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Mapping a fracture network
formed by hydraulic fracturing
in a shale gas reservoir
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Abstract: Microseismic monitoring is an important technique that can be used to identify fractures in rock mass.
The aim of this article is to identify, on the basis of the location of microseismic events, structures formed by
hydraulic fracturing in the Wysin-2H/2Hbis horizontal well from the Baltic Basin in northern Poland, and to
compare the patterns of these structures with the direction of regional stresses. The authors proposed a novel
multi-step workflow for finding these structures. To be able to delineate the structures from microseismic events
with greater accuracy, a collapsing algorithm was used. Then, based on the Hierarchical Density-Based Spatial
Clustering of Applications with Noise (HDBSCAN) clustering algorithm and the elongation coefficient of each
cluster, probable fissures were identified and compared against the maximum horizontal stress direction. In ad-
dition, based on the 3D seismic data from the Wysin and the calculated geomechanical parameters in the moni-
toring well, the probability classes of brittleness indices in the LMR (Ap-up) parameter domain were determined.
A comparative analysis was performed between the two variants of microseismic event location (before and after
the collapsing procedure) and the estimated probability of a given class of brittleness index. The comparison of
the event location with the 3D seismic data was used to validate the results before and after collapsing due to the
high resolution of the seismic method. It is shown that the collapsed events appeared in more rigid regions, where
more energy release is expected.

Keywords: fracture network, shale gas, microseismicity, collapsing, HDBSCAN, Baltic Basin

INTRODUCTION is carried out by pumping fracturing fluid under
high pressure into a well to create new fractures

Hydraulic fracturing (HF) is a technique that al-  or enlarge pre-existing fractures in the rock. Cre-
lows fractures to be created in a rock formation ation of hydraulic fractures or reactivation of ex-
to stimulate the flow of oil or gas. This process isting fractures by hydraulic stimulation induces
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microseismic events (Maxwell 2013). Based on
the location of microseismic events, it is possible
to identify fractures in the rock mass. Fracture
mapping is key to estimating stimulation effec-
tiveness. To infer the orientation of the cracks,
the geometry of the distribution of the seismic
events must be investigated (Williams-Stroud &
Billingsley 2010). Two types of seismic phenome-
na have been interpreted as occuring during hy-
draulic fracturing: wet and dry microseismicity
(Maxwell 2014, 2015a, 2015b). In order to correct-
ly interpret the structures formed, it is necessary
to distinguish phenomena that are directly cre-
ated by the flow of fracturing fluid (so-called wet
microseismicity). The fracturing operation causes
a stress change or stress transfer in the rock mass,
resulting in seismic emissions even at large dis-
tances from the well (so-called dry microseismic-
ity). It is necessary to distinguish between these
two types of events to avoid overestimating the
volume of the reservoir, because dry events are
not hydraulically connected to pore-pressure in-
duced fracturing.

This paper presents an analysis of microseis-
mic event locations recorded during HF per-
formed from June 9, 2016 to June 18, 2016 in the
Wysin-2H/2Hbis horizontal well. The main goal
of the paper is to determine the fractures formed
by hydraulic fracturing and compare the patterns
of these fractures with the direction of region-
al maximum horizontal stress. The authors de-
veloped a novel workflow that uses microseismic
event locations to identify linear structures which
may be formed by hydraulic fracturing. To mini-
mize the dispersion of the location of events that
results from location errors and thus increase the
resolution of the cloud of seismic events, a collaps-
ing method (Jones & Stewart 1997) was used. The
collapsing procedure produced a more clustered
character from scatter event locations. This allows
the identification of structures from which seis-
mic emission occurs, such as cracks or fissures in
the rock mass. Using the HDBSCAN (Hierarchi-
cal Density-Based Spatial Clustering of Applica-
tions with Noise) unsupervised machine learning
method (Campello et al. 2013), clusters were then

identified inside the seismic events cloud that may
correspond to fractures formed in the rock mass.
The biggest advantages of this method are its abil-
ity to identify noise and find clusters of different
shapes, and its lack of a need to assume the num-
ber of clusters. The structures formed were com-
pared with the direction of maximum horizontal
stress. To identify potential fractures from all de-
lineated clusters, only those that are linear were
selected by calculating the elongation coefficient
based on the semi-axis length of the point disper-
sion ellipsoid in the cluster.

In this paper we present the results of the relo-
cation of seismic events after using the collapsing
procedure; then, automatic detection of clusters
using HDBSCAN is presented. Two seismic event
locations (variants before and after applying the
collapsing procedure) are compared with the re-
gional stress direction. To validate the locations
of microseismic events, a comparative analysis is
performed between these two variants of the mi-
croseismic cloud, and the estimated probability of
a given brittleness index is shown.

GEOLOGICAL SETTING

Wysin-2H/2Hbis is a horizontal well located in
the village of Wysin in the northern part of Po-
land (see Fig. 1) in the Peri-Baltic Syneclise (Zare-
ba & Danek 2018), situated in the western region
of a Lower Paleozoic basin, referred to as the Bal-
tic Basin. This basin is part of the northernmost
section of the Polish segment on the Baltica con-
tinent, which is also known as the East Europe-
an Craton (EEC) (see Fig. 2). The geological struc-
ture of the Baltic Basin includes a sequence of
sediments, ranging from Paleozoic (where shale
gas and oil exploration is possible) to Mesozoic
(EIA 2013). Figure 3 shows the geological sequence
of the study area. About 4 km below the surface,
there are Cambrian sandstones and shales over-
lying Ordovician marly limestone, mudstone, and
siltstone, and Silurian shales interbedded with do-
lomitic limestones (Lopez-Comino et al. 2018).
The Pelplin Claystone Formation was hydraulical-
ly fractured.
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Fig. 1. Location of Wysin village, Wysin-1 and Wysin-2H/2Hbis wells, and microseismic events located during Wysin-2H/2Hbis
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Fig. 2. Location of Lower Paleozoic sedimentary basins and lateral extend of the Upper Ordovician and/or Lower Silurian shale
formations: A) western slope of the East European Craton (EEC) with the background of the main tectonic units of the central
and northern Europe; B) location of the Lower Paleozoic sedimentary basins in Poland (Poprawa 2010, modified Wandycz 2022);
TESZ - Trans-European Suture Zone, SBN - Bitgoraj-Narol zone
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Fig. 3. Stratigraphic profile in Wysin-1 (Wandycz 2022, modified)

WYSIN-2H/2HBIS
HYDRAULIC FRACTURING

The Wysin-2H/2Hbis experiment consist-
ed of eleven stages during which fracking
was performed. In each stage, six perfora-
tion shots were carried out. During the hy-
draulic fracturing operation conducted from
June 9 to 18, 2016, 565 microseismic events
were located. All coordinates are presented
in the PUWG1992 (EPSG 2180) system. Fig-
ure 4 shows the Wysin-2H/2Hbis injection
well, the location of geophones, and localized
seismic events in the various stages of frac-
turing. The 18 triaxial geophones were de-
ployed in the Wysin-1 vertical monitoring
well. The fracturing was carried out using
the “plug and perf” method. This method is
a HF technique that involves isolating frac-
tured parts of the well from the previously
fractured zones using plugs after completion
of each stage. The stages located in the SE sec-
tion, which is the deepest part of the horizon-
tal well, were fractured first. The HF process
was conducted between 1600 meters (stage 1)
and 500 meters (stage 11) from the monitor-
ing array deployed in Wysin-1 well (Wandycz
et al. 2019).

Wysin-1 is a vertical hydraulic fracturing
monitoring well with a total depth 0f 4,040 m
(Zareba et al. 2021). In Wysin-1, XRMI imag-
es (Pasternacki 2017) were reinterpreted to
identify “breakout™type structures, on the
basis of which it was possible to determine
the azimuth of maximum horizontal stress.
The breakouts are borehole failure features
that are characterized by their fixed, perpen-
dicular orientation with respect to the direc-
tion of the maximum stress, normal to the
axis of the well (Bell & Gough 1979, Zoback
2010). Figure 5 shows the distribution of fail-
ure azimuths in the Silurian-Ordovician in-
terval in the Wysin-1 well. The red line in-
dicates the interpreted SH,_ _  direction,
whose azimuth is 150°N +15° because it is
assumed to be perpendicular to the breakout
azimuth.
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Fig. 4. Location of 18 geophones in the monitoring well, the trajectory of the injection well, and localized seismic events in the

various stages of fracturing

Fig. 5. Distribution of azimuths of breakout features directions in the Silurian-Ordovician interval in Wysin-1 borehole (black);

the red line indicates estimated SH,,,, direction
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METHODS USED TO MAP
LINEAR STRUCTURES

To identify structures that could be potential in-
duced hydraulic fractures, the authors proposed
a three-step procedure for separating linear struc-
tures. Each of the three methods used has an im-
portant function in identifying structures. The
collapsing method involves minimizing the scat-
tering of events created by localization errors. The
HDBSCAN algorithm applied as the second step
in the procedure can find groups of points with
increased intensity of occurrence in relation to
their surroundings. The last step of the procedure,
the calculation of scatter ellipsoids for each clus-
ter detected by HDBSCAN, makes it possible to

Located events

h A

Collapsing

l

HDBSCAN

Does the event
belongto a
cluster?

Noise

Fig. 6. Flowchart describing linear structures identification

Yes

Cluster

Not-linear
structure

determine the dominant direction of each struc-
ture for comparison with the direction of regional
stress. Below is a description of each of the three
methods used. A flowchart describing identifica-
tion of linear structures is presented in Figure 6.

Collapsing

The locations of seismic events are generally sub-
ject to error, which is due to a simplified veloci-
ty model or errors in first-break picking. This re-
sults in the locations in the seismic cloud being
scattered. To discover the pattern of seismicity,
the dispersion of events must be minimized. To
identify fractures created by hydraulic fracturing,
a collapsing method (Jones & Stewart 1997) was
used to increase the resolution of the seismic cloud.

Minimum-volume
ellipsoid

Is the structure
elongated in one
direction?

No Yes

Linear
structure
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This method enables a more tightly clustered
character to be obtained from scattered event lo-
cations, thus allowing seismogenic structures to
be identified. These structures can be pre-existing
features related to tectonic deformation, such as
cracks or fissures in the rock mass and associated
with seismic emissions.

The first step required in the collapsing method
is to determine the error ellipsoid for each seismic
event. Under the assumption that errors are ran-
dom and have a normal distribution, the error ellip-
soids can be determined for each event by assum-
ing a statistical significance level. The collapsing
algorithm involves the gradual relocation of emis-
sion sources in the direction of local centers’ den-
sities. The relocation of each event takes place only
inside its error ellipsoid. Relocation is performed
iteratively until the translation population takes
the form of an x’ distribution. This allows new lo-
cations of events to be obtained that are equivalent
to original locations in a statistical sense. All the
details of the algorithm’s operations are described
in more detail by its authors (Jones & Stewart
1997). While the collapsing method was original-
ly presented for seismological data (Jones & Stew-
art 1997), it has also been adapted for microseis-
mic data, e.g. (Evans et al. 2005, Le$niak et al. 2020,
Weglinska & Lesniak 2021, 2024).

HDBSCAN algorithm

The HDBSCAN (Campello et al. 2013) automat-
ic cluster detection method was used to identi-
ty structures formed or reactivated by hydraulic
fracturing. The algorithm was used on the seismic
cloud after the collapsing procedure. In this meth-
od, like in all algorithms in the group of density-
based clustering algorithms, e.g., (Ester et al. 1996,
Ankerst et al. 1999), clusters are groups of events
whose density is higher than that of points outside
clusters (Kriegel et al. 2011). The algorithm iden-
tifies so-called cluster cores as seismic sources in
whose vicinity (closer than the predetermined ep-
silon value (g) - the radius of the neighborhood)
there is a minimum number of neighboring hy-
pocenters. New hypocenters that are within eps
distance of any of the core sources are attached
to the cluster cores. Hypocenters that are not
included in any of the clusters are defined as
noise. HDBSCAN has the advantage over other

algorithms in the group of density-based cluster-
ing algorithms that it requires only one parameter,
which is the minimum number of points forming
a cluster. HDBSCAN builds a hierarchy of all pos-
sible clusters for different values of neighborhood
distance and extracts clusters with the best stabil-
ity. This method was chosen from other cluster-
ing methods because of its ability to identify noise
and find clusters of different shapes, and it does
not need to assume the number of clusters.

Mapping linear clusters on the basis of
HDBSCAN

To check which clusters identified by HDBSCAN
might correspond to linear structures, scatter el-
lipsoids were calculated, i.e., minimum-volume
ellipsoids containing all points in each cluster.
This method makes it possible to determine the
directions of structures based on the length of
the ellipsoid’s semi-axis (I, 1,, [,). To investigate
whether a structure is elongated in one direction,
an elongation coefficient (E) (Zhou et al. 2019) is
calculated on the basis of the lengths of the ellip-
soids’ semi-axes. Assuming that for each ellipsoid
the lengths of the semi-axes fulfill the condition
I, 2 [, 2 I, the elongation coefficient is defined as:

p=b
ll
RESULTS

The first step of the scattering reduction procedure
was an evaluation of the error ellipsoids for all hy-
pocenters. The spatial orientation of each ellipsoid
is determined by the relative position of the event
location and the geophones. The size of the ellip-
soid depends on the error in determining the loca-
tion for the chosen confidence level. The error el-
lipsoids for the location of the hypocenters of two
sample events at a significance level of 99.8% are
shown in Figure 7. The collapsing procedure in-
volves iteratively moving events toward the center
of gravity inside the ellipsoid until the translation
vector achieves a x* distribution with three degrees
of freedom. In each iteration, the Kolmogorov-
Smirnov test of the correspondence of the empir-
ical distribution with the theoretical distribution
X’ is performed.

Geology, Geophysics and Environment, 2024, 50 (3): 213-230
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In the fourth iteration, the goodness of fit of
empirical and theoretical distributions was ob-
tained. The goodness of fit of theoretical and em-
pirical distribution for the first and the last iter-
ation is shown in Figure 8A and B respectively.
If, for the entire cloud, the source displacement
fulfills this condition, the seismic cloud after re-
location statistically corresponds to the original
cloud before relocation. The relocated seismic
cloud illustrates the spatial distribution of sourc-
es allowed within the location error. The relocated
seismic cloud after using the collapsing algorithm
is shown in Figure 9.
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It can be noted that the distribution of collapsed
events is more heterogeneous than before the pro-
cedure. A clustering of points along linear struc-
tures is evident. On the basis of collapsed events,
the unsupervised HDBSCAN machine learning
method was used to identify clusters that could
correspond to induced hydraulic fractures. From
the cloud of seismic events, the algorithm extract-
ed clusters with an increased density of events rel-
ative to the surroundings. A minimum number of
10 events per cluster was imposed. The number of
events needed to form a cluster was chosen based
on tests of different values of this parameter.
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A larger number of events results in mutu-
al aggregation of clusters, while with a smaller
number the algorithm did not find linear clus-
ters. The result of the HDBSCAN algorithm is
a hierarchical representation of all possible clus-
tering, i.e., for all potential radius values (g). The
HDBSCAN hierarchy is presented in Figure 10 in
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-3700

Z [m]

692600

692400
692200
692000
Y [m] 691800

a simplified form; it shows cluster-wide changes
depending on the eps value, and the most stable
clusters are outlined in red. HDBSCAN identified
12 clusters and 212 noise points. These clusters
have different shapes, dimensions, and popula-
tion sizes. The population in each cluster is listed
in Table 1.
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Fig. 9. Result of applying the collapsing method to the microseismic cloud
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Fig. 10. Cluster hierarchy after applying the HDBSCAN algorithm for all possible radius values. The most stable clusters are

outlined in red
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Table 1
Events population in each cluster

Cluster number 1 2 3 4

Number of events 19 14 19 10

23 44 36 11 14 59 91 13

The result of applying the HDBSCAN algo-
rithm to the set of microseismic events after the
collapsing procedure is shown in Figure 11. The
hypocenters marked in grey represent noise, while
the hypocenters in other colors indicate individu-
al clusters. To illustrate the need to apply the col-
lapsing procedure, the Figure 12 shows the result
of the detection of clusters in the original seis-
mic cloud using the same parameters as for the
collapsed cloud. Clusters identified in this point
cloud do not present any obvious structures due
to dispersion of events.

In the case of a normal stress regime, the direc-
tion of crack development and propagation should
follow the direction of SH,_, (Zoback 2010) that
is observed for the distribution of events in the
seismic clouds before (Fig. 13) and after apply-
ing the collapsing procedure (Fig. 14). The results
after collapsing are characterized by organization
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692000 455000

Y [m] 454800

691800
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into discrete clusters. The directions of these clus-
ters are more consistent with SH_, . On the oth-
er hand, the asymmetry of fracture development,
which was not evident in the distribution of events
before collapsing, increased significantly. After re-
processing, the single-wing nature of the fracture
network development in the NNW direction is
visible. In particular, this is best seen for later stag-
es of hydraulic fracturing.

The identified clusters are considered as pos-
sible structures that developed in the fracturing
area. In Figure 15, each identified clusters’ scat-
ter ellipsoid is presented, which is a minimum-
volume ellipsoid that contains all points in the
cluster.

It was assumed that the structure should be
elongated in one direction to indicate a potential
fracture, i.e., the length of one half-axis must be
greater than the other half-axes.
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Fig. 11. Results of applying the HDBSCAN clustering algorithm to the locations of collapsed events
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Fig. 12. Results of applying the HDBSCAN clustering algorithm to the original locations of seismic events
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Based on the elongation ratio of the structures  ellipsoids for each cluster with the regional max-
(see Table 2), it was concluded that the potential ~imum horizontal stress, the projection of clusters
fractures might correspond to cluster numbers 3, described by the ellipsoids in the horizontal plane
6,7,9, 10, 11, 12. To compare the directions of the  is shown in Figure 16.
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Table 2
Lengths of the semi-axes and the elongation coefficient for each ellipsoid
Cluster number
Param-
eter
1 2 3 4 5 7 8 9 10 11 12
I 10.415 | 37.230 | 18.368 | 7.596 4.591 2.970 | 31.163 3.838 6.354 | 32.782 | 25.145 | 14.166
I 68.108 | 44.988 | 44.991 | 16.880 | 25.219 | 34.711 | 52.849 | 18.310 | 13.890 | 41.127 | 43.540 | 27.353
I 72.193 | 55.598 | 95.766 | 18.038 | 42.486 | 77.680 | 111.661 | 21.646 | 36.948 | 114.633 | 120.630 | 39.010
E 0.943 0.809 | 0.4698 | 0.936 0.594 0.447 0.473 0.846 0.376 0.359 0.361 0.701
692800 -
692600
L cluster 1
T cluster 2
o cluster 3
692000 cluster 4
cluster 5
leluster 6
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[ lcluster 8
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691800 |- [ |cluster 10
|cluster 11
cluster 12
¢ : y : : : g ? Wysin 2H/2Hbis
454800 455000 455200 455400 455600 455800 456000 456200
X [m]

Fig. 16. Minimum-volume ellipsoids containing all events in each cluster and the direction of the regional maximum horizontal

stress (top view)

DISCUSSION

The results presented above illustrate an attempt
to identify linear structures based on seismic
event locations. To perform a validation of our
results using the proposed procedure, the results
were compared with the 3D seismic image, which
has a much higher resolution than seismicity

cloud. The seismic data before and after collaps-
ing were compared against the Wysin 3D seismic
survey (a full description of the processing and the
interpretation can be found in the unpublished
PhD thesis by Pasternacki (2017)). The data were
subjected to a standard seismic processing proce-
dure that applied pre-stack time migration. These
results made it possible to perform simultaneous
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pre-stacking inversion (Pendrel & Dickson 2003),
thus the Z, (P-wave impedance) and Z; (S-wave
impedance) attributes could be obtained. A de-
tailed discussion of the operation of simultane-
ous inversion is presented by Veeken (2007) or
Ma (2002). Simultaneous inversion provides in-
formation on rock properties, i.e., porosity, wa-
ter saturation, and lithology. The resolution of the
results of such an inversion is higher than in the
original seismic image due to the broadening of
the spectrum in the higher frequency range based
on acoustic profiling measurement data. Simulta-
neous inversion is used directly to determine the
physical properties of rocks based on estimates of
their elastic parameters. For surface seismic, these
are acoustic impedance (Z;), Poisson’s ratio, den-
sity (p), and S-wave impedance (Z). Density esti-
mation from seismic sections requires the use of
a seismic volume containing good-quality seismic
reflections from the 40-55° angle range. Due to
the limited range of offsets in the data in question,
it was not possible to perform seismic inversion
to identify the density-defining factor. In recent
years, a number of benchmark cross-plots have
been developed that estimate the relationship be-
tween elastic moduli and lithological formation
based on seismic reflection data (Goodway et al.
1997, Perez 2013). Transformation of obtained vol-
umes after prestack seismic inversion Z, (Z, = V,p,
where V, is compressional velocity, p is density)
and Z (Z, = Vip, where V; is share wave velocity)
to the Ap-pp space (where A and p are Lame pa-
rameters) allows the partial interpretation of these
parameters, even in the present situation, where
the pre-stack inversion failed to produce a p vol-
ume due to above mentioned quality concerns in
reflection angles beyond 40°. LMR (Ap-pp) anal-
ysis provides quantitative information determin-
ing lithology, porosity, or reservoir fluid filling
(Goodway et al. 1997). The analysis of P-wave im-
pedance with respect to the ratio of P-wave veloc-
ity to S-wave velocity can be used to interpret geo-
mechanical parameters. However, interpretation
of changes in these parameters is more easily done
with LMR analysis.

To test the effectiveness of the collapsing
method for localized events in the Wysin-2H/
2Hbis experiment, the hypocenters were plotted

against a 3D seismic image. Based on the re-
sults of geomechanical parameter calculations
for geophysical measurements in the Wysin-1
borehole (Poisson coeflicient, Young modu-
lus, geomechanical brittleness coefficient) (Pe-
rez & Marfurt 2013), the probability classes of
the brittleness index in the LMR parameter do-
main were determined (Boyd et al. 2010) based
on the borehole data. Based on the Z, and Z; at-
tributes, the probability of a given brittleness in-
dex was estimated for the whole space. Figures
17 and 18 show the probability classes of a given
range of the brittleness index on a color scale,
where 1 indicates rocks with low susceptibility
to fracturing, and 4 indicates brittle rocks with
higher susceptibility to fracturing. Brittleness
maps are shown for 4 depth sections, labeled
A-D. Above each map, the depth range of events
is shown. The first value refers to the minimum
depth of event occurrence, the middle value is
the depth cut by the parametric model, and the
last is maximum depth of event occurrence. The
map labeled A covers the deepest area, while the
letter D labels the shallowest surface. Brittle-
ness maps are shown for the original event loca-
tions and the relocated event locations at cross-
sections of the same depth. It can be noted that
for the original locations of events, we are un-
able to determine whether they occur in more
brittle or ductile zones. The distribution of col-
lapsed events, some of which coincide with re-
gions identified as more brittle shows that there
is a tendency for rock to fracture preferentially in
these areas. In a seismological context, low brit-
tleness index values can also be characterized as
areas where less earthquakes will be generated,
but more energy accumulation will occur there.
In areas with higher brittleness indices, more
small earthquakes can be expected. Comparing
the two results before and after the collapsing
procedure, it can therefore be assumed that the
observed asymmetry of later stages of hydrau-
lic fracturing may be related to the transition of
the Wysin-2H/2Hbis well to a zone less prone to
fracture development. In particular, anomalies
“b” and “c” can be interpreted as barriers to frac-
ture development in the south direction, while
anomaly “a” is bypassed by microseismic events.
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Fig. 17. Probability classes of the brittleness index on microseismic location data before the collapsing procedure: a, b, ¢ — anom-
alous index values (description in the text). The numerical values above each map refer to minimum depth of event occurrence,
depth cut by the parametric model, and maximum depth of event occurrence. Event locations contained within the specific depth
interval are shown with black dots. The class 1 indicates rocks with low susceptibility to fracturing, while 4 indicates brittle rocks
with higher susceptibility to fracturing
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Fig. 18. Probability classes of the brittleness index superimposed on microseismic location data after the collapsing procedure:
a, b, c - anomalous index values (description in the text). The numerical values above each map refer to minimum depth of event
occurrence, depth cut by the parametric model, and maximum depth of event occurrence. Event locations contained within the
specific depth interval are shown with black dots. The class 1 indicates rocks with low susceptibility to fracturing, while 4 indi-
cates brittle rocks with higher susceptibility to fracturing
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CONCLUSIONS

Precise imaging of fractures in a scattered seismic
cloud is difficult due to event location errors. To
identify fractures created during HF, the authors
proposed an integrated approach comprising the
collapsing method, HDBSCAN clustering, and de-
lineating the linear structures based on the elonga-
tion coefficient. These methods were demonstrated
on microseismic events located during the fractur-
ing of the Wysin-2H/2Hbis well. The use of the col-
lapsing method made it possible to reduce the dis-
persion of the cloud of seismic events that results
from location errors. Clustering made it possible to
separate the areas with increased intensity of events
relative to the surrounding area and noise. Deter-
mination of the scatter ellipsoid for each separated
cluster enabled calculation of the elongation fac-
tor, on the basis of which the linear structures were
identified. Of the 12 detected clusters, 8 of them can
be considered linear structures. The direction deter-
mined by the longest semi-axis of the ellipsoid for
each structure was contrasted with the direction of
maximum horizontal stress. These structures were
identified in the earlier stages of fracturing. This
approach made it possible to distinguish structures
suspected of transporting shale gas. It is important
to note that the identified structures do not need
to be individual fissures; they can include a series
of smaller ones. However, they are located close
enough to each other that clustering methods iden-
tify them as one large structure. Distinguishing the
structures that may be responsible for fluid flow is
key to estimating the effectiveness of fracturing. The
probability of a given brittleness index was estimat-
ed as a technique for recognizing brittle and duc-
tile regions. Comparing the brittleness maps with
the seismic cloud before and after collapsing, there
appears to be some correlation where the locations
after applying the algorithm appeared in more rig-
id regions. These are areas where we expect more
energy release. The results presented in this paper
have significant implications for the interpretation
ofinduced seismicity resulting from hydraulic frac-
turing. Accurate delineation of structures based on
the location of microseismic events is key to deter-
mining the extent of fracturing. The integrated ap-
proach proposed by the authors for fracture identifi-
cation can be applied to any induced seismicity data.

This study is part of the project “Appraisal of mi-
croseismic monitoring techniques of hydraulic frac-
turing and development of optimal processing and in-
terpretation methodologies” (SHALEGASMICROS),
funded by the Polish National Center for Research
and Development within the Program Blue Gas.
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search purposes. We are very much indebted to the
Schlumberger and the Halliburton Landmark Solu-
tions companies for provision of geophysical data
interpretation and processing software through the
University Software Grants Programs. This research
was supported by AGH University of Krakow, Fac-
ulty of Geology, Geophysics and Environmental Pro-
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