

equation compared the measured attenuation, 

specifically the average attenuation of a given slice, 

with the attenuation of the calibration mineral. 

Areas with radiodensity higher than the calibration 

mineral were estimated to have 0% porosity, while 

for the remaining areas, porosity values between 0 

and 100% were assigned according to Equation 3. 

Figure 14 compares the porosity distribution of the 

studied samples, and Table 4 shows the average 

porosity values, along with a comparison to the 

values obtained through gas porosimetry. 
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Figure 14. Porosity distribution in the slices of the laminated limestone samples. Font: Veiga et al. (2024). 

 

Table 4. Comparison of the porosity results using the XR-μCT and gas porosimetry technique. Font: Veiga et 

al. (2024). 

Sample XR-μCT (%) PHe (%) Relative difference (%) 

LM1 13.45 12.28 9.50 

LM2 17.32 17.68 -2.00 

LM3 16.81 17.48 -3.80 

LM4 16.02 19.05 -15.90 

T14.1 15.98 17.60 -9.20 

T5.1 9.46 8.54 10.70 

T10.1 11.91 13.12 -9.20 

T10.2 13.99 16.04 -12.80 

 

Figure 14 shows the average porosity 

distribution obtained from XR-μCT for each slice 

of the laminated limestone samples. The 

distribution highlights the variation in porosity 

across the samples, with noticeable differences in 

the porosity values within and between the 

samples. Samples LM1 and LM4 exhibit more 

heterogeneous porosity distribution, with 

fluctuations in the porosity across different slices, 

suggesting that these samples may have more 

internal variability, possibly due to differences in 

depositional layers or post-depositional alterations. 

On the other hand, samples T14.1, T5.1, T10.1, and 

T10.2 display more consistent porosity profiles, 

which can be attributed to the fact that these 

samples were cut parallel to the laminations. In this 

orientation, multiple sedimentary layers are 

averaged together in each slice, resulting in a more 

homogenized representation of porosity. The XR-

μCT technique, which calculates the average 

attenuation per slice, further smooths out local 

variations within individual layers, contributing to 

the apparent uniformity in the profiles. This effect 

is less pronounced in samples cut perpendicular to 

the laminations, where distinct layers are more 

clearly resolved, leading to greater variability in the 

porosity profiles. 

In Table 4, a comparison between the 

porosity results obtained from XR-μCT and the gas 

porosimetry technique is presented. The porosity 

values from both methods align relatively well, 

with most samples showing a relative difference 
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within 10%, except for LM4 and T10.2, where the 

relative difference reaches -15.9% and -12.8%, 

respectively. These discrepancies could be 

attributed to how the two methods manage pore 

connectivity and pore size distribution. Gas 

porosimetry measures effective porosity, focusing 

on interconnected pore spaces, whereas XR-μCT 

captures the total porosity, including isolated pores 

that do not contribute to gas flow. This difference 

in methodology likely explains the higher porosity 

values observed for LM4 and T10.2. Finally, it is 

important to highlight that the results obtained for 

both density and porosity fall within the range of 

values reported in the literature for the analyzed 

region (Heimhofer et al., 2010; Gurjão et al., 2013; 

Soares et al., 2015). 

 

Conclusion 

X-ray computed microtomography 

successfully estimated the porosity and density in 

laminated limestones from the Crato Formation, 

providing valuable insights into their potential as 

reservoir analogs. The results confirmed that when 

properly calibrated using a calcite sample, the 

applied method can yield reliable estimates that 

closely align with traditional gas porosimetry. 

However, the threshold-based method, applied to 

one of the samples (T14.1), revealed significant 

limitations, detecting only 0.45% porosity, far 

below the 17.60% measured by gas porosimetry, 

thus highlighting the challenges of capturing pores 

below the scanner's resolution. 

This study emphasized the crucial role of 

calibration in XR-μCT analysis, particularly in 

complex sedimentary systems, where 

heterogeneities can greatly influence porosity and 

density distributions. Samples cut parallel to 

sedimentary laminations exhibited more consistent 

porosity profiles, further validating the method’s 

ability to analyze heterogeneous rock structures. 

Overall, this study reinforces the potential of XR-

μCT as a non-invasive tool for reservoir 

characterization, contributing to more accurate 

geological and environmental models. 
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