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Abstract: Karst aquifers are important sources of thermal and groundwater in many parts of the
world, such as the Alpine–Dinaric–Carpathian region in Europe. The Upper Triassic dolomites are
regionally recognized thermal and groundwater aquifers but also hydrocarbon reservoirs. They are
characterized by predominantly fractured porosity, but the actual share of depositional and diagenetic
porosity is rarely investigated. In this research, we presented the geometric characterization of the
measured microporosity of the Upper Triassic dolomites of the Žumberak Mts (Croatia), through
thin-section image processing and particle analysis techniques. Pore parameters were analyzed on
microphotographs of impregnated thin sections in scale. A total of 2267 pores were isolated and
analyzed. The following parameters were analyzed: pore area, pore perimeter, circularity, aspect
ratio (AR), roundness, solidity, Feret AR, compactness, and fractal dimension. Furthermore, porosity
was calculated based on the pore portion in each image. The effective porosity on rock samples
was determined using saturation and buoyancy techniques as an accompanying research method.
We analyzed distributions of each parameter, their correlation, and most of the parameters are
characterized by an asymmetric or asymmetric normal distribution. Parameters that quantify pore
irregularities have similar distributions, and their values indicate the high complexity of the pore
geometry, which can significantly impact permeability.

Keywords: Upper Triassic; dolomites; porosity; image processing; fractal dimension

1. Introduction

Upper Triassic dolomites are a regionally widespread formation in the Alpine–
Carpathian–Dinarides region. Most of this Upper Triassic dolomite succession is oc-
cupied by the Main Dolomite Formation (original name is Hauptdolomite [1]). The
primary characteristics of the Upper Triassic dolomites are large lateral distribution and
large thickness from 300 m up to 3000 m [2–9]. These geological conditions together
with significant porosity values result in significant groundwater and geothermal wa-
ter aquifer potential. Porosity is mainly represented with fracture porosity [3,10,11],
but the amount and significance of depositional and diagenetic porosity have not
been investigated.

Constructing an accurate reservoir or aquifer model is crucial in the sustainable
management of the target resources.

The critical parameter that controls fluid flow in the subsurface rocks is porosity [12].
Porosity is a basic physical parameter that is interpreted and used for various engineering
purposes. It is associated with different physical and mechanical properties of rock ma-
terial [13–15]. Quantitative estimation of the microstructures of carbonates, irregularities
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of pore shapes, frequency distributions of pore sizes, and other geometrical parameters
are challenging in the pore-structure analysis [16]. Understanding the geometry, size, and
distribution of pores is important for the characterization of rock pore structure [17–19]
and fluid flow characteristics of the rock matrix [20].

Knowledge of pore size distribution is critical for understanding both the mechanisms
and storage [18]. The fractured rocks, aquifers, or reservoirs consist of two overlapping
subsystems: one represents fractures, and the other represents the porous matrix [21–23].
The general flow through the rock is established by a more permeable system (fractures),
while a less permeable system (matrix blocks), which have a large storage capacity, feeds
fluid into the fractures [23,24]. The quantity of less permeable matrix feeding more perme-
able fractures has not been previously studied but is important for dual-porosity models.
So, depositional and diagenetic porosity in Upper Triassic dolomites does not have a key
role in the fluid flow; however, they can be very significant in feeding highly permeable
fractures that indirectly influence the fluid flow.

There are a variety of different methods for pore-structure characterization: fluid
invasion methods (mercury and helium porosimetry (MICP)) [25–31], low-temperature
adsorption isotherms by adsorption of N2 or CO2 [18,20,25,27,30–36], nuclear magnetic
resonance [37], and X-ray methods (SANS/USANS) [12,18,27,33,38] although these meth-
ods can estimate porosity values but do not give information about pore morphology.
CT scans [12,30,39,40], scanning electron microscopy [16,19,25,26,29,30,33,41–45], and thin-
section analysis [29,37,46] are methods that can quantify geometrical parameters of the
rock pore structure. These methods in themselves cannot define heterogeneity and pore
shape complexity of analyzed rocks [26,47–49]. Researchers found that fractal theory can
be very effective in describing and quantifying irregular and complex pore geometry. The
complexity of pore structures can be quantified by the fractal dimension’s complex fractal
characteristics [16,17,25,28,39,50–56].

The objective of this paper is to quantify the porosity of the Upper Triassic dolomites.
The two methods employed were saturation and buoyancy techniques and micropho-
tograph image processing. Furthermore, the geometrical parameters of the pores were
analyzed based on image analysis of microphotographs.

2. Study Area and Geological Setting
2.1. Study Area

The research area is located in the Žumberak Mts, in the north-west of Croatia, where
the Upper Triassic dolomites are developed to a total thickness of 1590 m [2,3]. The area was
selected because this is a nearly tectonically undisturbed area required for pore size analysis.
Three formations have been singled out: Slapnica, with its members Vranjak and Drenovac,
and the Main Dolomite with its members Kalje and the Posinak formation. Within the
formations and members, cyclically alternating microfacies were determined: dolomicrite,
fenestral dolomite, and stromatolitic dolomite. Sedimentary environments have been
interpreted as a dynamic shallow-water system of the tidal environment from subtidal to
shallow intertidal [2]. Under such precipitation conditions, mainly intergranular porosity
has developed in the dolomicrite microfacies. In some places, in the facies of fenestral
and stromatolite dolomites, intergranular, fenestral, and moldic and shelter porosity have
developed. In all formations, the porosity of dolomicrite microfacies is negligible. Fenestral
sediment porosity during rock formation was higher, probably over 30%. However, this
porosity was reduced by multiphase diagenetic processes, i.e., formation of dolosparite
crystals in the pores. In the Main Dolomite Formation, the facies of the fenestral dolomites
have the largest number of particularly large fenestrae, which are connected by channels
formed during diagenesis.

2.2. Geological Setting

The structural settings of the Žumberak area result from regional tectonic settings
related to the formation of Alpine–Dinaric–Carpathian orogeny (Figure 1). The research
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area is in the junction zone of the Zagorje–Midtransdanubian zone [57], Internal Dinar-
ides, a margin of the Adriatic Carbonate Platform [58], and the Sava folds [57,59,60]. The
main structural features of the Žumberak Mt. result from multiphase tectonic history
from the Middle Eocene to the present day. Two main phases can be distinguished [3,60]:
first is Eocene to Oligocene compression, which resulted in the formation of main struc-
tural units, thrusts, and reverse faults with NW–SE striking and km scale folds being
overturned in places. The second phase is represented by the change in stress orien-
tation to approximately N–S and the change in tectonic regime from compression to
transpression. By this event, existing faults were reactivated, and new NE–SW and
E–W striking faults were formed [60–63]. The Upper Triassic dolomites (T3) are the
most important lithological unit in the geological structure of Žumberak, with a total
thickness of 1570 m [2,3] (Figures 1 and 2).

The Upper Triassic dolomites are mainly composed of early diagenetic dolomites, in
some areas recrystallized in “saddle” dolomites. Three formations and three members are
singled out in the research area (Slapnica, Main Dolomite, and Posinak) and three members
(Vranjak, Drenovac, and Kalje) [2].

The oldest Slapnica formation is of the Carnian age. It is represented by more or
less uniform cyclical alterations of dolomicrite, fenestral dolomicrite, and stromatolitic
dolomites, deposited in a peritidal environment [2]. Bedding surfaces are differentiated. In
the lower part of the formation, the member Vranjak is characterized by thin interlayers
of yellowish shale, reflecting Raibl events [2]. In the upper part, the member Dreno-
vac is characterized by a high organic matter content, interbeds of dark grey to black
shale and laminite, and sporadic coal occurrence [2]. The sedimentation environments
were anoxic closed lagoons [2]. The total thickness of the Slapnica formation is 340 m
(Figure 1). The massive deposits of the Main Dolomite Formation of the Norian–Rhaetian
age are deposited contontinuosly on the Slapnica formation (Figure 2a). The Main Dolomite
Formation is characterized by more or less irregular vertical and lateral alterations of
dolomicrite, fenestral dolomicrite (Figure 2b), and dark fine-laminated stromatolites
(Figure 2c) [2]. The total thickness of the Main Dolomite Formation in Žumberak area
is 960 m (Figure 1) [2,3]. The Posinak formation of the Rhaetian age is characterized by
well-bedded dolomicrites, with intermittent horizontal stromatolite lamination and sub-
ordinated fenestral dolomicrites. The total thickness of the Posinak formation is 270 m
(Figure 1). The sedimentation environment is peritidal, with pronounced deepening in
comparison with underlying formations. The sedimentation continued to the Jurassic.
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Figure 2. Representative outcrop and lithofacies types of the Upper Triassic dolomites from Žumberak
Mts. (a) The outcrop of the Main Dolomite Formation; (b) sample of fenestral dolomite facies of
the Main Dolomite Formation; (c) sample of stromatolite facies of the Main Dolomite Formation;
(d) transition from peloid dolomite to fenestral dolomite lithofacies.

3. Materials and Methods

Samples were taken based on detailed stratigraphy in Žumberak area [2]. The first
criterion in the research methodology was to take samples of all formations then all
lithofacies from each formation. Since these dolomites are often very fractured, there
were few representative locations in the area. Therefore, two major types of analysis
were conducted. One was measuring the effective porosity by saturation and buoyancy
techniques, and the other was thin-section analysis. A total of 27 samples were pre-
pared (Figure 3) for porosity measurements by saturation and buoyancy techniques and
50 samples for thin-section analysis, from which 97 images were analyzed.
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prepared samples of regular and irregular geometry.

3.1. Porosity Determination Using Saturation and Buoyancy Techniques

Effective porosity is the ratio of the volume of pores (joined so fluids can migrate
within them) to the total volume. It was determined by a method recommended by the
International Society for Rock Mechanics and Rock Engineering (ISRM). It measures the
effective porosity, dry matter density, and rock sample properties that are irregular in
geometry for geomechanical purposes but can be applied to samples with the correct
geometry (Figure 3b). The method is used only for rocks that do not swell when immersed
in water and do not disintegrate when dried [64].

3.2. Microphotograph Analysis

Epoxy impregnated thin sections were used where the epoxy resin was impregnated
into pores [65]. Blue dye of epoxy resin is very easy to distinguish from the rock mass, so
the pores are highly visible (Figure 4). Image analysis provides a relatively fast method
for directly obtaining porosity measurements and various geometric parameters of pore
shape [46]. Image analysis was performed in ImageJ software [66–68] with two plugins:
Biovoxxel [69,70] and Fraclac [71]. Image process analysis begins with image preparation
to emphasize differences between pores and rock mass, so the algorithms used in the
next phase of image processing can have better accuracy. Image preparation consisted of
manual setting up of the brightness, contrast, and color balance to enhance the contrast
between pores and rock mass. The used microphotograph images are color images, so
there were two possible methodologies of image segmentation: (a) converting color im-
ages to grayscale then thresholding to obtain binary images and (b) color thresholding
(Figure 4).

Image segmentation is a process of splitting images into multiple separate seg-
ments [67]. The image segmentation and binarization process of the images converts
color images to binary images where rock mass is represented by a black color (binary 0)
and pores are represented by white color (binary 1). We used color thresholding because it
was relatively simple to find the pores’ threshold values compared to the rest of the rock
mass (Figure 4). Image thresholding is one of the most common procedures to extract
features of interest from the images [72]. We used the most frequently used method to
determine the threshold value by histogram analysis of intensity values (Figure 4) and the
Huang thresholding algorithm [72]. The same procedure was applied to all images with
manual corrections if needed.
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Figure 4. Image segmentation process used for binarization of thin-section microphotographs.

Afterwards, images were binarized and they had to be assigned some scale. All
images had scale when they were photographed with the microscope camera. Before image
segmentation, we measured the scale bar in every image and defined the mm to px ratio.

After the image segmentation process was done and microphotograph images were
transformed to binary, a scale was applied to each binary image so parameters could be
expressed in mm.

Porosity was calculated from the binary microphotographs easily as a ratio between
the number of white pixels and a total number of pixels. However, it is important to note
that we could estimate only 2D porosity by this analysis.

From all parameters available for analysis, nine parameters were defined to be ana-
lyzed: pore area, pore perimeter, circularity, AR, roundness, solidity, Feret AR, compactness,
and fractal dimension. More detailed descriptions of parameter determination can be found
in Appendix A.

4. Results

During the fieldwork campaign, 77 rock samples (27 samples for effective porosity
measurements and 50 samples for thin-section analysis) were taken from Slapnica and the
Main Dolomite Formation. Few samples were taken from the area where detail stratigra-
phy was not taken, so these samples were characterized as T3 dolomites (without detail
stratigraphy determination). The Posinak formation was not sampled due to its similarity
with the Slapnica formation and representative outcrop absence comparing to Slapnica and
the Main Dolomite Formation. As all formations have similar properties resulting from a
similar depositional environment, we decided to present results by lithofacies.

4.1. Porosity Measurements
Effective and Microphotograph Porosity

A total of 27 samples were examined, of which 14 samples belonged to stromatolitic
dolomite lithology, 7 were dolomicrite, and 6 fenestral dolomicrite. After testing the
effective porosity on three types of dolomites, the results were statistically processed and
presented in a box and whisker diagram (Figure 5). Stromatolitic dolomite has the highest
mean value of effective porosity (3.02%), and fenestral dolomicrite the lowest (1.16%). The
diagram (Figure 5) shows that the material of dolomicrite lithology has quite similar values
of effective porosity as fenestral dolomicrite.

The results of determining 2D porosity are shown in Figure 6. Stromatolitic dolomite
has the largest range of values but also the largest mean value (3.38%), followed by fenestral
dolomicrite, whose mean value is 2.42%. Dolomicrite lithology has the lowest 2D porosity
both in range and in the mean value of 0.74. The diagram (Figure 6) shows a certain
difference between the median and the mean value for all examined lithologies, which
indicates that the datasets are asymmetric.
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4.2. Geometrical Pore Characterization and Distribution of Pore Characteristics

A total of 2267 pores were extracted from the 97 images and evaluated. The general
statistics of the calculated geometric pore parameters are shown in Table 1.

Table 1. General statistics of calculated geometric pore parameters.

Name Equation Image Mean St.dev.

Pore area (mm2)
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Table 1. Cont.

Name Equation Image Mean St.dev.

Roundness (−) 4×area
π×d2
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We used the Kolmogorov–Smirnov test for goodness of fit to establish the dis-
tribution that best fits each parameter. Circularity, solidity, compactness, and fractal
dimension quantify pore boundary and inner irregularities. Roundness, circularity, and
compactness quantify the pore’s similarity to a circle. Finally, AR and Feret AR both
quantify the pore’s elongation.

• Area: minimum value is 0.001 mm2, and the maximum is 957 mm2, with a median
of 0.007 mm2 and a mean of 2.46 mm2 (Table 1). Due to the limit on the image
resolution, and the fact that it is proportional to the square of a very small quantity
and the automatic rounding, a loss of significant digits has occurred (the data has one
significant digit, and at least three are needed). Therefore, no distribution was found
to fit the data sufficiently well. The histogram in Table 1 presents pores with an area
less than 1 mm2 for better visibility since only 27 pores have an area between 1 and
957 mm2.

• Perimeter: minimum value is 0.015 mm, and the maximum is 242.5 mm, with a
median of 0.34 mm and a mean of 1.36 mm. It is best fit by the exponential power
distribution (p = 0.99), or the power log-normal distribution (p = 0.61) (Table 1).

• AR: minimum value is 1, and the maximum is 16.91, with a median of 1.75 and a mean
of 2.047. It is best fit by the Laplace distribution (p = 0.4) or the exponential power
distribution (p = 0.22) (Figure 7). These results mean that most of the pores have a lon
axis 2–3× longer than the short axis.

• Feret AR: minimum value is 1.10 and maximum is 12.50, with a median of 1.64
and a mean of 1.84. It is best fit by the chi-squared distribution (p = 0.21), or the
gamma distribution (p = 0.17) (Figure 7). Feret AR results confirm AR results, and the
elongation of the pores is generally between 2 and 3 in one direction.

• Circularity: minimum value is 0.03 and maximum is 1, with a median of 0.56 and
a mean of 0.54. It is best fit by the generalized gamma distribution (p = 0.75), or
noncentral F-distribution (p = 0.14) (Figure 8).

• Roundness: minimum value is 0.059, and the maximum is 1, with a median of 0.57 and
a mean of 0.57. It is best fit by the beta distribution (p = 0.37), or the cosine distribution
(p = 0.33) (Figure 8).

• Solidity: minimum value is 0.348, and the maximum is 1, with a median of 0.80 and
a mean of 0.78. It is best fit by the cosine distribution (p = 0.91), or the power-law
distribution (p = 0.24) (Figure 8).
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• Compactness: minimum value is 0.24, and the maximum is 1, with a median of 0.757
and a mean of 0.75. It is best fit by the hypergeometric distribution (p = 0.3), or the
exponential distribution (p = 0.19) (Figure 8).

• Fractal dimension: minimum value is 1.21 and maximum is 2, with a median of 1.66
and a mean of 1.65. It is best fit by the Maxwell distribution (p = 0.98), or the normal
distribution (p = 0.67) (Figure 8).
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5. Discussion

Depositional and diagenetic porosity and its geometric characteristics were ana-
lyzed in 77 samples of Upper Triassic dolomites from the Žumberak area (NW Croatia).
These dolomites are regionally important geothermal and groundwater aquifers in the
Alpine–Dinaric–Carpathian region. The porosity in Upper Triassic dolomites is mostly
represented by fracture porosity and subordinately by depositional and diagenetic porosity.
In dual-porosity models, the main fluid flow would be accomplished by fractures that
are partially fed from smaller fractures and cracks and partially from depositional and
diagenetic pores. This paper aims to quantify how much depositional and digenetic poros-
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ity participate in the total porosity of the dolomites, and these results can be the base for
further dual-porosity models of Upper Triassic dolomites.

The depositional porosity of all microfacies except dolomicrite was initially prob-
ably over 30%, but with multiphase diagenetic changes, this porosity was significantly
reduced [3]. Depositional porosity was largest in fenestral and stromatolitic dolomites (in-
tercrystal, fenestral, moldic, and shelter porosity) and smallest in dolomicrite (intercrystal
porosity). Diagenesis played a major role in porosity reduction in all three facies [3]. There
are visible elements of marine, meteoric, and vadose diagenetic environments, and five
diagenetic phases are delineated in these dolomites, which reduced porosity to its present
values [3]. By the saturation and buoyancy techniques, measurements of effective porosity
on dolomite samples range from 0.35 to 4.38%. These increased values are the result of
cracks and microcracks in the samples. Therefore, laboratory-measured, effective porosity
does not fully correspond to depositional and diagenetic porosity but also microfracture
porosity. Although Upper Triassic dolomites in our research area are relatively tectonically
undisturbed but still highly fractured, it is hard to take samples without micro-cracks.

For this reason, we also made visual observations of microscopic specimens that
revealed that the upper part of the interval of measured open porosities was too high
for sedimentary and diagenetic porosity. 2D porosity measured in thin section images
ranged from 0.8% up to 18.4% [73]. It is important to note that these are the 2D porosity
estimations, so effective porosity should be smaller. The same conclusions are stated in [74].
The porosity of early diagenetic dolomites from Samoborsko gorje and Medvednica Mts (a
few km east from our research area) ranges from 0.92 to 2.21% [74], correlating with our
results. The porosity decrease due to diagenesis in Tarim Basin (NW China) is up to 40%,
with final porosity values from 4.2 to 18.2% [75].

Furthermore, porosities of deep-buried Cambrian dolomites are in the range from 0.8
to 9.1%. Depositional and diagenetic porosity values of Upper Cretaceous dolomites in
Tunisia range from 2.9 to 28.3% in two dolomite facies [76]. The amounts of depositional
and diagenetic porosity in the Sella Group in the Dolomites (northern Italy) are less than
5% [7]. All mentioned values from different dolomites in the world are generally on the
same scale as our results, although different dolomites from different stratigraphic ages
were subdued to different diagenetic processes. Thus, porosities can be very diverse.

Pore structure geometry was quantified with nine parameters: pore area and perimeter,
circularity, aspect ratio, roundness, solidity, Feret aspect ratio, compactness, and fractal
dimension. The aim was to analyze how every one of these parameters quantifies the
geometry of the pore. The parameters can be subdivided into four groups:

• Parameters that quantify size: area and perimeter;
• Parameters that quantify elongation: aspect ratio and Feret aspect ratio;
• Parameters that quantify the object’s overall shape without considering the roughness

of the object’s surface: circularity and roundness;
• Parameters that quantify roughness or complexity of the surface (small irregularities

on the object’s surface): solidity, compactness, and fractal dimension.

The pore area and perimeter quantify the size of the pores. Analysis of area and
perimeter frequency plots revealed that 98.8% of pores have an area less than 1 mm2.
Additionally, we were not able to quantify pores smaller than 0.001 mm2 due to image
resolution limitations. We found a strong linear correlation between area and perimeter
(r = 0.95), which indicates the pores’ elongation.

The analysis of the shape parameters revealed that different parameters quantify the
shape of the pore in different ways. Aspect ratio and Feret aspect ratio quantify elongation
of the pore in a very similar way, which is proven by the frequency plots (Figures 8 and 9).
The major axis is 2–3 × longer than the minor axis for most pores, so pores are slightly
elongated (Figures 7 and 9).
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Based on frequency plot analysis of circularity, roundness, solidity, compactness,
and fractal dimension (all these parameters ranged from 0 to 1) we can distinguish that
these parameters quantify objects’ shapes in two ways: the general shape of the object
in the sense of its similarity to the sphere and roughness (or complexity) of the surface
of the object. The first group of parameters quantifies the general object’s shape without
considering the “small” irregularities of the object surface (i.e., roughness) (Figures 8 and 9).
These parameters are circularity and roundness, and correlations between them are proven
by frequency plots (Figure 8). The surface roughness or complexity of the shape is an
important parameter for assessing the aquifer or reservoir properties. The fractal dimension
for most of the pores ranges from 1.6 to 1.8, which indicates a very complex fractal geometry
of pores. Changes in pore shape complexity and associated fractal dimension (also other
parameters) are visible in Figure 9. Our analysis also showed a strong linear correlation
between certain parameters from different groups, such as roundness and compactness
(r = 0.99) and circularity and solidity (r = 0.89).

Furthermore, AR and Feret AR changes are visible on the first and third pore examples
in Figure 9. Differences of pore shape that result in smallest and largest circularity and
roundness are best in the second and third pores in Figure 9. Fractal and multifractal
characteristics of the pore structure in deep buried Cambrian dolomites were recognized by
the authors of [73]. Fractal dimensions of these dolomites range from 1.36 to 1.680, which
also indicate complex pore geometry [73].

Higher complexity, which means a more irregular surface, can decrease the permeabil-
ity of the aquifer or reservoir. Measurements of pore structure geometry may be used as
an auxiliary method to analyze geological controls on rock properties to estimate aquifer
or reservoir properties. It is an issue when comparing the results of the effective poros-
ity method with the results of determining 2D porosity. Both methods have advantages
and disadvantages. The method of determining the effective porosity pattern is three-
dimensional and better suited to in situ situations. 2D porosity is determined from a
thin-section preparation but can realistically detect the shape of the pores.

Despite the sophistication of other methods, effective porosity is still irreplaceable
and more realistically depicts porosity, which is essential to achieve sustainable water
management [64].

6. Conclusions

Based on the results of the research and discussion, the following conclusions
were reached:

• Dolomicrite microfacies had very low sedimentation and intergranular porosity re-
duced or remained the same in the marine diagenetic environment, recrystallization,
and dolomitization processes. The effective porosity of dolomicrite facies is from 0.657
to 2.548%. 2D porosity for these facies is in the range of 0.12 to 1.31%. Increased
porosity values in the dolomicrite facies result from microcrack formation that causes
microcracks in the measured samples, so the upper part of the interval should be
taken with caution.



Sustainability 2021, 13, 7668 13 of 18

• Microfacies of fenestral dolomites had a high sediment porosity, over 30%. Porosity
is significantly reduced by diagenesis in the vadose, meteoric, marine environment,
geopetal filling processes, crystallization, and dolomitization. The effective porosities
of these facies range from 0.35 to 2% and correspond to diagenetic porosity. 2D
porosity for these facies is in the range of 0.05 to 5%.

• Microfacies of stromatolite dolomites generally have the highest porosities. Deposi-
tional porosity was also quite high but was significantly reduced by diagenesis in the
vadose, meteoric, and marine environments. The amounts of effective porosity range
from 1.85 to 4.38% and generally correspond to diagenetic porosity. 2D porosity for
these facies is in the range of 0.027 to 9.03%.

• Both porosity measurements (effective type and 2D) indicated that non-fracture poros-
ity could not be ignored in permeability calculations, so a double-porosity model
should be applied.

• Geometric parameters of pores can be subdivided into four groups: a) size quantifica-
tion parameters (area, perimeter); elongation parameters (aspect ratio, Feret aspect
ratio); overall shape parameters (circularity, roundness) in the sense of comparison of
an object to a sphere; roughness parameters (solidity, compactness, fractal dimension).

• To quantify the pore geometry, it is necessary to use parameters from all four groups
since each group and each parameter quantify the pore geometry differently. Therefore,
analyzed parameters are an effective way to reflect the complexity of the pore structure.
Fractured aquifers are very valuable geothermal and groundwater resources regarding
quantity and quality. Hence, their sustainable management and protection are of
the highest priority. Therefore, every piece of knowledge about the porosity and
permeability of these systems is crucial for later modeling of fluid/contaminant flow.
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Appendix A

• Pore area (mm2)—the area occupied by a two-dimensional object.
• Perimeter (mm)—the total length of the boundary of a two-dimensional object.
• Circularity (−)—the degree to which the particle is similar to a circle, regarding the

curvature and the smoothness of the boundary. It takes values from [0,1], where
a circle achieves the maximum of 1. Circularity is a measure of particle shape
and roughness.

Circ =
4× π × area

perimeter2 , (A1)
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• AR (−)—the ratio of the particle’s circumscribed ellipse’s axes. The values of AR are
greater or equal to 1.

AR =
Major axis
Minor axis

, (A2)

• Roundness (−)—the inverse of aspect ratio. Measures how closely the shape of an
object approaches that of a circle regarding the curvature of the object’s boundary.
Its values are from [0,1], with the circle having a roundness of 1 and, for instance, an
ellipse with axes a and b (a > b) has a roundness of b/a < 1.

Round =
4× area

π × diameter2 , (A3)

• Solidity (−)—the fraction of the region as compared to its convex hull. It measures
the convexity of an object. Objects containing all lines between any two of its points
(in particular, without holes and with no boundary irregularities) have a solidity value
of 1. Otherwise, the solidity value is less than 1.

Solid =
Area

Convex area
, (A4)

• Feret AR (−)—elongation index, the values of Feret AR are greater or equal to 1.

FeretAR =
maximum caliper diameter
minimum caliper diameter

, (A5)

• Compactness (−)—ratio of the area of an object to the area of a circle with same
diameter. A circle is the most compact object with value 1, and all other objects have
compactness less than 1.

Compact =

√
4×area

π

diameter
, (A6)

• Fdim (−)—fractal dimension of an object. The fractal analysis represents a group of
methods for quantifying complex patterns [77,78]. Fractals and fractal geometry can
be applied to various geological disciplines where classical geometry is not enough to
describe complex objects in nature [79,80]. We described only basic elements of fractal
geometry which are necessary to understand the application in this paper. Fractals
can be defined as “irregular” objects divided into segments that are equal to each
other and the whole object; thus they exhibit self-similarity [81,82]. For an object to be
fractal, it must have the following properties [81]:

- The constituent parts of an object have the same structure as the object as a
whole, except that they are slightly deformed in different scales (there are small
fluctuations in the measure of fractality between scales)—self-similarity.

- Objects are often irregular and fragmented and remain so in all the scales in which
they exist.

- Objects are created by an iterative procedure.
- Objects have fractal dimensions.

Fractal analysis is based on the fractal dimension (Df) of an object. The Df is a value
that quantifies the complexity of an object.

N =
C

rD f
, (A7)

where:

N = the number of objects fragments characterized by the linear dimension r;
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C = proportionality constant;
Df = fractal (Hausdorff’s) dimension, which is calculated (Equation (A8)):

D f =
ln
(

N+1
N

)
ln
(

r
r+1

) =
log
(

N+1
N

)
log
(

r
r+1

) , (A8)

Fractal geometry can be applied to the statistical distribution of objects. The basic
feature of fractals and fractal distributions is scale independence. Fractal dimension
describes how the detail in an examined pattern changes at various scales, and this is
referred to as the complexity of an object [77]. The higher the dimension is, the more
complex the object is [77]. In comparison to Euclidian objects that have integer values of
dimensions of 0 (point), 1 (line), 2 (surface), or 3 (body), fractal objects can have non-integer
values [83].
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63. Herak, D.; Herak, M.; Tomljenović, B. Seismicity and Earthquake Focal Mechanisms in North-Western Croatia. Tectonophysics

2009, 465, 212–220. [CrossRef]
64. Laboratory, I.S. for R.M.C. on S. of L. and F.T.C. on Suggested Methods for Determining Water Content, Porosity, Density

Absorption and Related Properties and Swelling and Slake- Durability Index Properties. Int. J. Rock Mech. Min. Sci. 1979, 16,
141–156. [CrossRef]

65. Gardner, K.L. Impregnation Technique Using Colored Epoxy To Define Porosity in Petrographic Thin Sections. Can. J. Earth Sci.
1980, 17, 1104–1107. [CrossRef]

66. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 Years of Image Analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef] [PubMed]

67. Broeke, J.; Perez, J.M.M.; Pascau, J. Image Processing with ImageJ, 2nd ed.; Packt: Birmingham, UK, 2015.
68. Abràmoff, M.D.; Magalhães, P.J.; Ram, S.J. Image Processing with ImageJ. Biophotonics Int. 2004, 11, 36–42.
69. Brocher, J.; Wagner, T. BioVoxxel Toolbox. 2014. Available online: https://imagej.net/plugins/biovoxxel-toolbox (accessed on 13

November 2016).
70. Brocher, J. The BioVoxxel Image Processing and Analysis Toolbox. In Proceedings of the European BioImage Analysis Symposium,

Paris, France, 5–6 January 2015.
71. Karperien, A. Fraclac for ImageJ; Charles Sturt University: Bathurst, Australia, 2013.
72. Huang, L.-K.; Wang, M.-J.J. Image Thresholding by Minimizing the Measures of Fuzzines. Pattern Recognit. 1995, 28, 41–51.

[CrossRef]
73. Zhang, X.; Han, H.; Peng, J.; Gou, Y. Multifractal Analysis of Pore Structure and Evaluation of Deep-Buried Cambrian Dolomite

Reservoir with Image Processing: A Case from Tarim Basin, NW China. Geofluids 2020, 2020, 7131573. [CrossRef]
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