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Abstract: In the context of global efforts to transition toward renewable energy and reduce greenhouse
gas emissions, geothermal energy is increasingly recognized as a viable and sustainable option. This
paper presents a comprehensive assessment derived from a subset of a larger sample collection within
the Dunántúli Group of the Pannonian Basin, Hungary, focusing on optimizing micro-computed
tomography (µ-CT) resolution for analyzing pore structures in sandstone formations. By categorizing
samples based on geological properties and selecting representatives from each group, the study inte-
grates helium porosity and gas permeability measurements with µ-CT imaging at various resolutions
(5 µm, 2 µm, and 1 µm). The findings reveal that µ-CT resolution significantly affects the discernibility
and characterization of pore structures. Finer resolutions (2 µm and 1 µm) effectively uncovered
interconnected pore networks in medium- to coarse-grained sandstones, suggesting favorable proper-
ties for geothermal applications. In contrast, fine-grained samples showed limitations in geothermal
applicability at higher resolutions due to their compact nature and minimal pore connectivity, which
could not be confidently imaged at 1 µm. Additionally, this study acknowledges the challenges in
delineating the boundaries within the Dunántúli Group formations, which adds a layer of complexity
to the characterization process. The research highlights the importance of aligning µ-CT findings with
geological backgrounds and laboratory measurements for accurate pore structure interpretation in
heterogeneous formations. By contributing vital petrophysical data for the Dunántúli Group and the
Pannonian Basin, this study provides key insights for selecting appropriate µ-CT imaging resolutions
to advance sustainable geothermal energy strategies in the region. The outcomes of this research
form the basis for future studies aimed at developing experimental setups to investigate physical
clogging and enhance geothermal exploitation methods, crucial for the sustainable development of
geothermal resources in the Pannonian Basin.

Keywords: Dunántúli Group; geothermal energy; micro-CT imaging; resolution; sandstone

1. Introduction

The global energy crisis and escalating demand have intensified the search for sustain-
able solutions, with geothermal energy emerging as a key alternative [1,2]. This renewable
energy source, which harnesses the Earth’s inherent heat, offers a viable pathway for
both electricity generation and heating applications, making a significant contribution to
achieving net-zero emissions [1,3]. High-resolution µ-CT imaging has proven effective in
identifying significant porosity and variable permeability in the Dunántúli Group (DG)
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sandstones, essential for optimizing geothermal fluid injection and minimizing clogging
risks [4]. In addition to providing continuous, reliable power, geothermal energy meets
global environmental goals by operating without greenhouse gas emissions.

The geothermal potential in Europe, and especially in Hungary, is considerable. This
potential, which is extensively documented in the Atlas of Geothermal Resources, is
particularly pronounced in the sand and sandstone layers of the Pannonian Basin, which are
characterized by their favorable porous and permeable properties [5–8]. In the Pannonian
Basin, especially around the cities of Szentes and Szeged, the geothermal gradient ranges
from 45 to 50 ◦C per 1000 m depth, providing favorable conditions for geothermal energy
production. These gradients reflect significant geothermal anomalies that enhance the
geothermal potential of the region [9]. Such anomalies are closely related to the geological
and tectonic framework of the basin, which includes numerous faults and fractures. These
structural features facilitate the movement of geothermal fluids, contribute to the formation
of geothermal plumes, and influence the overall thermal characteristics of the region. This
sets the stage for Hungary to capitalize on its geothermal potential to potentially meet
national energy targets.

The focus of this study is the DG, a Miocene formation within the Pannonian Basin
known for its sandstones, siltstones, and shales [9–12]. Despite its recognized potential
for geothermal energy exploitation, limited public access to detailed data on the reservoir
rock properties of Hungarian geothermal projects, particularly those within the DG, poses
a challenge to a comprehensive understanding and optimization of these resources [10].

Extensive research in Hungary has investigated various dimensions of geothermal
energy, including vapor–liquid equilibria, groundwater heat transport, and ground move-
ments due to pore pressure fluctuations [2,13,14]. These studies highlight the critical need
for accurate characterization of geothermal reservoirs in order to optimize energy extrac-
tion and effectively manage environmental impacts. A major challenge in this area is the
efficient reinjection of spent fluids into geothermal reservoirs. The lack of detailed knowl-
edge of micropathways within formations such as the DG often leads to clogging during
reinjection processes, which has been documented in several Hungarian projects [10,11].
Addressing this issue requires an in-depth understanding of these micropaths in order to
prevent operational inefficiencies and ensure sustainable resource management.

The µ-CT imaging method has emerged as a pivotal non-destructive technique in the
analysis of geological formations, offering high-resolution insights into the pore structure
of reservoir rocks [15]. This technique, as demonstrated in the work of [16] and further ex-
plored by Buday Bond and Hurter and Schellschmidt [5,17], allows for detailed assessments
of porosity, permeability, and fluid flow characteristics that are vital for the management
of both geothermal and hydrocarbon reservoir dynamics. Moreover, the authors of [18]
have demonstrated the value of µ-CT in investigating tight turbidite sandstone formations,
illustrating its versatility beyond geothermal contexts.

In order to address the gaps identified in previous studies, our research integrates
helium porosity and permeability measurements with high-resolution µ-CT imaging in
order to examine the DG samples at various resolutions. This approach not only addresses
a significant research gap in Hungary but also provides a comprehensive assessment of
the formation’s suitability for geothermal energy exploitation. The integration of different
resolutions in µ-CT imaging has the effect of enhancing our ability to analyze and visualize
the complex pore structures within the DG, thereby setting a new precedent in the field of
geothermal energy exploration in the region.

Recent advances in this field, as exemplified by the work of Xiong [19], who combined
µ-CT data at different resolutions with numerical simulations, have highlighted the im-
portance of resolution in accurately predicting petrophysical properties across complex
reservoir rocks. These advances have significantly enhanced our understanding of the
influence of resolution on the visualization and analysis of pore structures, contributing to
the optimization of geothermal reservoir performance. This approach is analogous to that
of [20], who employed both nano-CT and µ-CT to investigate multi-scale pore structures in
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shale. They applied segmentation techniques to high-resolution µ-CT images in order to
enhance the quantification and spatial distribution of pore networks.

In the Újfalu Formation within the DG, recent studies, particularly those conducted
by Willems [10], have predominantly focused on the permeability and mineralogy. Our
research represents a pioneering approach to a systematic comparative analysis across spe-
cific µ-CT imaging resolutions (5 µm, 2 µm, and 1 µm) with the objective of analyzing pore
networks, porosity, and permeability in the DG sandstone. This resolution-specific analysis,
hitherto not utilized in DG studies, offers novel insights into the intricate pore structures
of geothermal reservoir rocks, thereby enhancing our comprehension and stewardship of
these resources for the sustainable production of geothermal energy.

2. Materials and Methods
2.1. The Study Area and Sample Collection and Preparation

The Pannonian Basin, known for its extensive geothermal resources, is home to the
Szentes geothermal field—a key site for geothermal energy in Hungary [21]. It is situated
in the southern reaches of the Great Hungarian Plain in the northeastern section of the
Makó–Hódmezősvásárhely Trough. The area features a pre-Neogene basement that plunges
to depths between 4500 and 5000 m. It experienced over 4000 m of sediment deposition
during the Pannonian period, characterized by a shoaling-upward sequence influenced
by the Alpine–Carpathian source [22]. This sequence includes five principal depositional
environments ranging from coarse-grained basal turbidites to shallow lake and braided
stream deposits [23]. Sand accumulation in the trough, influenced by climate and sediment
supply, reached its peak during the early highstand aggradational stage [24]. As seen in the
geological map in Figure 1, the Lower Pannonian formations comprising Algyő, Szolnok,
and Endrőd formations, along with Tótkomlós marl, now part of the Alföld Group, and the
Upper Pannonian formations encompassing the Zagyva and Újfalu formations, which are
part of the Transdanubian Formation Group currently named the Dunántúli Group, reflect
this complex stratigraphy [25].

In the Szentes Geothermal Field, within the DG, three aquifer layers are utilized,
correlating with the depth and geological features reported by Bálint and Szanyi, and
Koroncz [25,26]. Level A, the uppermost layer, includes wells in the Újfalu and Zagyva
formations at depths of 1500–1800 m, characterized by an average permeability of 1500 mD.
Level B, in the middle, encompasses wells between 1800 and 2000 m, mainly in the Újfalu
Formation and partly in Zagyva, with a permeability of around 500 mD. This layer is the
primary source of thermal water production. Level C, the deepest layer situated below 2000
m entirely in the Újfalu Formation, exhibits permeability between 1000 and 2000 mD [25].
The samples for this study were collected from a depth ranging between 1936 and 1960 m,
placing them within Level B, the middle aquifer layer group of the DG.

In Figure 1, we present a detailed topographical map that shows the Szentes area
within the broader landscape of the Pannonian Basin. This illustration pinpoints the
geographical location where our samples were collected and where our research into the
viability of geothermal energy unfolds. This area is key in improving our comprehension
of the geothermal energy exploitation in this part of Central Europe. Its hydrothermally
active fault network and zones of low electrical resistivity, combined with notable porosity
and permeability, make it highly suitable for geothermal power and district heating [8].

Our study focused on the middle aquifer layer group of the DG at depths of 1800 to
2000 m. This layer is characterized by a moderate permeability of approximately 500 mD.
Our study involved a strategic selection of core samples from a larger collection, where
they were categorized into two based on specific geological properties like grain size and
cementation. From these distinct categories, we chose two samples of each type for detailed
analysis: Sample A, which is a more porous, medium- to coarse-grained sandstone, and
Sample B, a denser, fine-grained sandstone with lower porosity and permeability. Type
B sandstone represents a more compact form of sandstone with potentially higher clay
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content. These samples, taken from depths between 1936 and 1960 m, fall within the
essential depth range of the middle aquifer [25,26].

Energies 2024, 17, x FOR PEER REVIEW 4 of 16 
 

 

clay content. These samples, taken from depths between 1936 and 1960 m, fall within the 
essential depth range of the middle aquifer [25,26]. 

 
Figure 1. The thickness of the Dunántúl Group in the Carpathian Basin (above) and cross-section 
(below) of the Great Hungarian Plain sediments and stratigraphy in the late Miocene; the cross-
section is shown as a black line in the above figure with the location of the study area indicated with 
a red dot (based on Geoconnect3D project and Almási and Szanyi [27]). 
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samples first underwent a simple lab measurement for porosity and permeability to pro-
vide initial insights for the µ-CT investigations that were to follow. They were then pre-
pared stepwise for high-resolution µ-CT scanning at various resolutions (5 µm, 2 µm, and 
1 µm). These steps involved careful step-by-step size reduction in the samples, as will be 
explained in the respective sections, to ensure suitable size for the µ-CT scanning process 
while still representative of their original geological context. This meticulous preparation 
was critical in accurately assessing the pore structures of the samples, thereby contributing 
to a comprehensive understanding of their potential for geothermal energy exploitation. 

Figure 1. The thickness of the Dunántúl Group in the Carpathian Basin (above) and cross-section
(below) of the Great Hungarian Plain sediments and stratigraphy in the late Miocene; the cross-section
is shown as a black line in the above figure with the location of the study area indicated with a red
dot (based on Geoconnect3D project and Almási and Szanyi [27]).

The selected samples underwent further preparations for our study. This involved
drying for 24 h at a temperature of about 65 degrees to expel any moisture present. The
samples first underwent a simple lab measurement for porosity and permeability to pro-
vide initial insights for the µ-CT investigations that were to follow. They were then pre-
pared stepwise for high-resolution µ-CT scanning at various resolutions (5 µm, 2 µm, and
1 µm). These steps involved careful step-by-step size reduction in the samples, as will be
explained in the respective sections, to ensure suitable size for the µ-CT scanning process
while still representative of their original geological context. This meticulous preparation
was critical in accurately assessing the pore structures of the samples, thereby contributing
to a comprehensive understanding of their potential for geothermal energy exploitation.
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2.2. Gas Porosity and Permeability Measurements

Core samples’ selection and preparation were followed by an initial evaluation to
deeply understand their porosity and permeability characteristics. Porosity measurements
were carried out using a helium gas and a helium pycnometer. On the other hand, per-
meability measurements were made using nitrogen gas at steady-state flow and using a
Hassler-type permeameter at Geochem Ltd. Kozarmisleny, Hungary. These gas measure-
ments adhered to the standards set by the American Petroleum Institute [28]. This step
utilized a total of four samples; two replicas from sample category A (A1 and A2) and
two replicas from sample category B (B1 and B2). The geometrical size of the samples was
37 mm and 60 mm in diameter and length, respectively. The measurements were made
both under ambient pressure and under a confining pressure of 240 bars.

To address the potential for gas slippage effects, which can skew permeability measure-
ments, we implemented the Klinkenberg correction on our collected data. This correction
ensured that the data accurately represented the actual permeability of the samples. The
outcomes of these tests were then averaged for each sample set to determine the aver-
age porosity and permeability characteristics of the formation under study. The findings
from this phase provided essential preliminary insights into the behavior of the samples,
informing our subsequent µ-CT investigations.

2.3. Micro-CT Imaging

Our imaging approach was designed to provide a resolution-specific characteriza-
tion of pores in the DG sandstones A and B. A compromise between sample size and
spatial resolution was inevitable as is always the case for X-ray microtomography studies.
We detail the different imaging resolutions and respective sample dimensions used in
this study.

Initially, to gain a general overview of the pore structures, we used the YXlon FF35
dual-tube µ-CT device at the University of Miskolc, Hungary. With its micro-focus X-ray
source and a sensor size of 2176 × 1792 pixels, this equipment allowed us to scan the
samples at a 5 µm resolution. For these scans, we prepared samples from categories A and
B, reducing their diameters to about 8 mm (Figure 2) through precise coring.
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Figure 2. Sandstone core samples (A,B) prepared for 5 µm resolution scanning, with the coarseness
(A) and layered texture (B) evident beside a scale bar for size reference.

To capture more detailed pore structures, we subsequently reduced the sample dimen-
sions further to approximately 5 mm. This size was optimal for employing the nanotom M
180 system (Waygate Technologies, a Baker Hughes Company) at the Leibniz Institute for
Applied Geophysics (LIAG), Germany, which facilitated scanning at 2 µm voxel sizes.
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For the most detailed analysis, we scaled down the samples to approximately 3 mm
and utilized the same nanotom M 180 system for 1 µm resolution scans. This highest
resolution was chosen in accordance with the equipment’s capability, which marks 1 µm as
the limit of its resolution range.

All the scanning processes followed the methodologies established by Halisch and
Schmitt [29,30], ensuring data acquisition precision and reliability. This detailed µ-CT
imaging strategy, marked by gradual reductions in sample size and increases in resolu-
tion, was important in the comprehensive analysis of the internal structures of the DG
sandstone samples.

By integrating these high-resolution µ-CT imaging results with the lab porosity and
permeability measurements, our study introduces a methodology that has not been used in
geothermal reservoir exploration in the study area. This combination offers an enriched
and comprehensive assessment of the rock’s physical properties, surpassing the capabilities
of each method or resolution when used independently. Such integration is particularly
significant in the field of geothermal reservoir characterization and management, setting a
new benchmark for future studies.

However, it is important to acknowledge the obvious limitations and assumptions as-
sociated with our methodology. The sample size constraint due to µ-CT imaging resolution
may not fully represent the heterogeneous nature of larger DG, a necessary compromise for
efficient scanning and analysis across three resolutions for each sample. Additionally, there
is an assumption that µ-CT imaging accurately captures all pore structures, which may
not be true for samples with extremely fine or complex networks. Differences in scale and
measurement principles between laboratory helium porosity, permeability measurements,
and µ-CT imaging results might also affect our study’s conclusions. To address these
concerns, we carefully selected Sample A and Sample B for their representativeness of
the broader geological spectrum within the DG. This approach enhances the reliability of
extrapolating our findings to the broader geological formations, balancing the need for
detailed analysis with practical constraints in sample size and resolution.

2.4. Imaging Analysis and Resolution Impact Assessment

Upon acquisition, the µ-CT images of the sandstone samples underwent advanced
3D visualization and analysis using AVIZO PerGeos Software Version: 2022.3 [31]. This
software enabled us to employ previous methodologies as outlined by Halisch, Schmitt,
and Ishutov [30,32,33], which included the application of thresholding and segmentation
algorithms. These processes were crucial in analyzing the pore network in great detail,
enabling us to comprehensively evaluate the pore size distribution at high resolution.

For each dataset of the 16-bit grayscale images, a volume of interest was chosen and
then segmented into binary images to calculate the connected porosity as well as PSD
for each subsample. Segmentation, a critical step in image analysis, directly influences
all subsequent results [34]. While various methods exist for segmentation [35–37], in this
study, we employed careful interactive threshold settings for each dataset, guided by the
respective intensity histograms.

Incorporating this comparative analysis was a crucial element of our research, setting
it apart from conventional applications of µ-CT imaging in geological studies. By carefully
examining the pore structures at multiple resolutions, specifically 2 µm and 1 µm, we
were able to discern how resolution choices influence the accuracy and reliability of pore
structure analyses. This methodical examination is particularly new in the context of the
DG and the Pannonian Basin. Our study goes beyond the standard use of µ-CT imaging,
adopting a tailored approach that further integrates the high-resolution µ-CT imaging with
the lab porosity and permeability measurements.
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3. Results and Discussion
3.1. Helium Porosity and Permeability Results

We present a detailed breakdown of total porosity, pressure-specific porosity, and
permeability both before and after the Klinkenberg correction in Table 1. These results
provide foundational data for understanding the fluid flow potential of the samples under
study as well as the general expected porosity and permeability for the studied samples.

Table 1. Results of helium porosity and Klinkenberg-corrected permeability for DG replica samples
A and B.

Sample # φ [%] ΦPressure [%] Kgas [mD] KKl [mD]

A1 30.56 27.81 449 388
A2 31.7 28.39 633 557

A (average) 31.13 28.1 541 472.5

B1 8.24 6.32 0.05 0.01
B2 15.61 12.17 0.04 0.01

B (average) 11.925 9.245 0.045 0.01

The results indicate a notable distinction between the two samples, which can be
attributed to differences in their grain size and cementation patterns. Specifically, Sample A,
characterized by coarser grain size and less extensive cementation, exhibited significantly
higher porosity and permeability, >30% and ~400 mD, respectively, as compared to the low
porosity and permeability, <15% and ~0.01 mD, respectively, observed in Sample B. This
suggests that Sample A may have a good fluid flow potential, which is a critical component
in the performance of geothermal reservoirs. The observed variations in Klinkenberg-
corrected permeability further emphasize the influence of pore structure and connectivity
on fluid transport within these formations.

The observed low porosity and permeability in Sample B are indicative of its limited
suitability for use as a geothermal reservoir. This sample’s fine-grained texture is linked to
lower porosity, likely due to a reduction in interconnected pore spaces or the presence of
isolated pores. Furthermore, the porosity measured may also reflect the presence of fissures
or stratifications introduced during sediment deposition. These factors are crucial in our
µ-CT imaging analysis, as they influence the interpretation of porosity and permeability
relevant to geothermal potential.

3.2. Micro-CT Imaging Results

µ-CT imaging at various resolutions allowed for the visualization and quantification of
the internal microstructures of the DG sandstone samples, with a particular focus on their
pore networks. The 5 µm resolution scans did not reveal clear details for the two samples,
presenting grainy images, as depicted in Figure 3. The only discernible feature was a
fracture in Sample B. Beam hardening, an imaging artifact described by Ketcham and
Carlson [38] caused by X-rays being preferentially absorbed by denser materials leading to
bright rings at the edges of the samples, is evident in the raw images captured in Figure 3.
These artifacts, especially prominent in the 2 µm and 1 µm resolution scans, needed to be
removed before undertaking any image segmentation. Particularly for Type B, the µ-CT
imaging at 1 µm and 2 µm resolutions failed to resolve the finer porosity details effectively
due to the sandstone’s dense composition and low porosity, emphasizing the need for
higher imaging resolution.
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Figure 3. µ-CT 2D slices of uncropped 16-bit grayscale images at 5, 2, and 1 µm resolutions from
left to right, respectively. The top set of images corresponds to Sample (A), and the bottom set to
Sample (B) as indicated. A fracture can be observed in Sample (A).

Due to the necessity to eliminate imaging artifacts and surrounding void, the image
processing and cropping of the data to derive a representative region of interest was
performed. This is shown in Figures 4 and 5 for samples A and B, respectively, and includes
all the resolutions used. Additionally, each cropped image is accompanied by an intensity
histogram to provide further insight into the data. The structures in 5 µm resolution images
were not further investigated due to their limited details and noise.
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Figure 5. The 2D slices of sandstone rock Sample B at resolutions of 5 µm, 2 µm, and 1 µm, from
left to right displayed as 16-bit grayscale images. The grayscale histograms beneath the according
image reveal the distribution of 16-bit grayscale values. Similar to Figure 4, the thresholds were
determined using Avizo software, relying on user-defined grayscale values and guided by the
intensity histograms. Multiple iterations were necessary to ensure accurate segmentation, particularly
for data with underdeveloped peaks in the histograms.

Figures 4 and 5 showcase cropped 2D slices of the samples at 5 µm, 2 µm, and 1 µm
resolution, revealing the intricate microstructures of the DG sandstones. These images
highlight the contrast between different phases within the samples, indicative of variations
in mineral composition and density. In the grayscale images, the darkest areas represent
the pore spaces, while the spectrum from dark gray to white corresponds to the varying
densities of grains and minerals, as noted by Vaz [39]. Both the medium-grained Sample A
and fine-grained Sample B display these dark pore regions; however, in B, the pores are
fewer and smaller in size. Segmentation was subsequently employed to isolate the pores
for detailed analysis.

Segmentation and Pore Space Analysis at Different Resolutions

Segmentation in µ-CT data analysis is a fundamental step that delineates different
phases within the rock, such as pore spaces and mineral grains. This study utilized the
interactive thresholding capabilities of Avizo PerGeos software Version: 2022.3 [31], which
allowed us to isolate the void phase by carefully selecting a user-defined grayscale threshold
value. This choice of the threshold value was user-defined and required the separation
of the voids from the rest of the rock as our region of interest. This task relied purely on
the operator’s discernment with guidance from the intensity histograms of the respective
dataset. This is especially crucial when the intensity histograms lack distinct peaks or show
only underdeveloped peaks, a challenge we encountered with Sample B mostly at the 2 µm
and partially at 1 µm resolution. To solve this, multiple iterations were executed to refine
the region of interest with the utmost accuracy.

In our study, the “separate objects algorithm” was utilized to distinguish and analyze
individual pores within the µ-CT datasets. This algorithm, integral to image processing,
works by identifying and segmenting connected pixel clusters within the image that rep-
resent unique structures—such as pore spaces—based on their grayscale values. Once
identified, these segments are treated as separate entities, allowing for detailed analysis of
each pore’s geometric and spatial characteristics. This segmentation process is necessary
for accurate porosity quantification and was performed using Avizo software [31]. We
then normalized pore sizes against the total porosity to ascertain the most impactful pore
size contributing to overall porosity, an approach aligning with [30] Schmitt [30]. This nor-
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malization addresses common misinterpretations associated with traditional frequency or
count plots, which often overemphasize the abundance of smaller pores without accounting
for their relative insignificance in total porosity contribution.

Moreover, permeability simulations were conducted for the highest resolution sam-
ples to estimate their permeability characteristics, though this attempt failed for Sample B,
suggesting negligible permeability. Figures 6 and 7 visually illustrate these findings, show-
casing 2D slices of each dataset with separated pores (colors are used to show the separation
of adjacent pores without any relation to pore size); also shown is the frequency of pore
sizes as well as the normalized pore size distribution all in that order. Table 2 complements
this visualization by summarizing the µ-CT analysis and including these observations
against the averaged helium porosity and permeability results for both samples.
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Table 2. Comparison of parameters analyzed from lab (gas) measurements and 1 µm and 2 µm
resolutions.

Sample ID # Method k (mD) φ [%]
Connected

Freq. Dependent
Pore Size (µm)

Weighted Pore
Size Mode (µm)

Pore Size Range
(µm)

A Gas 472.5 31.13 N/A N/A N/A
1 µm 1800 25.0 100–120 50–60 1.5–190
2 µm NP 25.9 80–100 50–60 2.5–240

B Gas 0.01 11.93 N/A N/A N/A
1 µm Failed 4.15 30–40 25–30 1.5–124
2 µm NP 2.8 25–35 60–70 2.5–76

Sample A: 2 µm Resolution Analysis: The 2 µm resolution scans for Sample A were
analyzed to identify and quantify the pore space distribution. The frequency distribution
(Figure 6, left graph) revealed a predominant pore size range, peaking at approximately
50–60 µm, suggesting a high occurrence of pores within this size bracket. However, the pore
size distribution (PSD) (Figure 6, right graph) provided insight into the functional porosity,
showing a notable peak in the 100–120 µm range. This indicates that medium- to large-sized
pores (100–120 µm), despite being less frequent as compared to the 50–60 µm pores, play a
dominant role in the porosity of the sample due to their substantial individual volumes.

Sample A: 1 µm Resolution Analysis: Upon examining the 1 µm resolution images,
the frequency distribution maintained a similar pattern to that of the 2 µm resolution,
reinforcing the consistency of the pore size distribution across the increased resolution
(Figure 6, left graph). The mode pore size recorded ~60 µm is comparable to the 50–60 µm
recorded under 2 µm resolution. The PSD for the 1 µm resolution (Figure 6, right graph) also
presented a prominent peak within the most effective pore size range of 80–100 µm, aligning
with the findings at 2 µm resolution. This consistency confirms the critical contribution
of medium- to large-sized pores to the overall porosity and potential fluid flow within
the sample.

The analysis of Sample A across both resolutions shows the important influence of
medium-sized pores on porosity compared to the abundant smaller pores. Larger pores,
while crucial for fluid transport, are less frequent and may be isolated, reducing their
impact on flow dynamics. The frequency curves show the small pores to be the majority,
but in reality, they seem to have minimal contribution to the total porosity, as evident in
the normalized pore size distribution. Considering these observations, the two resolutions
give satisfactory results, showing that this sample can be studied under both the 1 µm
and 2 µm resolutions. The results also highlight the importance of considering pore
volume in addition to frequency when evaluating porosity and permeability for geothermal
energy exploration.

Sample B: 2 µm Resolution Analysis: At the 2 µm resolution, the frequency distribution
graph for Sample B (Figure 7) indicates a concentration of pores with a diameter of around
60–70 µm, suggesting a dominance of this pore size within the sample. For this sample,
the number of pores detected is relatively low. The normalized pore size graph reveals a
significant porosity contribution from smaller pores, specifically in the range of 25–35 µm,
as well as a contribution from a different group of pores about 60 µm. This observation
highlights the role that small to medium-sized pores play in the porosity of this sample,
which is critical for assessing the sample’s potential for fluid transport.

Sample B: 1 µm Resolution Analysis: When examined at the 1 µm resolution, the
frequency distribution becomes narrower, with a peak at around 25–30 µm, hence a slightly
different pore size spectrum compared to what was observed at 2 µm. The normalized PSD
shows that the highest porosity contribution comes from pores in the 30–40 µm range. This
is different from the 60–70 µm range observed under 2 µm.

An important observation from the imaging is the limited number of pores identified
in Sample B even at our finest resolution. Also, examining the 2D slice shown for this case,
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it is evident that the pores seem to be linearly aligned, resembling features such as fissures
or deposition lines, which might also manifest as cracks in larger sample sizes.

The 1 µm resolution analysis reveals that for Sample A, medium-sized pores predomi-
nantly contribute to the total porosity, suggesting effective fluid transport. However, for
Sample B, the variation in contributing pore sizes, particularly the prominence of smaller
pores, indicates a more complex pore structure. This complexity, coupled with less defined
boundaries even at 1 µm resolution, suggests that a finer resolution might be necessary for
a more accurate assessment of Sample B.

3.3. Comparative Analysis of Petrophysical Parameters

Table 2 presents petrophysical measurements across different methods: laboratory
gas measurements and micro-CT imaging at 1 µm and 2 µm resolutions for Sample A and
Sample B. “NP” (not performed) indicates that measurements were not executed due to
resolution limitations and sample suitability, while “Failed” denotes experiments that were
attempted but did not yield valid results due to technical challenges, especially with such
dense material. Hence, “Failed” is interpreted as zero at this resolution.

In the comparative analysis between helium porosity and permeability tests and µ-CT
imaging at 1 µm and 2 µm resolutions, as outlined in Table 2, there are notable differences
in the interpretation of the sample characteristics. For Sample A, µ-CT imaging at 1 µm
resolution suggests a significantly high permeability of 1800 mD, contrasting with the
472 mD recorded from nitrogen gas permeability measurements. While the Pannonian
Basin, particularly the DG, has recorded permeability exceeding 2 Darcy in some areas,
as reported by Koroncz and Toth and Almasi [12,25], the high permeability recorded
for Sample A does not accurately represent the actual conditions of the studied sample.
This may be a limitation of µ-CT imaging, considering its limited representativeness at
such a microscale. We base our explanation on two more arguments; the sample was
a medium- to coarse-grained sandstone and not from the highest permeability section,
which, for DG, is categorized as coarse-grained with very poor cementation. Also, the
lab-measured permeability on the larger sample showed lower permeability. The porosity
values show a small but acceptable difference, with 31% recorded by helium pycnometry
and approximately 25% by µ-CT imaging. This is an acceptable range considering the
precision of helium gas porosity measurements and the larger sample investigated in
the lab.

On the other hand, Sample B displays more consistent permeability across the two meth-
ods, with both gas permeability and µ-CT imaging indicating very low permeability, at
0.01 mD and 0 mD, respectively, a conclusion derived after the failed results. The porosity
measurements, however, differ, showing approximately 11% for helium pycnometry and
around 4% for µ-CT imaging. This discrepancy in porosity values can be attributed to the
µ-CT imaging’s limitations in detecting smaller, isolated pores in this finer-grained sample.
Additionally, the µ-CT imaging process involved cropping out visible fractures before
data analysis, which could also contribute to the differences observed. On the other hand,
lab measurements were made on a larger sample that had visible depositional features,
which are more likely to contribute to this porosity. These findings show the crucial role
of integrating geological insights and corroborative laboratory data for a more accurate
interpretation of µ-CT imaging results, particularly in geothermal energy exploration where
understanding fluid transport characteristics is essential.

Novice researchers working with µ-CT should be keen to recognize the limitations of
resolution in capturing complete pore structures and to be cautious about misinterpretations
based on pore frequency alone. Higher resolutions are crucial for detailed analysis but
may not always be necessary for all samples. Moreover, high resolution will always be
a tradeoff between resolution and sample dimensions. Experienced CT users, on the
other hand, should emphasize the integration of µ-CT data with geological context and
other laboratory measurements, understanding that µ-CT results may require careful
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interpretation to account for potential discrepancies in representativeness, especially in
heterogeneous samples.

At 5 µm resolution, the images of the two samples exhibited a homogeneous phase
distribution with blurred or indistinct pores, leading to a grainy texture in the images. The
finer details essential for accurate pore structure analysis were concealed. Since the samples
at hand contained large grains and large pores, especially Sample A, which could be imaged
at a 5 µm resolution, we attribute these results to suboptimal scanning parameters, which
led to poor signal-to-noise ratio. For this scan, filtering algorithms could not enhance the
signal-to-noise ratio. This compromised image quality made the images unsuitable to
define a threshold that could ensure image segmentation, thus highlighting the importance
of optimal scan settings and resolution choice coupled with some background knowledge
about the sample to be scanned.

4. Conclusions

The challenge in resolving structures at a 5 µm resolution highlights the need for
optimal scanning parameters and careful resolution selection in µ-CT imaging.

For sample category A, effective analysis at 2 µm and 1 µm resolutions reveals high
porosity and permeability, suggesting its suitability for geothermal applications. Never-
theless, additional comprehensive studies, including mineralogical analysis, are necessary
to evaluate risks like clogging. Our results indicate that, for the DG, if a sample’s pore
structure is not clearly discernible at 2 µm resolution, it may not be suitable for geothermal
exploitation, as evidenced by the low porosity and permeability in sample category B.

Sample category B, characterized by its compact nature and indistinct pore structures
even at 1 µm resolution, demonstrates limited geothermal potential, underscoring the
necessity for high-resolution imaging for accurate characterization. Moreover, our findings
propose the following implication for geothermal reservoir assessment in the DG: If a
sample’s pore structure cannot be adequately resolved at a 1 µm resolution, it likely signifies
exceedingly low permeability and small pore sizes. Such characteristics suggest that the
region may not be favorable for geothermal exploitation due to the likely impediments in
fluid transport. This additional criterion serves as a guideline in evaluating the feasibility
of geothermal reservoirs in the region, contributing to a more efficient and sustainable
exploitation of geothermal energy.

As previously mentioned, our study grouped sandstone samples into categories A
and B based on their different geological characteristics, with one representative from
each category selected for detailed analysis. Type B, chosen to represent denser, less
permeable formations, represents a significant segment of geological environments within
geothermal reservoirs. Despite its limited geothermal potential, the characteristics of Type
B are representative of similar compact geological formations, demonstrating the relevance
of our findings to wider geothermal studies. However, the insights into pore structure
analysis and fluid dynamics developed in this study are applicable to other types of porous
reservoirs, such as hydrocarbon reservoirs. The principles of porosity and permeability
assessment from our research can improve the understanding and management of various
subsurface reservoirs beyond the specific context of geothermal energy.

5. Outlook

The insights gained from this study lay a foundation for future explorations, particu-
larly focusing on experimental setups to investigate physical clogging phenomena within
the Pannonian Basin’s geothermal reservoirs specifically using medium- to coarse-grained
samples. This direction is essential for advancing geothermal exploitation techniques and
ensuring the sustainable and efficient development of Hungary’s geothermal energy resources.
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