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Abstract: Combinatorial analysis of key petrophysical parameters can provide valuable information
about subsurface hydrocarbon reservoirs. This is particularly important for reservoirs with
unconventional rock formations that, due to the low permeability, need to be stimulated by fracturing
treatment to provide fluid flow to the exploitation wellbore. In this article, based on data from
unconventional shale formations (N Poland), we outline how independent sets of elastic and
petrophysical parameters and other reservoir features can be co-analyzed to estimate the fracture
susceptibility of shale intervals, which are characterized by a high total organic carbon (TOC)
content and high porosity. These features were determined by analysis of each horizon’s elastic
and mineralogical brittleness index (BI). These two variants were calculated first in 1D; integrated
with the seismic data and finally compared with other parameters such as acoustic impedance,
ratio of compressional and shear wave velocities, porosity, and density; and then presented and
analyzed using cross plots that highlighted the key relationships between them. The overall BI trends
were similar in both horizontal and vertical directions. The highest BI values were observed in the
southeast of the analyzed area (Source I) and in the southeast and northwest of the area (Source II).
These results can form the basis for predictive modeling of reservoir properties aiding effective
reservoir exploration.
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1. Introduction

Comprehensive reservoir characterization requires the use of a wide range of geophysical and
petrophysical data; however, it is often unclear which sets of parameters provide the most important
information about a reservoir rock. Elastic properties represent the most fundamental reservoir
parameters that can be measured; as such, when combined with petrophysical parameters and other
reservoir features, they allow complete characterization of a reservoir rock. A thorough characterization
is particularly essential for unconventional reservoir rock, which requires specific and adjusted to
the reservoir recovery operations outside the conventional operating practices. Consequently, in
the case of unconventional reservoirs, the results of parameter integration are especially useful
for lithostratigraphic classification, identification of sweet spots, determination of susceptibility to
hydraulic fracturing, and characterization of stress fields in an unconventional reservoir.

By contrast with compressional (P) wave velocity (Vp), shear (S) wave velocity (Vs) is rarely
measured during geophysical surveying, although it represents an important tool for reservoir
characterization. Compressional and shear waves are elastic waves that pass through a medium
and cause particle motion in a direction parallel in case of P—wave and perpendicular in case of
S—wave to that of wave propagation (Figure 1). In contrast to compressional waves, shear waves are
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not transmitted through fluids [1]. The velocity of a compressional and shear wave depends on the
elasticity and density of the medium through which it propagates and can be expressed as follows [1]:

Vp =

√
4
3µ+ k
ρ

(1)

Vs =

√
µ

ρ
(2)

where µ is the shear modulus, k is the bulk modulus, and ρ is the density of the medium in question.
Both Vp and Vs were used in this study to estimate a wide range of dynamic elastic parameters for
reservoir rocks by using data collected from four wells and associated regional-scale seismic surveys.
These analyses were used to quantify the hydraulic fracturing potential of two source intervals located
within Silurian and Ordovician strata (Figure 1).

Figure 1. Area of interest with 3D seismic survey marked with red line (A) with the behavior of
compressional (P) and shear (S) waves (B) in the analyzed source intervals (reservoirs) within the
Silurian (Source I) and Ordovician (Source II) shown on representative borehole O-4.

Previous research and recent studies covering the parametrical characterization of the research
area have been well investigated by numerous authors [2–10]. These studies can be divided into three
general topics:

1. Well logs interpretation in borehole profiles (1D) [2–5];
2. Seismic inversion (3D) [6,7];
3. Integration of well logs interpretation of particular parameters and seismic attributes together

with the extensive geostatistics tools application (3D) [8–10].

In this article, we propose the following workflow: (1) characterizing the reservoir in a 1D
profile in terms of analyzing issue using different approaches, (2) generating 3D pseudo parameters,
(3) calculating 3D properties of analyzing variants, (4) if the correlation coefficient between the variants
is high enough—combining the results, (5) analyzing the results with other reservoir parameters on
cross plots, and (6) implementing appropriate observations within a 3D property. As an example of
this approach, we present possibilities of coherent multiparametric reservoir characterization, where
all analyzed parameters related to the potential of hydraulic fracturing are correlated. We show the
characteristic of the brittleness index in two variants (elastic and mineralogical) which in face of high
correlation coefficient with the seismic data was used for spatial characteristic of the brittleness index.
According to rock physics, a coherent reservoir model must include interrelations (e.g., brittleness
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index (BI) versus effective porosity (PHIE) versus bulk density (RHOB)) and dependencies defined on
cross plots for more reliable results and reduce it uncertainty [1,11–13].

Geological Setting

The research area is located in northern Poland, in the western fragment of the Baltic Syneclise,
part of the Baltic Basin [7,14,15]. Shales enriched with organic matter were deposited in the Baltic
Basin similarly as in other basin-like sedimentary structures, both developed in early Paleozoic in the
western slope of the East European Craton (EEC). As a result of subsequent tectonic processes and
erosion, these basins were divided into the Baltic Basin (Perybaltic Syneclise) and the Podlasie and
Lublin Depression [16]. The greatest hydrocarbons potential has mainly graptolite shales of Upper
Ordovician and Lower Silurian age but also, to a much lesser extent, the Llodlovian, and locally Upper
Cambrian and Tremadocian shales [17,18].

In this paper, the authors focused on the Jantar Mudstone Formation of Lower Silurian age
(Source I) and the Sasino Mudstone Formation of Upper Ordovician age (Source II). These shale
formations constitute an unconventional reservoir being an organic matter rich source rock and a
nanoporous and low permeable reservoir for hydrocarbons at the same time [19].

1. Source I consists of the Jantar mudstones, the formation that starts the sedimentological profile
of the Llandoverian age. In the Baltic Basin, the Jantar mudstones formation is developed as
black bituminous mudstones with present graptolite fauna [8,17]. The Jantar mudstones were
deposited in a transgressive–regressive sedimentary cycle, with a maximum thickness of 25 m.
The shales of Jantar formation are enriched in organic matter, with an average total organic carbon
(TOC) of 1–2.5 wt. % [8].

2. Source II is the Sasino Mudstone Formation consisting of shales of Upper Llanvirnian and
Caradocian age and is widely distributed in all three depressions on the EEC in Poland [8].
The deposits of Sasino formation are represented by black or dark grey to green-grey mudstones,
often with graptolite and with subordinate benthic fauna. The thickness of the Sasino mudstones
varies and in onshore succession is as high as 35 m and becomes thicker in the offshore succession,
reaching approximately 70 m. The Sasino Mudstone Formation is rich in organic matter with
TOC ranging from 1.5 wt. % to >3.5 wt. % [8].

The analyzed Source I and Source II intervals are the most promising formations from the
hydrocarbon potential point of view (high TOC content together with high PHIe value), within the
analyzed borehole profiles. Based on geochemical data, the degree of organic matter maturity from
both Source I and Source II define the main oil window that indicates oil accumulation within the
source rocks [9].

2. Materials and Methods

2.1. Relevant Data Acquisition

The distribution of stress in a stimulated rock formation controls many elements of reservoir
characterization and exploitation, including the proper selection of a drilling location, the optimal
trajectory of the horizontal section of a borehole within the zone where the rock fracturing is planned, and
the anticipated geometry of hydraulic fractures. In addition, the effectiveness of a stimulation treatment
depends to a minor degree on the parameters of the treatment, but mostly on the geomechanical
properties of the rock formation. These may be expressed in terms of elastic parameters, compressive
and tensile strength, friction angle, and other petrophysical factors [5].

The data used for the multidisciplinary characteristics of the unconventional reservoir presented
in the article included:

Well logs from four wellbores (O-1, O-2, O-3, O-4):

� compressional wave velocity logs; interpreted based on full wave sonic measurements,
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� shear wave velocity logs; interpreted based on full wave sonic measurements,
� density logs; measured in the borehole,
� porosity, TOC and mineral composition interpretation logs–evaluated based on set of logs in

petrophysical software and calibrated with the laboratory data.

Seismic:

� amplitude cube available in both time and depth domain. The area of the three-dimensional
seismic survey covers approximately 117 km2.

Based on this data, the brittleness index in two variants was calculated as described below.

2.2. Brittleness Index

Due to recent growing interest in the hydrocarbon potential of unconventional rock formations,
a parameter called the brittleness index (BI) has been developed [20–25]. BI has proven to be extremely
useful for identifying subsurface strata with a potentially high susceptibility to hydraulic fracturing.
Since then, many definitions of BI have been proposed in the literature, with some based on elastic
parameters (Young’s modulus and Poisson’s ratio) and others based on variation in the mineral
composition of a rock. It has been observed that an increase in quartz content in shale members of the
Barnett Formation makes them more brittle, making these rocks more susceptible to brittle damage [20].
Some studies have also observed a positive correlation between quartz content and fracture density
in Woodford shale [26,27]. As such, high concentrations of clay minerals and enrichment in organic
matter cause a rock’s BI to decrease [3,21]. The very first definition of the BI based on the mineralogical
content of the rock proposed by Jarvie et al. (2007) [22], which we show below:

BI Jarvie =
Q

Q + Carb + Cly
(3)

where Q = quartz, Carb = carbonates, and Cly = clay in weight fractions, considering the quartz content
in the numerator and the sum of the main minerals in the denominator. This relationship has since
been modified [23] to expand the group of brittle minerals to include dolomite and to consider the
TOC content of the rock composition. Nonetheless, since the denominator in this relationship for most
shale rocks gets the value close to one, and the proportion of dolomite in shales is typically negligible,
the value of the BI primarily depends on the quartz content of the rock instead.

Another definition of brittleness has been proposed based on the elastic properties of the Barnett
shale formation [24], which is expressed in terms of the Young’s modulus (E) and Poisson’s ratio (ν).
Here, in terms of the elasticity of a rock formation, an existing fracture will grow when the tensile
stress (σT) acting at the tip of a crack exceeds the sum of the minimum effective horizontal stress (σh’)
and the tensile strength (T), as shown below:

σT > σh′ + T (4)

The value for effective horizontal stress value can be calculated as follows:

σh′ =
v

1− v
σv′ (5)

where σv’ represents the vertical effective stress. Equation (4) shows that a low value of v produces a
low value for the minimum horizontal stress, making it easier to meet the above-mentioned condition
of opening a pre-existing fracture in a rock when subjected to stimulation treatment [25].

2.3. Estimation of Brittleness Index

In this study, the BI was calculated in the following two forms: (1) BIelast which considers the
elastic parameters of a rock, and (2) BImin, which considers its mineralogical content. Determination of
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BI using these two independent methods allowed direct comparison of results produced based on
independent (but related) datasets.

BIelast represents the BI based on elasticity and was estimated using well log data as follows:

BIelast =
E + v

2
(6)

The values of the static elasticity modulus are commonly determined using uniaxial or triaxial
compression tests carried out on rock samples. However, the dynamic elasticity modulus (dynamic
Poisson ratio—vdyn, Edyn—dynamic Young modulus) can alternatively be calculated based on
measured Vp vs. and ρ values, as follows [13,28,29]:

vdyn = Vp2
−

Vs2

2(Vp2 −Vs2)
(7)

and

Edyn = ρVs2
(

3Vp2
− 4Vs2

Vp2 −Vs2

)
(8)

BImin, which represents the BI based on mineralogical data, was estimated as follows [23]:

BImin =
VQ + Vdol

VQ + Vdol + Vcal + Vclay + VTOC
(9)

where: VQ = volume of quartz, Vdol = volume of dolomite, Vcal = volume of calcite, Vclay = volume of
clay, and VTOC = volume of TOC.

2.4. Spatial Distribution of Estimated Parameters

Three-dimensional parametric models allow us to obtain more complete, quantitative
characteristics of the reservoir compared to the analyzes carried out only in the boreholes profiles.
Determining the prospectiveness of shale formations in a quantitative form (e.g., for the area of a
seismic survey or a concession), as well as indicating the optimal zones of the analyzed area for the
fracturing treatment, require the development of maps or spatial models of the distribution of specific
parameters. The spatial form of imaging the features of geological formations enables the analysis
of both horizontal and vertical variability. Based on the interpretation of the spatial distribution of
formation features, it is possible to design the borehole trajectories in the most favorable interval of the
reservoir. Properly integrated well data with seismic data make it possible to predict the values of
the analyzed parameters in inter-well and outside well zones. Optimization of the seismic data use
consists in searching for the most effective methods of integrating well data in the form of a consistent
interpretation of the analyzed parameter with the seismic data extracted in the profiles of these wells.
The finding of a sufficiently high correlation between these groups of data makes it possible to track
the spatial variability of selected seismic parameters and to use it in the process of calculating the
distribution of reservoir parameters, where the seismic data is treated as secondary data, controlling
the distribution of the modeled physical feature of the rock medium.

2.5. Parameters Relation Analysis

Rock physics creates a link between geophysical measurements and geological parameters. It also
quantifies the relationship between the physical and elastic properties of a rock [11,13]. The use of
seismic data allows rock physical properties to be examined spatially. This step is an important part
of the reservoir characterization process, as it describes a rock solely by the physical characteristics
that affect how seismic waves are transmitted, avoiding biased interpretations based on other criteria.
Several landmark studies have been recently published that provide an extensive introduction to models
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of rock physics and their application to seismic interpretation [30–32], alongside a comprehensive set
of theoretical and empirical relations [4].

The availability of Vp, Vs, and density log data in reservoir studies allows the following elastic
properties to be estimated: acoustic impedance (AI), shear impedance (Is), Vp/Vs ratio, Poisson’s ratio
(v), Young’s modulus (E), Lamé constants (λ, µ), shear modulus (k), lambda-rho (λρ), and mu-rho
(µρ). These parameters may be used in combination with reservoir properties derived from laboratory
testing, such as porosity, density, water content, gas content, oil saturation, clay volume, and mineral
composition, alongside the interpretation of well log data and the results of seismic inversion.
This integrated technique allows for wide-ranging analyses that can fully characterize the petrophysical
properties of a reservoir [11–13,33–35]. Furthermore, the recently developed rock physics template
(RPT) technique [36] can estimate the fluid and mineralogical content of a reservoir rock on a cross plot
of Vp/Vs ratio against the AI of a P wave (Figure 2). This method has been described in numerous
publications [2,11,13,32–40], including focused studies of elastic parameter recognition and RPT
analysis of Polish shales [3,4,10,21,41–43].

Figure 2. Example of Vp/Vs ratio vs. acoustic impedance (AI) reservoir characterization [12].

The process of successfully integrating data at different scales represents the biggest challenge
in generating detailed 3D models of reservoirs. In response to this problem, some studies have
applied the RPT technique to multi-scale laboratory data, well log data, and seismic data [37–39,43],
though further research is required to determine best practices for this technique. Here, we report the
results of multidisciplinary characterization of an unconventional reservoir based on relationships
between various reservoir parameters in 1D, 2D, and 3D. Our analysis is focused on the spatial
distribution of the brittleness index, which provides important information about fracture susceptibility
in unconventional reservoirs.

3. Results and Discussion

We start multidisciplinary characteristic of study area based on results of above described
brittleness index calculations. In Figure 3 we show the calculated values of BIelast and BImin, together
with the relevant data from one representative well, out of four analyzed boreholes, drilled within the
area of the study, through the same strata.
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Figure 3. Estimated variation of BI according to the following model parameters: (1) stratigraphy,
(2) rock model, (3) total organic carbon (TOC) content (wt. %), (4) source intervals, (5) compressional
wave velocity (Vp), (6) shear wave velocity (Vs), (7) calculated elastic parameters (Young’s modulus and
Poisson’s ratio), and (8) calculated brittleness index (BI) variants (BIelast and BImin). Symbol * indicate
zones (I–V) with the potentially high susceptibility for fracturing with the high TOC content at the
same time.

Both BI variants had high values in the strata with a high proportion of brittle minerals (quartz and
carbonates), whereas both were low in zones enriched in organic matter and clay minerals. The greatest
fluctuations (marked as * in Figure 3) in both BI variants occurred in zones with an increased content
of quartz, carbonates and organic matter, although both variants showed a similar trend. In general,
BIelast was less sensitive to changing quartz, carbonates, clay mineral, and TOC contents than BImin.
Specifically, increased BImin values were correlated with high quartz and carbonate minerals contents
and decreased values were correlated with zones enriched in clay minerals and organic matter.
In Figure 3, five zones (I–V) with greater susceptibility to fracturing and enrichment in organic matter
at the same time are marked. In the Table 1 we present the average values of the main mineral
components and TOC. Two zones highly susceptible to fracturing occurred in the Source I interval.
The first, Zone I, located near the top of the Silurian shale formation, contained 24 vol. % quartz,
21 vol. % carbonate minerals, and up to 3.39 wt. % TOC. The second, Zone II, located toward the
base of Source I, contained 30.12 vol. % quartz, 11.8 vol. % carbonate minerals, and 1.2 wt. % TOC.
Both zones are characterized by an increase in BI.
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Table 1. Mineralogical characterization of distinguished zones of interest within Source I and Source II
shale formations.

Zone
Parameter TOC

[wt. %]
Quartz
[vol %]

Carbonates
[%]

Clay
[%]

Zone I 3.39 24.00 21.00 45.31

Zone II 1.20 30.12 11.80 40.75

Zone III 5.62 38.14 0.17 45.98

Zone IV 3.19 53.00 2.50 30.14

Zone V 2.16 25.00 >30.00 21.57

Like the Silurian interval, zones with increased fracture susceptibility were selected in the Ordovician
shale formation (Source II) based on calculated elastic parameters and mineral contents. Three zones
with increased susceptibility to fracturing were found in this domain. Zone III, in the upper part of the
Ordovician shale profile, owed its high susceptibility to a relatively high quartz content (38.14 vol. %) and
was particularly interesting due to its high TOC content (5.62 wt. %). Zone IV exhibited an increased
fracture susceptibility and had the highest quartz content in the entire shale profile examined: up to
53 vol. % of the rock volume. Carbonate minerals in this zone comprised just 2.5–3 vol. % of the analyzed
rock volumes. Nonetheless, Zone IV showed increased susceptibility to fracturing and was rich in organic
matter (up to 3.19 wt. %). Zone V within the Ordovician shale formation exhibited a high fracture
susceptibility due to relatively high quartz (25 vol. %) and carbonate mineral (>30 vol. %) contents.
The TOC content of this zone was 2.16 wt. %. Among mineral components occurring in the analyzed
strata, we found that BI index is particularly sensitive to the presence of carbonate minerals in the profile.
This dependence is visible, especially in the transition zone between Source I and Source II, between zone
IV and V, and in the strata below Source II. In these zones, we observe enrichment in carbonates and
moderate or small content of quartz.

3.1. Spatial Comparison of BI Variants

The elastic properties presented in this study—and thus also BIelast—are dynamic parameters
that can be used for qualitative assessment of a shale formation during reservoir characterization.
Therefore, maps of the spatial variation of BI were produced for both BIelast and BImin variants, which
highlight domains within the analyzed area that may have better prospects for assessing fracture
susceptibility. A critical step preceding map construction was the transformation of the 3D seismic
volume into a form that could spatially show BI variation, which was achieved using neural network
techniques and a genetic inversion procedure. The neural network technique was used to identify and
combine a set of seismic attributes in the so-called meta-attribute [44], with the highest correlation with
the brittleness index calculated from the well log data (both BIelast and BImin). This way, an achieved
meta-attribute (3D cube of pseudo brittleness index shown on a Figure 4) has been transformed into a
brittleness index cubes with the use of BI well logs and genetic inversion procedure. The validity of
well logs and seismic data integration is confirmed by a good correlation coefficient values for both
BI variants (Figure 4A,B). Correlation coefficient between BI meta-attribute versus BIelast = 0.73 and
versus BImin = 0.67.
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Figure 4. Meta-attribute of pseudo brittleness index shown on a seismic profiles in the background
and grid property together with the calculated in the boreholes well logs of BI, as well as correlation
between BI meta-attribute and (A)—BIelast and (B)—BImin.

Based on calculated models set of maps showing distribution of BI average values within Source
I and Source II for both BIelast and BImin were performed (Figure 5). Importantly, despite the use of
different approaches to calculate each BI variant, all maps of average BI showed similar trends and
highlighted the same locations with similar predictions of fracture susceptibility, especially in Source II
(Figure 5).

Figure 5. Maps of average values for BIelast (a) in Source I and (b) in Source II, and for BImin (c) in Source
I and (d) in Source II. Red indicates the maximum value and purple indicates the minimum value.
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Furthermore, as a result, a map of the average BI values was developed using a combination of
both BI variants (Figure 6), which allowed the identification of zones with the highest (>0.7) and lowest
(<0.2) occurrences of normalized (0–1) BI values. In Source I, the highest BI values occurred in the
southeast; however, while locally similar in Source II, large areas with elevated BI values also occurred
in the northwest. The lowest BI values in Source I occurred around the L-1, O-2, and O-3 boreholes,
while in Source II these occurred in a belt extending from the southwest to the northeast, passing
through the O-4 borehole. A 3D spatial distribution of the most brittle spots within the analyzed area
is presented in Figure 7.

Figure 6. Map of average values of normalized BI of both variants within (a) Source I and (b) Source II.
Maximum (>0.7) and minimum (<0.2) values of BI are marked with red and black polygons, respectively.

Figure 7. Spatial distribution of the most brittle spots within the analyzed area.

3.2. Correlations between Parameters

It is noteworthy that enrichment in organic matter decreases the calculated BI of a rock, thus
making it less susceptible to fracturing. Therefore, when determining prime locations for performing
stimulation treatments, a compromise should be found at least between these two important reservoir
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parameters, which can be difficult. To manage this, the relationships between all parameters were
examined on cross plots, as inspired by the RPT approach, allowing us to determine the most significant
parameters that will affect a final model. Both the BI and associated elastic parameters of a rock
correlate closely with other fundamental reservoir properties. This allows for more comprehensive
characterization of a reservoir and its lithological components, which is crucial when examining
unconventional rock formations that may be hydrocarbon-bearing.

In the next part of the study we quantified the relationships between petrophysical parameters,
elastic parameters, BI, and TOC in terms of more detailed reservoir characteristic. First, we investigated
the relationship between the Vp/Vs ratio and acoustic impedance (AI) as a function of organic matter
content (Figure 8).

Figure 8. Acoustic impedance (AI) vs. Vp/Vs ratio as a function of TOC content within Source I (red
circle) and Source II (blue circle).

Rocks with high TOC values have low Vp/Vs ratios and AI values, while the opposite is true
for rocks with low TOC contents. This inverse correlation is affected by a reduction in seismic wave
velocity caused by the presence of a reservoir fluid. A similar relationship occurs when comparing
TOC with AI. In this case, the effect of reducing seismic wave velocity in zones rich in TOC is promoted
by the relatively low density of organic matter compared to inorganic minerals.

In addition to these effects, another widely described phenomenon when discussing fracture
susceptibility is an inverse correlation between a rock’s Poisson’s ratio and Young’s modulus, which
can be observed in the cross plot shown in Figure 9.

Rocks with higher values for Young’s modulus typically exhibit lower values for Poisson’s ratio,
with this inverse correlation attributed to the presence of fractures in water-saturated rocks [45].
This relationship is clearly present in Source II, although is not so apparent in Source I. This discrepancy
may be due to a lower degree of fracturing within the latter [46]. Clear correlations between porosity and
Poisson’s ratio (positive) and porosity and Young’s modulus (negative) are also evident in this model.
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Figure 9. Young’s modulus vs. Poisson’s ratio as a function of porosity within Source I (red circle) and
Source II (blue circle).

Figure 10 shows an inverse relationship between porosity and BI in both analyzed source zones,
whereby BI increases as porosity decreases. Due to a negative correlation existing between porosity
and density, the same relationship is observed when analyzing density and BI. Lithologies with the
lowest porosity and highest density, located in the bottom right corner of the diagram, represent rocks
that contain abundant high-density carbonate minerals and occur in the transition zone between source
intervals I and II. Concomitantly, these are zones that have a low organic matter content.

Figure 10. BIelast vs. porosity (PHI; ϕ) as a function of density within Source I (red circle) and Source II
(blue circle).
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Cross-correlation of values for Young’s modulus, porosity, and BI (Figure 11) reveals an inverse
correlation between Young’s modulus and porosity, and a positive correlation between Young’s modulus
and BI. We interpret this as showing that less porous rocks are more rigid and more susceptible to
brittle failure, which is expressed by a higher BI. The above relationships are clear for both source zones:
Source I had a smaller total porosity and BI range than Source II. Therefore, as Source II contained
rocks with a broader range of porosity and brittleness values, and more extreme BI values, they were
likely more susceptible to hydraulic fracturing.

Figure 11. Young’s modulus vs. porosity (PHI; ϕ) as a function of BI within Source I (red circle) and
Source II (blue circle).

When comparing both source rock formations, characterized with parameters as shown in Table 2,
it can be observed that shales from Source II interval exhibit higher brittleness, both based on elastic
parameters and mineralogical composition, with on average higher Young modulus and lower Poisson’s
ratio. This can be explained with a more significant contribution of brittle minerals e.g., quartz and
carbonates in Sasino mudstone formation (Source II). The average TOC is approximately 1 wt. % lower
than in Jantar mudstone formation (Source I). These characteristics also support the suggestion that the
investigated Source I is less fractured than Source II (Young’s modulus vs. Poisson’s ratio cross—plot).

Table 2. Average values of parameters analyzed in the study.

Source
Parameter Vp

[m/s]
Vs

[m/s]
ρ

[g/cm3] Φeff [%] TOC
[wt.%]

BIelas
[–]

BImin
[–]

Young
Modulus [GPa]

Poisson Ratio
[–]

Source I 3626.53 2072.48 2.60 4.32 3.11 14.03 0.1006 28.21 0.26
Source II 3798.56 2202.54 2.58 3.40 2.13 15.11 0.1869 31.62 0.24

The relations between parameters observed on cross plots can be applied in spatial models using
tools available in modeling software (filters, cut-offs) for quick display of parameter values range.
For example, using the relationships observed from the cross plot in Figure 10 and filtering the model
blocks of the brittle spots model (shown in Figure 7), which normalized values are above 0.7, we can
define a range of porosity values (less than 6%) and the density values (more than 2.7 g/cm3) assigned
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to this model blocks without the necessity of modeling the spatial distribution of these parameters
(Figure 12).

Figure 12. An example of application of observation from cross plot presenting brittle spots characterized
by porosity values below 6% and density above 2.7 g/cm3.

4. Conclusions

Coherent, multiparametric reservoir characterization is a complex, multistage task where the
main objectives need to be clearly defined, and complete analysis should be focused around these
objectives to reach a consistent, multidimensional response.

The primary purpose of this paper was feature the methodology which needs to be carried out to
characterize potential of hydraulic fracturing effectiveness the reservoir with the use of brittleness index.
The BI is an important, multiparameter-based index that allows identification of rock strata with a high
susceptibility to hydraulic fracturing, and thus is an extremely important factor required to characterize
unconventional reservoir formations (e.g., shale formations or coalbed methane). The presence of
organic matter plays an important role in shale formation and significantly reduces rock brittleness.
In addition, a rock’s BI is strongly affected by its quartz, clay mineral, and carbonate mineral content.
In this study, we demonstrated that both quartz and carbonate minerals have the greatest effect of all
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constituents. In our study area, the analyzed source zones showed differences in BI trends and values
due to variation in the mineralogical composition of the shale rocks.

In the process of combining well data (BIelast and BImin within the borehole profiles) and seismic
data (BI meta-attribute) we received satisfactory correlation coefficient that allowed us to procced
3D properties calculation. Spatial analysis of the BI calculated using different approaches showed
analogous trends, highlighting the same locations with similar ranges of BI values that have similar
susceptibilities to fracturing. Maps of average values of BI were produced by combining values of
individual elastic and mineralogical variants and allowed for the selection of zones with high (>0.7) and
low (<0.2) mean BI values. Rocks in Source I with the highest BI values were located in the southeast of
the analyzed area. For Source II, the southeastern domain also contained high-BI lithologies, although
other large areas of high-BI rocks were located in the northwest. Rocks with the lowest BI values in
Source I were located close to the L-1, O-2, and O-3 boreholes, while those in Source II occurred in a
belt trending from southwest to northeast and passing through the O-4 borehole. Despite the use of
different input data, the general trend of BI values obtained using elasticity and mineral composition
constraints were very similar, both in the vertical and horizontal directions. However, minor differences
in brittleness observed in both source zones indicated that different approaches should be taken
towards fracture stimulation treatment in both regions. The creation of 3D models of the most brittle
spots in the study area could help to indicate areas that require further investigation—for example, via
more detailed analytical tools such as cross plot analysis of significant parameters.

Therefore, based on the applied methodology, a wide range of consistent conclusions concerning the
study area can be described. Using this approach, we are able to carry multidisciplinary characterization
of the reservoir based on related parameters and features (lithology, petrophysical parameters,
geomechanical parameters, BI, elastic parameters, etc.) providing coherent and reliable results and
reducing the uncertainty of the obtained results. This directly benefits the economy, as it has been
proved in the example of the Eagle Ford reservoir that production can be increased by 40% with 11%
reduced completion costs with integrated, multidisciplinary approach of reservoir characterization
and completion design [47].

Integrated analyses covering such a wide spectrum of issues related to the multi-parameter,
interdisciplinary 1D interpretations, the application of rock physics, and the integration of borehole
data with seismic data provide a novelty in the spatial characteristics of the organic matter rich shale
formation of lower Paleozoic age and deposited in the Baltic Basin (northern Poland).

It is also noteworthy to mention that both well log and seismic data used in this study are
dynamic and allow calculation of elastic parameters and different variants of BI for reservoir rocks;
however, more detailed quantitative analysis requires determination of static equivalents of the
calculated parameters.

Finally, the results of this study revealed important directions for future research. Currently, the
impact of parameters that characterize rock fractures on Vp, Vs, and elastic parameters is unknown
and should be quantified via continued empirical and experimental investigation. This will provide a
better method to assess the importance of parameters used to describe fractures (e.g., fracture network
geometry, geometry of individual cracks, their aperture and the type of fracture filling) and quantify
which has the greatest impact on wave propagation and the medium that ultimately fills the fracture
(i.e., mineralization with carbonate minerals, quartz, or reservoir fluids).
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Abbreviations

AI acoustic impedance,
BI brittleness index,
BIelast BI based on elastic parameters,
BImin BI based on mineral composition,
E Young’s modulus,
E dyn dynamic Young’s modulus,
Is shear impedance,
PHI (ϕ) total porosity,
PHIE effective porosity,
RHOB (ρ) bulk density,
T tensile strength,
TOC total organic carbon,
Vcal volume of calcite,
Vclay volume of clay,
Vdol volume of dolomite,
Vp compressional (P) wave velocity,
VQ volume of quartz,
Vs shear (S) wave velocity,
VTOC volume of total organuic carbon,
λ Lamé constant lambda,
λρ lambda-rho rock physisc parameter,
µ Lamé constant mu,
µ shear modulus,
µρ mu-rho rock physisc parameter,
ν Poisson’s ratio,
ν dyn dynamic Poisson’s ratio,
σh’ horizontal effective stress,
σT tensile stress,
σv’ vertical effective stress
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43. Kwietniak, A.; Cichostępski, K.; Pietsch, K. Resolution enhancement with relative amplitude preservation
for unconventional targets. Interpretation 2018, 6, SH59–SH71. [CrossRef]
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