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geophysical data sources used to constrain the inversion vary significantly in scale from seismic
frequencies, through microseismic frequencies, and up to sonic logs (downscaled to 200 Hz by
Backus averaging). Nevertheless, the obtained fractures strike and fracture density were con-
strained well for all three models (Fig. 52).

The fracture strike of 102°—108° obtained using SW'S data is close to the ca. 125° strike of
the J2 fracture set obtained from XRMI log interpretation presented in Fig. 53 (Bobek and Jaro-
sinski 2018). The J2 set has biggest contribution to the interval influencing SWS measurements
and dominates in the Sasino formation (see Fig. 44b). It also contributes to the azimuthal ani-
sotropy as detected by 3D wide-azimuth P-wave seismic data (Cyz and Malinowski 2018),
where similar fracture strikes were inferred (Fig. 54). Estimated fracture strike can be influ-
enced by a secondary fracture set J’ striking approximately 80°; however, trying to invert for
two fracture sets did not result in any stable strike of second fracture set.

The imaged direction differs by 45°-50° from the in-Situ regional maximum horizontal
stress orientation, which has an azimuth of ca. 155° (Jarosinski 2005). This indicates that the
SWS measurements are imaging pre-existing natural fractures rather than new fractures created
during stimulation, which would be expected to strike parallel to the maximum horizontal
stress. However, this is to be expected when the geometry of observation and injection wells is
considered: the ray paths from each of the stages are predominantly through the un-stimulated
rock ahead (i.e. “heel-wards”) of the stimulation stages, and therefore can only image the pre-
existing natural fractures.

Baird et al. (2017) showed how the anisotropic system could change as hydraulic fracturing
proceeds and ray-paths switch from propagation through unstimulated rock to rocks that have
been stimulated, resulting in a change in the dominant fracture strike from that of the pre-exist-
ing fractures to that of the present-day maximum horizontal stress direction (and the presumed
orientation of the hydraulic fractures). Baird et al. (2017) also noted an increase in the fracture
compliance ratio (Zn/Z7) representing the change from partially filled and poorly-connected old
fractures to the “clean”, well-connected new hydraulic fractures (Schoenberg and Sayers 1995).
To replicate such measurements, ray-paths through the already-stimulated volumes are re-
quired, which in turn would require an observation well at the toe end of the injection well for
this particular well configuration.

Fig. 53. Orientation of the subvertical frac-
ture sets (joints) in the monitoring borehole
obtained from XRMI log interpretation
(the interval contributing to SWS measure-
ments), the present-day maximum hori-
zontal stress direction (SHmax), and the
estimated fracture strike. The dashed green
line points to the direction of the stimu-
lated borehole horizontal segment.



ANISOTROPY ESTIMATION OF LOWER PALEOZOIC SHALES FROM NORTHERN POLAND... 81

—— - S —— S . P I R R

- P - - R BB P P P P P s e e e e P P o, —d SIS
- P R S —— P B A P P P P (R —————— et e e e P
o i e e e e e ey B — e G R e o i —————— i, e s
_______ P g g o oy e o g g gt gt —_— —
________ . P P P e e e . T A S P — —
_________ N e S ™ —
--------------------- P e —— il P e e S i,
iy oy e - il i  — e e e i
............ e ——— N e o e
L - — g ——
- - - - S e —
o o g - ——— e . el
-——- -t - —_ —————— s
1 —— e e ey P e e 5 g e ————— | —
___________________ - —_— e oy o oy o gy ————— e L —
o — e e P o o oy e e e, o o Sy e e i
ey e e e e e e gy o gt o S S e — N ——
N e o i g o —— -~ ~~ ~
~ e — - ’y - T Sy Sy ey ey o, Sy My, My e My - ——L NN NN
b SE ST L N SENE Y - - - = T ——— g g g, o, g g, o e,y Ty o
— e R N R TS S e - e ° g —— S e e o, —
— NN NP B -~ N —————— e ——— A, A ~
—_—————~a - - S Sy e - e ——————— ~~
— [N oo sl e e L e ————— —
RN AN N NN Lk il o g o e Y T, By, N, N T N N e o ——

R R
NN ————— Crrrrr
T e

B e i i S LU L — - —_——
S i L SN LN NG NN e ——
W s S NN N NN e ——

NN, ——— —— - il S T Sy Sy g Sy Sy o s e B, -
N —— - - R g ok g g} ,p . e et e e o g oy By o, B, o S, o, o, oy oy g e A ——
—— I o et s /llf—# -:J -------- gy g, o o, g S o "y oy oy gy g gy
ANNNN— i el i R e S AR —— sy g iy g P S S, B S Sy ey g T
—_—n e P P PP s - - S oy ———— Y, i ———
i —— At S PP P P P mmmm e mm ol Py - - o, o, S e P Py Sy P, Sy, o, -y, ——
——————— i = P S S PP PP - S N e [ S S —— N - o
~————— = P PP P rr St s e, SaTm = gy g g o —— o
MRRRN TR NN =T I IS el p p L Pt e e B ?&D.“l'———ffl"- — gy, g g = et e -~ R
A ettt R R P \avmﬁ ; - e ey, S et e e e, By By ——
N ————— PP PP mmam P PP o P o - :} ngw” “—totaid// ______________ iy ——
e S S - P e i ik L Y Sy — ‘;//f_\\,__#—
= ———— = - cre- - gz“ﬂ% T2 PP F P e e s e i e P PP -
LR o — -~
g gy g, - -~ o B u%”{.._!:nad/ I e o, . e e g e e e P o e P
R ~ -y g I . e e e e e 5 S S S i i
N ———— Ny N -~ -, \\hhfa’ e e e e e e O P
N e -- - _——— N ———— A S P P i
R A -~ - - B N S  —— e —— T,
L N N N A T, B, Sy e R R it
L A, C— -~ ————— L
LR R A LA L L R ] il N —_———— oy oy oy = e
D T S S ————— Ty T Ty T e e ———— T o = e
L R o e N N e o . s e g o oy e e v,
L R e e L L Lk R I e . -y Sy g, T N N R 5 e — o " oy g e o, ™,
- -~ N A R e R e e e S N N N T e - s S o, Sy S e e —————
- . h . e e Ty o, Ry, e, S ey ey oy gy, S i s e ——
----- ~ ... ey o o o oy Ny T e e e e e T
e R e R S P ~ ——— et s
e R R ] - —— N S T e e
A R T T — . ——— LENE N o et g g oy o
R SR NTN NN — - —— e . sassbs e e 400
.. L I - -~ - \\\\\\\— e N a1

Fig. 54. Map of the seismic azimuthal anisotropy orientation and magnitude averaged over Jantar,
Prabuty, and Sasino formations obtained from the amplitude versus azimuth (AVAZ) analysis. Lines
indicating fracture strike are color-coded by the magnitude of azimuthal anisotropy obtained from the
azimuth-dependent analysis of reflection coefficients observed in reflection seismic data (Cyz and Ma-
linowski 2018). A value of 0 indicates that no anisotropy was observed.

5.3 Conclusions from this chapter

In this chapter, | used SWS observations and results from the previous chapter to invert ortho-
rhombic stiffness tensor and estimate the parameters of fractures within the stimulated rock
volume.

During the pilot hydraulic stimulation, significant SWS has been identified at the records
of many microseismic events, indicating a presence of the anisotropy on the ray-path between
receivers and the stimulated reservoir zone. After locating the events using the VTI velocity
model, | took measurements of dt and ¢ on available records and performed a qualitative anal-
ysis of the measurements. Next, | have inverted the measurements for orthorhombic stiffness
tensor and extracted fracture parameters. Inversion results show that the orthorhombic anisot-
ropy of the stimulated shale is dominated by the VTI fabric overprinted by weaker azimuthal
anisotropy. Therefore, the SWS phenomenon occurring in the microseismic records may be
utilized to measure the azimuthal anisotropy and estimate fracture density and their orientation
within the reservoir.

The imprint of the VTI fabric makes the inversion for fracture parameters more challenging
than it otherwise would be. However, by incorporating constraints on VTI parameters from
other geophysical measurements, such as reflection seismic and borehole logs, | was able to
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invert the observed SWS measurements for a well-constrained estimate of fracture strike of
102°-108° with fracture density of 0.09-0.14.

The resulting fracture strike corresponds to the orientation of pre-existing fracture set J2
obtained from the XRMI log and from the analysis of the surface seismic data. The J2 set, as
indicated in the previous chapter, dominates the fracture propagation and influences the fracture
openings more than the maximum horizontal stress direction.

6. SUMMARY AND CONCLUSIONS

In this thesis, | presented a set of techniques for subsurface characterization which enhance
downhole microseismic monitoring performance in the context of hydraulic fracturing for a
single vertical observation borehole geometry. The most important is the methodology of the
VTI anisotropic velocity model traveltime-based inversion, which uses all P-, SH-, and SV-
waves present in anisotropic media, which most often is a case in the shale gas-related applica-
tions. Moreover, | provided a benchmark of proposed inversion methodology towards field ap-
plicability during ongoing hydraulic fracturing operations.

Secondly, | presented a technique of a probabilistic event location algorithm allowing for
a reliable assessment of a stimulation performance. This approach results in a 3D probability
density function distribution used for the events’ location, due to accounting independently for
uncertainties in both offset-depth and azimuth planes. Also, I included the description of fun-
damental and state of the art methodologies from fields of applied seismology and downhole
microseismic monitoring.

I demonstrated applications of developed techniques to the field data from the hydraulic
fracturing monitoring campaign in Lower Paleozoic shale resource play in northern Poland,
preceded by a complete workflow for microseismic data processing. The VTI anisotropic ve-
locity model inversion provided means for seismic velocities and anisotropy estimation, and
hence, accurate mapping of microseismic events induced during a treatment. The obtained ac-
curate locations, supplemented by individual 3D uncertainty distributions, allowed to delineate
the extent of the cloud of microseismic events. Therefore, it allowed obtaining information on
the Microseismic VVolume (geological formations being fractured) and the effectiveness of hy-
draulic treatment.

Next, thanks to a reliable mapping of induced microseismicity, the SWS analysis could be
successfully utilized to detect pre-existing fractures set most-probably controlling the develop-
ment of induced fractures in the stimulated reservoir. The adopted methodology for fracture
characterization based on SWS observations allowed to measure the azimuthal anisotropy and
estimate fracture density together with their orientation within the reservoir (between the re-
cording antenna and stimulated zone). Inverting the orthorhombic stiffness tensor by supple-
menting the VTI model with SWS observations of HTI anisotropy provided a complete
description of the reservoir zone of interest, despite the challenging observation environment.
Thanks to combining microseismic observations with the information provided by other meth-
ods, weaker HTI anisotropy dominated by VTI fabric was overcome to provide well-resolved
information about the fracture system, regardless of narrow-azimuth observation geometry.

According to my judgment, both synthetic and real data examples included in this thesis
validated both hypotheses which initiated this research.

Demonstrated synthetic studies proved that accounting for anisotropy during a process of
velocity model building enhances the accuracy of microseismic event locations. Moreover,
comparisons of microseismic event location error in anisotropic and isotropic velocity models
showed the superiority of anisotropic approach (even with limited data) over various isotropic
approaches.
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Also, the case study presented in Chapter 5 successfully utilized the SWS phenomenon
present in the microseismic records to estimate fracture density and their orientation within the
analyzed shale gas reservoir. The obtained fracture orientation corresponded to the orientation
interpreted from borehole XRMI data and surface seismic survey.

Even though SWS may be very useful for subsurface characterization in terms of fractures
and anisotropy imaging, a suitable monitoring geometry is required to extract desired features
of the subsurface. For example, when the same geometry of observation and injection wells as
in the presented case study is considered, SWS measurements are imaging pre-existing natural
fractures since seismic waves travel predominantly through the un-stimulated rock ahead (i.e.
“heel-wards”). On the other hand, in order to observe how the anisotropic system can change
as hydraulic fracturing proceeds (e.g., new fracture opening, change in the dominant fracture
strike, fracture connectivity, saturation) ray-paths through the already-stimulated volumes are
necessary. It requires an observation well at the toe-end of the injection well in case of this
particular well configuration.

Described techniques together build up a comprehensive set of tools that can be applied in
the industry practice for improving the quality of a final microseismic monitoring interpretation.
Moreover, the included benchmark of a new technique of traveltime-based VTI anisotropic
velocity model inversion showed, that it is feasible to become a nearreal- time on-site imple-
mentation during ongoing microseismic monitoring of hydraulic fracturing.
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