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Abstract: This article presents a novel methodology for data integration including laboratory data,
the results of standard well logging measurements and interpretation and the interpretation of XRMI
imager data for determination of the porosity and permeability of the fracture system in carbonate
rock. An example of the results of the micro computed tomography applied for carbonate rock is
included. Data were obtained on the area of the Polish Lowland Zechstein Main Dolomite formation.
The input set of data included the results of mercury injection porosimetry (MICP), thin section
and polished section analysis, well logging measurements and comprehensive interpretation and
micro computed tomography. The methodology of the macrofractures’ analysis based on borehole
wall imagery as well as estimation of their aperture was described in detail. The petrophysical
characteristics of the fracture systems were analyzed as an element of standard interpretation of well
logging data along a carbonate formation. The results of permeability determination, with micro-,
mezzo- and macrofractures’ presence in the rock taken into consideration, were compared with
outcomes of the drill stem tests (DSTs).

Keywords: fractures; permeability; porosity; carbonates; mercury injection porosimetry; petrographic
thin section; electric imaging; micro computed tomography; Polish Lowland Zechstein Main Dolomite

1. Introduction

In modern hydrocarbon prospection, completion and exploitation, attention is focused
on detailed characterization of reservoir rocks to limit the risk of new areas for effective
exploitation and calculation of reserves. The most effective procedures for realizing that
goal are novel methods and methodologies of laboratory tests and well logging measure-
ments, processing and interpretation. Scientists and engineers insist on investors making as
many modern laboratory experiments and novel logs as possible to extend the knowledge
on petrophysical parameters, but they prefer to use standard, verified methods to avoid
additional costs. As the economic value is of utmost importance, both old and new methods
are being applied together.

Physical flow models of homogeneous media in porous rocks are defined by the
ranges of the critical pore throats (pore diameters), which allows determination of four
main classes of capacity [1–3]: low capacity—when the effective porosity of rocks is in
the range of 3.5–10%; medium capacity—10–15%; high capacity—15–20%; and very high
capacity—when effective porosity exceeds 20%. According to the presented classification,
sealing rocks are characterized by an effective porosity equal to 0.0–3.5%. These criteria are
not used when fractured reservoir rocks are considered. In fractured-type reservoirs, the
rocks are characterized by an effective porosity equal to 1–2% and are potentially qualified
as reservoirs of very low capacity. The porosity/permeability problem in carbonates is
different in comparison to clastic rocks. Porous capacity classes, valid for clastic rocks and
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geological information on the facies of the Zechstein Main Dolomite formation, are shown
as a background to underline the difference.

Quantitative analysis of capillary pressure curves from mercury injection porosimetry
(MICP) allows determination of the genetic type of intergranular pore–micro-fracture sys-
tems. In such an approach, three genetic types of hydrocarbon reservoirs can be determined:
porous, porous-fractured and fractured. It is also possible to evaluate the percentage of
pores and fractures deciding the hydrocarbons’ migration possibility [4]. The results of
macroscopic observations and microscopic laboratory experiments including mercury
injection porosimetry allow determination of the character and degree of development of
pore–fracture systems, which can be the basis for characterization of rock formation as the
reservoir rock.

Fractured reservoirs dominate in carbonates [5,6]. In hydrocarbon prospection, the
attention is focused on the characterization of porous/fractured rocks in detail to obtain the
best possible tool to calibrate well logs with the use of limited laboratory data. Empirical
relations between petrophysical properties—i.e., porosity and permeability from borehole
and laboratory data, usable to work in the original borehole—lead to uncertainty in resource
calculations when extended to other wells [7,8]. Thus, the main goal for petrophysicists
and well log analysts is to include as many novel techniques improving such relations as
possible. In Poland, the Polish Lowland Zechstein formations, the Main Dolomite and
Zechstein Limestone are the best examples of carbonate reservoir rocks [9]. Fractures of
various sizes are the most important porosity components in these carbonates. They are
divided into three main groups: microfractures, with a diameter/aperture of <0.01 mm;
mezzofractures, with apertures in the range of 0.01–1 mm; and macrofractures, with
apertures greater than 1 mm. This paper shows how combination of the imaging well
logging method (XRMI log) with older, well-known microscopic techniques of calculating
micro- and mezzofractures [10] with the support of mercury injection porosimetry (MICP)
allows for characterizing fractured carbonates. An example of using the novel micro
computed tomography methodology for fracture mapping and characterization is also
presented in the article [11,12].

2. Geological Settings

The Main Dolomite (Ca2) built in the Polish Zechstein Basin as a deep-marine deposit
was not considered as the rock prospective rock for hydrocarbons until the discovery of
oil accumulations in the carbonate toe of slope sediments in the late 1970s [9], close to the
study area. The accurate interpretation made by PGNiG S.A. specialists revealed that the
oil-bearing Main Dolomite deposits resulted from subaqueous flows of carbonate clastic
rocks. Main Dolomite is considered simultaneously as source and reservoir rock. Integrated
geological and geophysical analyses confirmed this solution, and after these discoveries,
the Zechstein Main Dolomite was considered the most important hydrocarbon-bearing
formation in the Polish Lowland [9,13]. Intensive studies confirmed that the Main Dolomite
was developed in several facies related to the depositional environments in the study area
(Figure 1).

Rocks of sedimentary textures such as grainstones, mudstones and organogenic
sediments constitute the Main Dolomite in the sedimentary environment, representing
platform flat, barrier, oolith zone and platform slope facies. In the Grotów Peninsula, the
Main Dolomite is mainly built in the carbonate platform sedimentary environment, where
the following microfacies were recognized: boundstones—porous-type reservoir with low
capacity for gas and very low capacity for oil; mudstones—porous- and pore–fractures-type
reservoir with high and medium capacity for gas and very low or low capacity for oil;
grainstones—porous-type reservoir with medium capacity for gas and low capacity for
oil [4].
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([14,15], modified). 

Rocks of sedimentary textures such as grainstones, mudstones and organogenic sed-
iments constitute the Main Dolomite in the sedimentary environment, representing plat-
form flat, barrier, oolith zone and platform slope facies. In the Grotów Peninsula, the Main 
Dolomite is mainly built in the carbonate platform sedimentary environment, where the 
following microfacies were recognized: boundstones—porous-type reservoir with low ca-
pacity for gas and very low capacity for oil; mudstones—porous- and pore–fractures-type 
reservoir with high and medium capacity for gas and very low or low capacity for oil; 
grainstones—porous-type reservoir with medium capacity for gas and low capacity for 
oil [4].  

3. Methods 
Mercury injection porosimetry (MICP) is a laboratory technique that has been suc-

cessfully used for a long time for the determination of material parameters such as effec-
tive porosity, skeletal and bulk density, total pore area, diameter of average capillary and 
others [16]. Porosity (total and effective) and density (bulk and skeletal) are especially 
important for understanding the structure of a rock, its pore space configuration and abil-
ity to media flow. Mercury does not wet mineral grains and penetrate pores by the capil-
lary phenomenon. The difference between the total porosity (helium method) and the po-
rosity from MICP is the amount of irreducible water—in the MICP experiments, it was 
forced into the pores by an external pressure that is inversely proportional to the size of 
the pores.  
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([14,15], modified).

3. Methods

Mercury injection porosimetry (MICP) is a laboratory technique that has been success-
fully used for a long time for the determination of material parameters such as effective
porosity, skeletal and bulk density, total pore area, diameter of average capillary and
others [16]. Porosity (total and effective) and density (bulk and skeletal) are especially
important for understanding the structure of a rock, its pore space configuration and ability
to media flow. Mercury does not wet mineral grains and penetrate pores by the capillary
phenomenon. The difference between the total porosity (helium method) and the porosity
from MICP is the amount of irreducible water—in the MICP experiments, it was forced
into the pores by an external pressure that is inversely proportional to the size of the pores.

Thin section and polished section fracture analysis was performed on samples for-
matted into cubes with an edge length of 4 cm, with thin plates made of markings for slits
with an opening below 0.1 mm. Polished sections were tested for porosity and fracture
permeability for fractures with an opening greater than 0.1 mm. A statistical approach
was used for numerical determination of the porosity and fracture permeability from these
measurements. The applied methodology of micro- and mezzofracture analysis was based
on solutions published in Russian and Polish [10,17]. Hence, a short explanation of the
concepts is included below.

In laboratory conditions, microfractures were tested on thin sections and on polished
sections made of particularly cut rock cubes with an edge length of 4 cm, with thin plates
made of markings for slits with an opening below 0.1 mm while the polished sections were
tested for porosity and fracture permeability for fractures with an opening greater than
0.1 mm. The numerical determination of porosity and fracture permeability, by nature,
must be a statistical indication. For statistical calculations, the initial characteristics of the
fracture system (directed, vertical, horizontal, random) are necessary to allow the adoption
of appropriate constants in the statistical calculations [16].

For polished sections, the amount of porosity and fracture permeability are calculated
by treating the observed fractures as smooth ones with the measured length much greater
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than the opening. The amount of laminar flow (permeability) through such a fracture is
described by the Boussinesq equation [5,18]:

q = − l ∗ b3

12 ∗ µ
∗ ∆P

∆L
(1)

where q—flow rate of the liquid volume; µ—dynamic viscosity; l—fracture length; b—
fracture width; L—flow length; P—pressure.

Equating (1) to the Darcy equation and introducing the average linear fracture density
Γ equal to n/L, we obtain the permeability formula for a quasi-isotropic, homogeneous
fracture system:

k = (a × b3 × Γ)/12 (2)

where a—indicator resulting from the adoption of appropriate units; n—the number of
fractures observed along the section L.

The related fracture and cavern porosity is calculated from the following formula:

porosity =
c ∗ b ∗ l

s
(3)

where s—tested surface of the polished section; c—constant resulting from the selection
of units.

Microfracture analysis was performed on thin sections using the random traverse
method. This method is based on putting a random segment (length L) on a thin section
and counting how many times it crosses microfractures. For such assumptions, a volume
density index can be calculated from Equation (4):

Γl =
Π2

4 ∗ L
∗ 1

kl

kl

∑
i=1

ni (4)

where kl—number of vision fields put on thin section number l; L—microscope field of view
diameter; n—number of crossings of fracture traces with segments kl, each with length L.

By putting this value into porosity Equation (3), we obtain the following:

Porosity =
Π

2 ∗ L
∗ bl

kl
∗

kl

∑
i=1

ni (5)

where b—average fracture width for thin section number l.
For permeability, we obtain the following:

k =
c ∗ Π
2 ∗ L

∗
b3

l
kl

kl

∑
i=1

ni (6)

where c is a constant value depending on the chosen units [17,19].
The described methodology can be summarized in four steps as regards fracture

measurements, processing and calculations:

1. Determining fracture density. A measurement is based on planimetry analysis of a
whole sample (number of vision fields must be at least 250) and counting of cross-
ings of microfractures with a chosen arm of cross in the eyepiece (for every vision
field separately). A proper magnification level was chosen based on the size of the
microfractures. The optimum was around 100–150×. During planimetry analysis,
microfractures of a width less than 0.1 mm should not be taken under consideration
because they are analyzed during measurements on replicas.

2. Measurement of microscope’s vision field. To perform calculations, we also needed to
measure the microscope’s vision field under the magnification we adopted. In order
to do so, a thin section with a millimeter standard was used.
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3. Measurement of microfracture thickness. In order to estimate a microfracture’s thickness,
about 100 measurements need to be performed to obtain the average value of the re-
sults. It is essential to know that measuring the thickness of a few large microfractures
can result in a great increase in the average thickness. To estimate the microfracture’s
thickness, a weighted mean was used.

4. Performing calculations.

Electric imaging log (XRMI™). Halliburton’s X-tended Range Micro Imager tool is
a wireline borehole device designed to obtain high-quality electric images of borehole
walls [20]. The XRMI™ device registers 125 microresistivity logs around the borehole wall,
which is similar to a dipmeter but more advanced. It is used for evaluating structural
and stratigraphic features and bedding orientation, delineates thin beds and laminations
and improves net-to-gross estimation. It is also a unique tool for secondary porosity (e.g.,
fractures and vugs) characterization in reservoirs in situ and provides information on
electrofacies, which is useful in rock description according to the definition of electrofacies
as a set of data with very similar petrophysical parameters extracted from well logging
measurements, enabling stratigraphic intervals to be correlated and distinguished from
others [21].

Micro computed tomography (micro-CT) is a novel, modern laboratory method of
detailed material investigations that, in recent years, has become popular in reservoir rock
investigations [22,23]. The results of X-ray micro computed tomography are a good source
of information on the shape and tortuosity of pore channels, the porous cross-sectional
area and pore connectivity. It is used as a precise method for obtaining 3D images of an
investigated rock to build 2D/3D models of the porous rock. The results are also used as
the basis for hydrodynamic simulations [11,24].

4. Materials—Data Sources and Analyses

The data used in the research are from the Zechstein Main Dolomite formation Ca2 in
the Polish Lowland (Wielkopolska Platform-Gorzów Platform-Grotów Peninsula, Figure 1).
The majority of the samples belonged to the dolostone lithology. There were several samples
of mudstones and anhydrites, but in the presented analyses, the results from these samples
were always treated as outliers. A total number of results from MICP equal to 136 samples
from 4 boreholes was used (G-1, G-2, G-5 and G-6). For boreholes G-5 and G-10, the
well logging measurements and results of the comprehensive interpretation of mineral
composition, porosity, water/hydrocarbon saturation and permeability were also used.
In borehole G-10, outcomes from the XRMI™ log from the Main Dolomite depth section
were also available. It is worth noting that the G-10 well is situated close to G-5. It can be
concluded that the Zechstein orogeny is similar in structure and lithofacies to the G-5 and
G-10 well sites.

Sets of cumulative (Figure 2a) and incremental (Figure 2b) pore volume curves (G-5,
MICP) characterize the porosity and pore distribution in the rock samples. The curves in
Figure 2a illustrate the difference in porosity. The majority of samples in Figure 2b represent
the pore–fracture type of reservoir rock. The spikes observed in the plots in Figure 2b in
the pore size range of 0.03–1 µm are related to pores and micro-fractures. Spikes of rather
small amplitude in the range 60–400 µm represent a relatively small number of fractures
of bigger diameter. Lines related to samples of very low porosity (0.34% and 0.84%) (blue
curve not visible in Figure 2b due to being covered by orange one) reveal no spikes in
the range of small diameters, only in the bigger diameters, which means that fractures
are responsible for the porosity of these samples. The set of pairs in the plots in Figure 2
illustrates the ability of MICP to characterize dolostone facies.

Rock samples belong to the carbonate platform sedimentary environment and grain-
stone facies (in majority). Some samples represent mudstone facies. The total porosity of
all samples ranged between 0 and 33.19%. Permeability, which turned to be possible to
obtain in the available apparatus, was determined only in a small part of the data set and
ranged between 0.001 and 5.866 mD; the lower range of the used permeameter was equal
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to 0.001 mD. The plot of permeability vs. porosity presented in Figure 3a is based on the
full data from the G-1 borehole. Samples revealing permeability equal to the boundary
value of the used apparatus (0.001 mD) were not included in the correlation. A low positive
correlation was observed, and scattering of points was distinctly visible, resulting in a low
determination coefficient (R2 = 0.32). For instance, a relatively high porosity of 15.22%
was related to a low permeability of 0.105 mD, and a relatively low porosity of 5.89%
was related to a high permeability of 2.155 mD (red points in Figure 3a). Such pictures
are typical for samples from the carbonate platform sedimentary environment and are
explained by the microporosity of rock on one side and microfracturing on the other.
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A similar relation was obtained on the basis of data from the G-6 well (Figure 3b).
Here, two separate groups of data are visible. It was observed that in the left group, bulk
density (MICP) ranges from 2.42 to 2.84 g/cm3, and in the right one, from 2.1 to 2.62 g/cm3.
Only two samples in the right group present a bulk density greater than 2.42 g/cm3. The
higher values of effective porosity and permeability in the samples from the G-6 borehole
in comparison to data from the G-1 well are related to the oolith zone. G-1 is situated in a
platform flat.

4.1. Relations between Petrophysical Parameters from the Whole Data Set

Mutual relations between petrophysical parameters were analyzed in individual
boreholes and in the whole data set. Simple statistics for the whole data set were calculated
(Table 1). Porosity was measured using both helium (HM) and mercury (MICP) methods.
From the HM method, we obtained the total porosity (material density), and from the
MICP (bulk and skeletal density)—effective porosity and the parameters of the pore space.

Table 1. Simple statistics (MIN—minimum, AVER—average, MED—median, MAX—maximum) of the petrophysical
parameters obtained from the MICP experiment and helium porosity method on samples from all boreholes in the study.

Parameter/
Statistics

MD TP SD_MICP D_MICP P_MICP DAC_MICP LOG10
(DAC) SA_MICP Hysteresis

(g/cm3) (%) (g/cm3) (g/cm3) (%) (µm) (m2/g) (%)

All plugs (136)

MIN 2.66 0.00 2.46 1.87 0.00 0.00 −1.56 0.00 6.00

AVER 2.86 11.00 2.81 2.52 10.42 1.16 −0.48 0.55 54.34

MED 2.86 10.5 2.82 2.50 10.18 0.30 −0.53 0.51 5.00

MAX 2.99 33.19 3.04 2.88 24.05 49.00 1.69 1.44 85.00

MD—material density_HM; TP—total porosity, HM; SD_MICP—skeletal density; D_MICP—bulk density from the MICP experiment;
P_MICP—effective porosity; DAC_MICP—diameter of average capillary; LOG10(DAC)—decimal logarithm of average capillary diam-
eter; SA_MICP—specific area; Hysteresis—HM and MICP indexes’ mean parameters obtained from the helium and mercury injection
porosimetry experiments.

Plots presenting mutual relationships between parameters obtained using all samples
regardless of cutting manner confirm that differences are not big.

The relation between the effective porosity from the MICP experiment and the total
porosity for data from all boreholes revealed several points off the bisector of the 90◦ angle
(Figure 4a). Two gray points belong to the group representing G-1 perpendicular plugs.
Larger values of total porosity than effective porosity from the MICP experiment in the
case of plugs cut perpendicularly confirmed the presence of vertical fractures. One blue
point represents the result from the undescribed plug from the G-6 borehole. Other results
are focused on the bisector. The determination coefficients in data sets from all boreholes
range from 0.93 (G-1) to 0.98 (G-2). Similar relationships between effective porosity from
the MICP experiment and total porosity for data from the G-5 borehole are presented in
Figure 4b, including differentiation into undescribed and parallel cut plugs. The general
character of the relationship is similar to those presented in Figure 5a. The porosity range
is also similar. The results from the plugs cut from cores in various ways have the same
characteristics, which means that data from all boreholes can be processed together.
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Both types of porosity—total and effective—from the MICP experiment correlate well
with bulk density from the MICP (Figure 5a). Determination coefficients were equal to
0.89 for total porosity and 0.83 for effective porosity from the MICP. Total porosity ranged
between 0.4 and 33.19% with an average value equal to 11.08% and a median equal to
10.37%, while the same quantities for effective porosity from the MICP were equal to
0.34–24.50, 10.49 and 10.36%, respectively (Table 1). The similar lowest values in both data
sets mean that mercury penetrates almost the same small pores as during total porosity
measurement. Higher values in the total porosity data set mean that not all pores and
fractures are opened for mercury penetration. Information on porosity and fluid flow can be
obtained from the relation between the decimal logarithm of average diameter of capillary
(ADC) and the effective porosity from the MICP experiment (Figure 5b). The decimal
logarithm of ADC was used because the range of this quantity was large (0.03–49 µm).
Selected blue points represent a high percentage of pores of diameter bigger than 1 µm.
The positive correlation (R2 = 0.66) between ADC and effective porosity from the MICP
experiment shows that the porosity and fluid flow in the discussed data are related to
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pores connected among themselves, which indicates intergranular and connected fracture
porosity. Relationships between various parameters obtained from laboratory experiments
were shown to explain differences in the data and confirm that the discussed data from all
boreholes can be processed together.

4.2. Laboratory Petrophysical Parameters (MICP) vs. Well Logging Results in G-5 Borehole Data Set

Well logging data in the G-5 borehole comprised measured logs (transit interval
time, DT (ms/ft), natural radioactivity, GR (API), bulk density, RHOB (g/cm3), neutron
porosity, NPHI (limestone units) and others. Additionally, the results of the comprehensive
interpretation of well logs were available: total porosity; PHI (%); volume of minerals
constituting the Main Dolomite rock formation, i.e., dolomite; VDOL (dec); anhydrite;
VANH (dec) and the total volume of clay minerals—shaliness, VCL (dec). Simple statistics
for the selected log data are presented in Table 2.

Table 2. Simple statistics (MIN—minimum, AVER—average, MED—median, MAX—maximum) of the petrophysical
parameters obtained from the well logging measurement and interpretation in the G-5 borehole.

Parameter/
Statistic

DT GR RHOB PHI VDOL VANH VCL

(µs/ft) (API) (g/cm3) (dec) (dec) (dec) (dec)

MIN 45 8 2.53 0.3 0 0 0

AVER 52 31 2.79 4.81 0.55 0.35 0.03

MED 50 28 2.81 3 0.55 0.38 0.02

MAX 69 81 2.96 20 0.97 0.95 0.13

DT—slowness from sonic log; GR—intensity of natural radioactivity; RHOB—bulk density from gamma-gamma log; PHI, VDOL, VANH
and VCL—porosity, volume of dolomite, volume of anhydrite and volume of shaliness from the comprehensive interpretation of well logs,
respectively.

Mutual relations between the well logging origin data presented in Figure 6 illustrate
ranges of variability and distribution of data. The well logging data were divided into
three groups according to shaliness value: VCL < 5, 5 < VCL < 10 and VCL > 10%. The
volume of shaliness was examined in detail. The range of this quantity in the G-5 borehole,
presented in Table 2, is 0–13%. The three classes used in the interpretation present the
variability of the parameter and its influence on other parameters. The majority of the
well log data belong to the group of very low shaliness (VCL < 5%). These data cover
the full range of transit interval time, DT (45–69 µs/ft), and reveal GR from 8 to 58 API.
Furthermore, these data cover the full range of total porosity, PHI, bulk density and RHOB
(Table 2). It means that great variability of facies is present in the data set. High VCL values
are distinctly visible in the GR vs. Dt relation over the main data group. In other plots,
high VCL data are placed on the outskirts. The influence of shaliness, VCL, is slightly
different from that of simple GR quantity. For instance, in the RHOB vs. DT relation, the
highest VCL points (blue ones) are in the central part of the data cloud while the middle
ones (gray) are at the positions of the highest DT. It can be interpreted as the influence of
fracturing. Shifting of DT to the highest positions is also visible in the PHI vs. DT relation,
which can be similarly explained. For the analyses, the available logs and results of the
comprehensive interpretation were used. Bulk density, RHOB, porosity, PHI and slowness
from the sonic log, DT, are influenced by shaliness. Mutual relations between the used
quantities characterize the carbonate rock.
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5. Results

The standard interpretation of the petrophysical parameters available in the borehole
data set includes PHI log as an effective porosity estimate as well as K as an absolute
permeability estimate. The laboratory core data were obtained from different depths. Due
to this, the PORO values for PHI and PERM values for K were selected from the results of
well logging interpretation at depths as close as possible to the depths at which samples
were obtained, separately for micro- and mezzofractures.

The fracture porosity and fracture permeability obtained from the thin section analyses
of micro- and mezzofractures and the porosity (PORO) and permeability (PERM) from the
well logging interpretation in the boreholes G-1, G-2, G-5 and G-6 in the study area are
presented in Table 3. These results were the basis for further analyses of the data set.

5.1. Analysis of Data Set

Analysis of the data was performed on the basis of three fundamental assumptions
related to the fracture systems in orogeny: the first assumption was the presence of three
independent fracture systems, namely micro-, mezzo- and macrofractures, with vari-
ous/defined aperture sizes; the second was the summation of the influences of the pa-
rameters of individual systems on the petrophysical characteristics of rock; and the third
assumption was related to the porosities of the laboratory-determined fractures, which
were treated as relative values and named Micro- or Mezzofracture_porosity Indexes,
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which are equal to the values included in Table 3. These quantities enable calculation of the
independent components of the respective types of fractures when the interpreter is able to
use PHI (PORO) as the porosity estimation of rock.

Table 3. Fracture porosity and fracture permeability obtained from the thin section analyses of micro- and mezzofractures
and porosity (PORO) and permeability (PERM) from well logging interpretation (boreholes G-1, G-2, G-5 and G-6 in the
study area).

Microfractures Mezzofractures

Well
Fracture
Porosity

Fracture
Permeability PORO PERM

Well
Fracture
Porosity

Fracture
PORO PERMPermeability

(%) (mD) (%) (mD) (%) (mD) (%) (mD)

G-1

2.832 4.843 10.80 0.132

G-1

0.217 1.04 10.80 0.132
1.037 1.437 3.40 0.864 0.100 0.20 14.60 0.087
2.335 3.234 7.30 0.010 0.048 0.11 20.60 4.471
0.802 1.111 14.60 0.087 0.113 0.21 19.00 2.880
0.332 0.460 10.60 0.036 0.308 2.51 19.00 1.191
0.879 1.217 13.20 0.001 0.999 13.20 18.60 0.319
0.155 0.215 19.90 0.169 0.271 1.34 17.80 0.095
0.114 0.158 13.30 0.353 0.202 1.18 10.70 0.045
0.427 0.591 14.60 0.081 0.076 2.97 5.10 0.012
0.074 0.102 17.70 2.049 0.759 30.07 0.70 0.001
0.320 0.443 18.70 1.224 0.156 1.69 1.80 0.001
1.321 1.830 19.70 2.805

G-2

0.26 29.16 2.80 0.001
0.883 1.223 20.60 4.471 0.14 3.40 3.90 0.001
0.634 0.878 19.00 2.880 0.42 28.00 4.40 0.001
0.167 0.232 19.00 1.191 0.06 0.90 13.10 0.001
0.174 0.241 18.90 2.806 0.09 8.80 15.80 0.015
0.472 0.654 21.10 5.808 0.28 24.00 15.50 0.056
5.706 7.904 18.60 0.319 0.21 29.70 22.20 0.002
2.752 3.812 14.50 0.025 0.22 5.60 14.90 0.075
3.899 5.401 17.80 0.095 0.07 2.90 14.20 0.698
1.216 1.685 10.70 0.045

G-5

0.27 20.60 2.10 0.001
2.300 3.185 18.90 0.283 0.21 4.50 9.60 0.001
1.099 1.522 5.10 0.012 0.13 3.00 20.00 1.283
1.236 1.711 0.70 0.001 0.17 23.20 2.60 0.001
2.441 3.381 1.80 0.001 0.08 3.10 3.00 0.001

G-2

5.434 7.527 2.80 0.001 0.23 6.10 2.60 0.001
1.148 1.590 3.90 0.001 0.18 3.90 9.80 0.001
3.588 4.970 4.40 0.001 0.16 3.10 4.00 0.001
0.000 0.000 3.10 0.001 0.16 3.80 1.60 0.001
0.296 0.410 13.10 0.001

G-6

0.68 7.20 0.30 0.001
2.367 3.279 11.40 0.001 0.19 10.80 17.80 0.001
2.989 4.140 14.00 0.015 0.47 12.10 8.70 0.045
3.722 5.155 14.80 0.037 0.66 64.15 5.10 0.001
0.791 1.095 13.60 0.053 0.59 24.20 8.40 2.274
0.254 0.352 12.00 0.160 0.64 7.00 14.60 0.003
3.350 4.639 15.80 0.015 1.42 474.5 13.60 52.075
1.047 1.451 17.10 0.054 0.73 113.00 11.50 71.430
5.031 6.969 15.50 0.056 1.53 426.00 7.40 61.152
3.233 4.478 22.20 0.002 2.15 836.30 5.30 39.569
0.233 0.322 16.70 0.084 1.07 256.00 6.40 11.820
5.449 7.548 16.20 0.035 0.76 213.00 7.50 2.483
3.533 4.894 14.90 0.075
2.691 3.727 14.20 0.698
2.533 3.509 17.20 0.001
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Table 3. Cont.

Microfractures Mezzofractures

Well
Fracture
Porosity

Fracture
Permeability PORO PERM

Well
Fracture
Porosity

Fracture
PORO PERMPermeability

(%) (mD) (%) (mD) (%) (mD) (%) (mD)

G-5

12.586 17.432 2.10 0.001
1.991 2.758 0.70 0.001
2.861 3.963 0.50 0.001
5.359 7.423 9.60 0.001
1.306 1.810 11.00 0.001
8.721 12.080 20.00 1.283
0.802 1.111 11.60 0.001
1.249 1.730 3.60 0.001
2.841 3.936 2.60 0.001
1.250 1.731 1.50 0.001
2.514 3.482 3.00 0.001
3.751 5.195 2.60 0.001
1.078 1.493 9.80 0.001
3.515 4.869 4.00 0.001
1.895 2.624 1.60 0.001
3.808 5.274 1.60 0.001

G-6

8.133 11.264 0.30 0.001
8.696 12.045 19.10 7.306
4.950 6.856 17.80 0.001
8.869 12.284 8.70 0.045
4.757 6.589 5.10 0.001
9.750 13.505 7.10 0.001
4.669 6.467 8.40 2.274
2.984 4.134 14.60 0.003
5.198 7.200 13.60 52.075
8.436 11.684 11.50 71.430

11.790 16.330 7.40 61.152
12.800 17.729 5.30 39.569
11.225 15.548 6.40 11.820
5.994 8.302 7.50 2.483
7.431 10.293 8.20 0.898

Microfracture_porosity Index and Mezzofracture_porosity Index are the quantities
defined for scaling the fracture permeability of the analyzed rocks compared with the
porosity interpreted from well logging. The results are presented in the series of plots
illustrating Microfracture_porosity Index vs. PORO (Figure 7) and Mezzofracture_porosity
Index vs. PORO (Figure 8). In each series, the first two plots illustrate the relation between
Micro-/Mezzofracture_porosity Index vs. PORO for the full data sets from the considered
boreholes. The next two plots illustrate the similar relations for the selected data sets.
Selection was performed on the basis of the following statements: in all plots, we can
observe the characteristic arrangement of the data and the division into three subareas
marked in plots with ovals:

• PORO > ~10% and Microfracture porosity Index < ~1%;
• PORO < ~5% and Microfracture porosity Index > ~3%;
• The rest of the data.

The two first classes, according to the authors’ assumptions, are responsible for the
caverns and not connected voids in the rock and not numerous micro- and mezzofractures
of high permeability. They are not the essential part of the rock total pore space, and
consequently, they do not decide the fluid filtration rock ability. The estimated total volume
of porosity represented by these two classes does not exceed 0.5% of the effective rock
porosity calculated during well logging data interpretation. This estimation was made
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based on the number of laboratory points in each class. This assumption allowed for
omitting these classes of data in the further quantitative analyses.
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The Microfracture_porosity Index in the data set from the G-1 and G-2 boreholes
covered the range 0–6%, and that in G-5 and G-6 covered 0–14%. After selection, the range
in the G-1 and G-2 group was still the same (Figure 7a,b), but in the G-5 and G-6 group of
data, it decreased to 10% (Figure 7d). The relationships between Microfracture_porosity
Index and PORO presented in the plots in Figure 7c,d were used in quantitative analyses.
High determination coefficients mean that the equations present credible relations.

The Mezzofracture_porosity Index ranged from 0 to 1.2% in boreholes G-1 and G-2
and from 0 to 2.5% in G-5 and G-6. In both cases, the Mezzofracture_porosity Indexes
revealed order of magnitude lower values in comparison to the Microfracture_porosity
Index relation. Similar to Microfracture_porosity Index vs. PORO, ranges were higher in
G-5 and G-6 in comparison to G-1 and G-2. The boreholes are located in different facies:
G-1 and G-2 in the platform flat, G-5 in the barrier and G-6 in the oolith zone (Figure 1b).
Lithofacies analysis showed that the majority of data represent grainstones. Correlation
equations obtained on the basis of data after selection were used in the further analyses to
calculate microfracture and mezzofracture porosities.

5.2. Fracture Permeability Analysis
5.2.1. Micro- and Mezzofracture Permeability Analysis

The relation between microfracture permeability and Microfracture_porosity Index
determined on the basis of data from boreholes G-5 and G-6 is characterized by a very high
correlation coefficient as the result of tight mathematical relations between these quantities.
In the further analysis, we used only the following equation: microfracture permeability =
1.385*Microfracture_porosity Index. The relation between mezzofracture permeability and
Mezzofracture_porosity Index in the same boreholes (Figure 9) was characterized by a high
determination coefficient of R2 = 0.76. Points scattering illustrated the difficulties in depth
matching between thin sections and well logging interpretation results.
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G-5 and G-6.

5.2.2. Matrix Permeability Analysis

Parameters characterizing the matrix of dolostone in the study were obtained from
well logging interpretation and mercury injection porosimetry (MICP). The rock matrix
porosity was calculated as an odd between PHI and the sum of all fracture systems’ porosity
(micro, mezzo, macro), obtained using the described methodology. The relation between
permeability and porosity from laboratory measurements in the G-6 borehole (Figure 3b)
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enabled calculation of equations for Permeability vs. Effective porosity_MICP for the two
identified groups of data (Figure 10). The equation in blue (part II) was used in the further
analyses for matrix porosity estimation.
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5.3. Fracture System Evaluation from Well Logs

Fracture system determination from well logging has been the subject of intensive
investigations for many years [5]. On the basis of the comprehensive interpretation of well
logs, the difference between porosity from the neutron and sonic logs enables calculating
the secondary porosity index, SPI, which numerically presents the part of porosity related
to fractures [25]. Qualitative analysis of the well logs’ anomalies enabled determination of
the complex fracture analysis (CFA) methodology [26,27]. Novel well logging devices, i.e.,
electric and acoustic imagers, enable direct analysis of fractures and their arrangements
in the orogeny. They are especially useful in the analysis of macrofractures, which is
hard or even impossible to perform using laboratory methods. At present, for field well
logging measurements ordered by the hydrocarbon industry in Poland, the electric imager
XRMITM (Halliburton) is commonly used instead of the previously popular acoustic imager
(Halliburton).

5.3.1. Macrofracture Analysis from Electric Imager

Based on the fundamental paper of Luthi and Suihaite from 1990 [28] considering
the fracture analysis and aperture calculation, the automatic procedure in the domestic
system of the processing and interpretation of well logs ProGeo [27,29] was elaborated and
implemented. The procedure consists of the following steps:

- Canceling of the breaks between pad registration to obtain homogeneous vector data
and vector curves COMPACT;

- Fracture tracing using the filtration and skeletonization procedures to obtain vector
curves FRACTURE and FR_SKELETON;

- Calculating the aperture of recognized fractures to obtain vector curves FR_APERTURE.

The results of the abovementioned procedure in the ProGeo system including Fracture
Porosity Index (FPI) are presented in Figure 11. The FPI is defined as the ratio of the surface
occupied by the traced fractures to the total surface of the analyzed borehole wall. The FPI
values in the presented sample are in the range of 0–0.03. A histogram of the estimated
fractures is presented in Figure 12 together with colors related to the aperture values. It is
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worth noting that 90% of the apertures range from 1 to 3.4 mm, and the maximal value is
equal to 5 mm. This maximal value is probably related to a cavern or vug.
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Figure 11. Results of the processing and interpretation of electric imager log for macrofracture determination in the
selected depth section of the G-10 well: GRTC—gamma ray log without uranium component; GRTO—total gamma ray;
MD—measured depth, changed; FR_—fractures; FPI—fracture porosity index.

5.3.2. Fracture Porosity and Permeability Calculation (Well G-10)

The presented approach, combining the results of laboratory measurements and the
measurements and interpretation results of well logs, enabled the calculation of relevant
correlations between rock porosity and fracture porosity and permeability. These relations
were used in the analysis of the parameters along the Main Dolomite section of 40 m
thickness in the G-10 borehole. Estimation of the permeability of macrofractures was also
possible and conducted. This parameter was not estimated in a laboratory investigation
due to the impossibility of coring the intensely fractured sections of carbonate profile. The
interpretation procedure consisted of the following steps:



Energies 2021, 14, 6034 17 of 24

Energies 2021, 14, x FOR PEER REVIEW 17 of 25 
 

 

 
Figure 11. Results of the processing and interpretation of electric imager log for macrofracture determination in the se-
lected depth section of the G-10 well: GRTC—gamma ray log without uranium component; GRTO—total gamma ray; 
MD—measured depth, changed; FR_—fractures; FPI—fracture porosity index. 

 
Figure 12. Histogram of the estimated apertures—colors are related to the aperture size. 

  

Figure 12. Histogram of the estimated apertures—colors are related to the aperture size.

• Microfracture porosity calculation according to Equations (7) and (8) (Figure 7d)

Micro f racture porosity Index = 0.3534 ∗ PHI + 2.0186 (7)

MICRO_FP = (Microfracture porosity Index/100) ∗ PHI (8)

• Mezzofracture porosity calculation according to Equations (9) and (10) (Figure 8d)

Mezzo f racture porosity Index = 0.065 ∗ PHI + 0.0899 (9)

MEZZO_FP = (Mezzofracture porosity Index/100) ∗ PHI [%] (10)

• Macrofracture porosity calculation according to Equation (11)

MACRO_FP = FPI ∗ PHI [%] (11)

• Matrix porosity calculation according to Equation (12)

MATRIX_P = PHI − (MICRO_FP + MEZO_FP + MACRO_FP [%] (12)

• Microfracture permeability calculation according to Equation (13)

K_MICRO_FR = 1.385 ∗ MICRO_FP [mD] (13)

• Mezzofracture permeability calculation according to Equation (14) (Figure 9)

K_MEZO_FP = 119.22 ∗ MEZO_FP1.7756 [mD] (14)

• Matrix permeability calculation according to Equation (15) (Figure 10)

LOG (K_MATRIX) = 0.0854 ∗ PHI − 2.2373 (15)

• Rock permeability without macrofractures calculation according to Equation (16)

K_SUM = K_MICRO_FR + K_MEZO_FR + K_MATRIX [mD] (16)
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• Macrofracture permeability calculation according to Equation (17)

K_MACRO_FR = MACRO_FP ∗ K_MACRO [mD] (17)

The quantity K_MACRO was previously unknown and was adopted assuming that
the total permeability K_SUM_MAC should be in agreement with the result of standard
permeability interpretation from well logs. Calculations were conducted in the software
loop and repeated multiple times. The final macrofracture permeability value was equal
to 985 mD. This value is, in all likelihood, the result of fractures of great apertures, higher
than 1 mm.

• Total permeability calculation according to Equation (18)

K_SUM_MAC = K_SUM + K_MACRO_FR [mD] (18)

The obtained results are presented in Figure 13. The basic statistics of the results are
included in Tables 4 and 5.

Table 4. Simple statistics (MIN—minimum, AVER—average, MAX—maximum) of the porosity from
logs and laboratory data integration. G-10 borehole.

Parameter/
Statistics

MICRO_FP MEZO_FP MACRO_FP MATRIX_P
(%) (%) (%) (%)

MIN 0.01 0.00 0.00 0.31
AVER 0.38 0.04 0.04 5.87
MAX 1.82 0.28 1.00 17.86

Table 5. Simple statistics (MIN—minimum, AVER—average, MAX—maximum) of the permeability from logs and laboratory
data integration. G-10 borehole.

Parameter/
Statistics

K_MICRO_FR K_MEZO_FR K_MACRO_FR K_MATRIX K_SUM K_SUM_MAC

(mD) (mD) (mD) (mD) (mD) (mD)

MIN 0.03 0.00 0.00 0.00 0.03 0.03

AVER 0.06 0.13 0.32 0.02 0.22 0.51

MAX 0.13 1.23 9.54 0.32 1.73 10.12

5.4. Discussion of the Results

The results of the petrophysical parameters of the G-10 well profile analysis confirmed
in full the convergence between the newly presented interpretation of micro-, mezzo- and
macrofractures and both laboratory data and all available geological information regarding
the G-10 well.

However, the analysis of the conducted DST (drill stem test) results showed a dif-
ference in permeability: 0.13 (DST) and 0.51 mD (means obtained for the analyzed depth
section using the proposed methodology) (Table 5).

Considering the fact that the entire Main Dolomite formation Ca2 permeability results
from the presence of fractures, and the matrix permeability is an order of magnitude
smaller and hence negligible, the difference occurring can be explained by the destruction
of the filtering properties of the rock during the well boring process and drilling mud
influence on the borehole wall and flushed zone. This would be especially relevant for
macrofracture systems, where permeability has crucial importance for the total permeability
of the analyzed rock.
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6. Microtomography Exploration of Limestone Lithology Sample

After considering the carbonate fracture systems, the results of microtomography
exploration of a limestone sample are presented. This paragraph shows the ability of
the authors to make sophisticated measurements, apply specialist software dedicated to
obtaining a large range of parameters that cannot be determined from standard methods
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as well as the proposed methodology and extend the knowledge on fractured carbonate
reservoirs.

Microtomography images were acquired at the AGH UST Faculty of Physics and
Applied Computer Sciences by Nanotom S (General Electric Co., Fairfield, CT, USA). The
resolution of the images was 0.6 × 0.6 × 0.6 µm3 (volume of 1 voxel). Segmentation was
performed by threshold method using a single threshold value selected by the interpreter.
Comparison of the total porosity values from the CT with the results from other laboratory
techniques was helpful in threshold value adoption. Interpretation of the CT images was
performed using the poROSE computer program, developed at the AGH UST, FGGEP,
Department of Geophysics [12,24].

An Upper Devonian age clay limestone plug from a depth equal to 4264 m was
obtained from a D-2 well situated in the Pomeranian Synclinorium. It is older and located
deeper in comparison to the discussed Main Dolomite samples. The mineral composition
(from XRD measurement) parameters obtained from the MICP and nuclear magnetic
resonance (NMR) experiment together with porosity from the micro computed tomography
and P- and S-wave velocity ratio are presented in Table 6.

Table 6. Petrophysical parameters of the clayey limestone sample.

XRD
Q (%) C (%) D (%) H (%) P (%) M (%) Ch (%) Σil (%)

5.3 72.8 2.4 0.4 1.5 15.6 2.0 17.6

MICP

TIV
(mL/g)

TPA
(m2/g)

MPDV
(µm)

MPDA
(µm)

APD
(µm)

D
(g/cm3)

SD
(g/cm3)

P
(%)

0.0017 0.00 85.98 67.37 63.72 2.67 2.68 0.0637

NMR
Kp1 (%) Kp2 (%) Kp3 (%) Kp_nmr

(%)
Kpef_nmr

(%)
Sw_nmr

(%)
Kp_µ

CT (%) Vp/Vs

0.47 0.08 0.03 0.58 0.11 81.04 0.4 1.95
Q—quartz; C—calcite; D–dolomite; H—halite; P—pyrite; M—micas; Ch—chlorite, Σil—sum of clay minerals;
TIV—total intrusion volume; TPA—total pore area; MPDV—median pore diameter volume; MPDA—median
pore diameter area; APD—average pore diameter; D—bulk density; SD—skeletal density; P—effective porosity;
Kp1—volume of irreducible water; Kp2—volume of capillary water; Kp3—volume of free water; Kp_nmr,
Kpef_nmr and Sw_nmr—total porosity, effective porosity and bound water saturation from NMR, respectively;
Kp_µ CT—micro computed tomography porosity; Vp/Vs—p- and S-wave velocity ratio.

The bulk density (D) and the skeletal density (SD) from the MICP are very close
(Table 6). The effective porosity from the MICP (P) is very low at 0.0637%. The effective
porosity from the NMR experiment, Kpef_nmr = 0.11%, is higher but is distinctly lower
than the NMR total porosity of Kp_nmr = 0.58% and the micro computed tomography
porosity of Kp_µ CT = 0.40%, which are close to one another. The differences in values
result from the different physical basis of the experiments. The lowest value of porosity
from the MICP shows that mercury particles do not penetrate small parts of pore space. The
close values of volume of irreducible water (Kp1) and volume of bound water (Sw_nmr)
confirm the presence of clay minerals (17.6%) in the limestone sample. Furthermore, the
Vp/Vs ratio (1.95) being higher than that for clean limestone [30] confirms the shaliness.

The three subfigures below (Figure 14a–c) present 3D micro-CT images. The first one
illustrates an image of a full sample in the Y-Z plane, and the next two are visualizations of
the fracture in two projections: Y-Z and X-Z.
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voxels; orange: 100–999; yellow: 1000–9999; green: 10,000–99,999; light blue: 100,000–999,999; dark blue: above
1,000,000 voxels. Scale: 1 voxel = 0.6 × 0.6 × 0.6 µm3. (b) Micro-CT image of the largest fracture in the clayey lime-
stone sample, object size classification, Y-Z plane. Red color refers to the object selection; description as in Figure 14a. Scale:
1 voxel = 0.6 × 0.6 × 0.6 µm3. (c) Micro-CT image of the objects with a volume above 1,000,000 voxels (without the largest
object visible in the Figure 14b) in the clayey limestone sample, object size classification, X-Z plane. Colors are the same as
in Figure 14a. Scale: 1 voxel = 0.6 × 0.6 × 0.6 µm3.

Fracture is a characteristic object distinguished in the sample. It was characterized
on the basis of parameters calculated using the poROSE program. Fracture occupied
only 0.3968% of the sample. The fracture volume constituted 13.89% of the volume of the
3276 porous objects selected in the sample under the micro-CT/poROSE analyses. The
effective porosity was small, equal to 0.002933 (fraction). Ellipsoid centers are located
on the image in the positions X = 830, Y = 890 and Z = 1616 and show an elongated
fracture shape along the Z-axis. Anisotropy, defined as determining deviation of the
shape of the object from the sphere equal to 0.74 (unitless), confirms the elongated shape.
The bigger value of the parameter describing the shape of the object ShapeVa3D, equal
to 1683 (unitless)—based on volume, defined as the number of voxels assigned to the
given object, and surface area, defined as the number of voxels on the object that are
immediately adjacent to the environment—in comparison to ShapeVa3D Mesh, equal to
806 (unitless)—calculated on the basis of the surface mesh area (the surface area calculated
on the basis of a multi-angle grid) and enclosed volume, defined as the volume limited by
the surface mesh area—shows that the structure of the fracture is very complicated. The
presented example illustrates the power of micro computed tomography, which reveals
sophisticated parameters helpful in fracture characterization. A strong point of micro-CT is
that it requires a small plug for investigations, but its weak point is related to the difficulty
in up-scaling the results, especially in heterogeneous rocks. The presented results illustrate
how effective microtomography is in carbonate fracture characterization.

7. Conclusions

Regional and local geological knowledge and the experience of interpreters are impor-
tant factors influencing carbonate rock fracture porosity and permeability determination.
Standard logs and laboratory measurements (including all archive data) are still useful
in the interpretation process to obtain the trends of changes and general information of
petrophysical parameters. Mercury injection porosimetry, MICP, is a powerful technique
for characterizing the reservoir potential of carbonate rocks. The density and effective
porosity parameters from MICP are credible and useful and may be the basis for calculating
regressions. Standard laboratory permeability meters provide important data. They are
helpful in the determination of basic matrix permeability vs. porosity relations. Similarly,
the basic information about fracture porosity from neutron and sonic logs can be used. Thin
section laboratory measurements of micro- and mezzofractures and the applied calculation
methodology enable extension of the level of knowledge about reservoir rocks. Combining
this information with the novel data from the electric imaging log provides key information
for precise calculation of fracturing porosity and permeability. Joint information from well
logging and laboratory experiments enables up-scaling and extension of the detailed point
laboratory data along a borehole axis in a continuous way. Micro-CT imaging provides
very extensive information which cannot be obtained from other sources. The MICP and
CT data in connection with well log analysis allow for describing the porous space of
the analyzed rocks as a set of microcaverns/singular large pores (microvugs) and large
micropore systems as well as microfractures, which are responsible for the retention prop-
erties. The studied rocks can be defined as classic reservoir rocks with dual porosity–dual
permeability parameters. The effective porosity partaking in the transportation is mostly
based on the microcaverns. The observations made while studying the CT results show
that sections of the microcaverns are either isolated or connected only via narrow canals,
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which makes them not connected to the main paths of the flow. The filtering properties
are dominated by microfractures. The media flow paths consist of two stages—the first is
the micropores and pores (microcaverns), which deliver media to microfractures, and the
second is transportation of the medium to a well by fracture.
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