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Summary

Microseismic events and their source mechanisms play a significant role in our understanding of hydraulic
fracturing. To better identify the reliability of source mechanisms, we examine the limitations of microseismic field
data imposed by (1) lack of angular coverage, (2) moment tensor inversion constraints, and (3) effects of mild
anisotropy. We use synthetic seismograms to examine cases of either pure double-couple (DC) or compensated-
linear-vector dipole (CLVD) sources. The open-source full-wavefield moment tensor inversion code (ISOLA)
incorporates both near- and intermediate-field terms, which can increase the accuracy of the inversion if source-
receiver distances are small. The tested locations and dominant source frequencies of the synthetic seismograms
used for analysis resemble the expected locations and dominant frequencies of microseismic events extracted from a
multi-stage field data set in the Barnett Shale of East Texas. We conclude that although a horizontal receiver array
can provide greater angular coverage of vertical failure planes than a vertical receiver array, the strike of shear (DC)
sources cannot be accurately resolved unless the receiver array has angular coverage to sample both sides of the
shear failure plane. If the source is DC, the inversion can result in a CLVD mechanism that is overestimated by up to
~40% and if the source is CLVD, the DC mechanism can be overestimated by ~20%. Errors in the inversion results
are interpreted to be because of the lack of receiver angular coverage of the source rather than possible errors
associated with source mislocation. The use of the deviatoric assumption decreases the error in the resolved source
mechanism by ~30-~40%, however, this increases the error in the resolved source strike to ~15°-~35°. For pure
shear sources, 5% VTI anisotropy in the medium has minimal effect on source orientation (<15°) but can introduce
25-50 m of error in the source location. The neglect of anisotropy in moment tensor inversion has a greater effect
(~40% variation) on the estimated source mechanism for pure CLVD sources than for pure DC sources.

Introduction

Microseismic data analysis is subject to various sources of error. Data collected along vertical arrays of receivers
suffer from lack of angular coverage so that estimations of both the source mechanism and its orientation are prone
to errors (Eaton & Forouhideh, 2011; Vavry¢uk, 2007). A lack of accounting for possible anisotropy during
inversion means that tensile mechanisms can be overestimated and fault planes misoriented (Sileny & Vavrycuk,
2002; Vavry¢uk, 2005. Typically only far-field terms are considered and sources estimations are constrained in
order to compensate for the lack of angular coverage (Vavry¢uk, 2007; Warpinski & Du, 2010). Full-wavefield
moment tensor inversion, which includes the intermediate- and near-field terms, can be used to increase the
accuracy of the inversion results for microseismic data with small source-receiver distances (Song & Toksoz, 2011).

We aim to answer the following questions:
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1. Can accurate source mechanisms be resolved from a single horizontal array of receivers using full-wavefield

moment tensor inversion?

How does the angular coverage of an event affect the accuracy of the inversion?

3. How does the isotropic velocity model affect the results of the inversion for sources generated in an anisotropic
medium?

N

Horizontal receiver arrays may provide better angular coverage than vertical receiver arrays if they can sample the
seismic field on both sides of the vertical failure plane of a hydraulic fracture. Horizontal arrays proximal to the
microseismic events may also detect the intermediate- and near-field components of the seismic field that could
improve the quality of the moment tensor inversion. We expect that better angular coverage, should lead to less error
in the moment tensor solution.

Hydraulic fracturing treatments are often completed in shale-rich formations whose seismic velocities can display
some degree of anisotropy (Warpinski et al., 2009). An understanding of the error introduced by only assuming
isotropy can aid our interpretations. A neglect of anisotropy in the moment tensor inversion should introduce errors
into the event location and estimated mechanism percentages.

We address these issues using synthetic seismograms as the input microseismic data for moment tensor inversion.
Synthetic seismograms provide the ideal scenario of noise-free data and the results of their inversion can be
compared to the input parameters of the source in order to evaluate the possible causes of error in the moment tensor
inversion. We calculate synthetic seismograms of body waves (P- and S-waves) with inputs of the source-receiver
geometry, seismic velocities, dominant source frequency and moment tensor (Aki and Richards, 2002, p. 77). In
order to provide some similarity between our model parameter and field conditions, we use source-receiver
geometry, seismic velocities and geological conditions taken from a field case of hydraulic fracturing treatment
(courtesy of Schlumberger) near a known fault zone in the Barnett Shale.

Overall, an estimate of the distribution of microseismic events may be sufficient to identify the extent of fracture
growth and orientation during the treatment, fracture height and length, and the extent of the stimulated reservoir
volume (van der Baan et al., 2013). As well, the extent of fracture growth aids in the analysis of the efficiency of
the treatment by determining if fractures extend beyond the targeted zone of hydrocarbons (Eisner et al., 2006).
However, additional estimations of the type of opening failure (source mechanism) can also contribute to evaluation
of the effectiveness of the treatment (Urbancic et al., 2009; van der Baan et al., 2013).

Theory and /or Method

Moment Tensor
A moment tensor (M) is the mathematical representation of the orientation of the fault plane and the type of failure
(tensile and/or shearing) at the origin of an earthquake (Baig and Urbancic, 2010). The displacement u detected by a
seismic receiver is a function of M and the Green’s function G (Earth model):

Up (X, ) = Mpq * Gy g @)

where n is the nth component of displacement and p and q represent the coupled forces acting along the g-axis in p
direction (Aki and Richards, 2002; Jost and Hermann, 1989) the. M is written as the matrix:

Mxx Mxy sz
M = Myx Myy Myz (2)
sz sz Mzz
and is symmetric (Myy = Myx, My, = My, and My, = My) (Fig. 1) in order to conserve angular momentum (Forouhideh
and Eaton, 2009).
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Figure 1 Moment tensor M

M M M represents the nine double-
* X - * couples of force acting at a
v\ <*\ ~ & source (adapted from Jost and
Hermann (1989)). Because M is
x X ~h x symmetric, Mxy=Myx (blue),

Mxz=Mzx (red), and Myz=Mzy
y y y (green) (Forouhideh and Eaton,
2009). The double-couple
forces along the diagonal of M

(Mxx, Myy, and Mzz, black)
J MY* MW , MW- represent a volumetric change at
~ the source (Stein and
Wysession, 2003).
X X X

The DC (double-couple) component represents shearing at the source such as fault slip. Shearing can occur as strike-
slip (in direction of strike) or dip-slip (in direction of dip) movement (Stein and Wysession, 2003). The radiation
pattern of the DC source is symmetric about the origin of the source (Fig. 2). The plane perpendicular to the fault
plane is called the auxiliary plane (i.e., the W-E line in the beach-ball diagram for the DC source in Figure 2--
Bormann et al., 2013). The CLVD (compensated linear vector dipole) component indicates crack opening or closing
(Baig and Urbancic, 2010; Stein and Wysession, 2003). The third component is the ISO (isotropic) component that
represents volumetric change. A positive ISO component is an explosive event whereas a negative ISO component
is an implosive event (Baig and Urbancic, 2010).

To interpret the DC, CLVD, and ISO mechanisms from moment tensors, the tensors are decomposed
mathematically into an 1SO tensor (Miso) and a deviatoric tensor (Mpev), with Mpgy consisting of the DC and CLVVD
components:

M = M50 + Mpgy 1)
100 @
MISO = §tT(M) O 1 0
0 0 1

where tr(M) is the trace of the original moment tensor (M) (Vavry¢uk, 2015). This isotropic tensor represents the
volumetric change of the source because it only consists of the double-couple forces along the diagonal of M (Dahm
and Kriger, 2014). If the trace of M is zero, such as for pure DC sources, then the strength of the ISO mechanism of
the source is zero.
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Compensated Linear Vector Dipole Figure 2: Failure mechanisms are
represented on beach-ball diagrams

(CLVD): tensile failure, i.e. crack opening (adapted from Baig and Urbancic
(2010)). These diagrams indicate the
Isotropic (ISO): volumetric directions in which the medium

hange, i.e. explosion surrounding the source is moving such
change, 1.€. €Xpos1o that the shaded (blue) areas of the

beach-balls (+) represent the
surrounding material moving away
from the source whereas the non-
shaded (white) areas (-) represent the
surrounding material moving inward
towards the origin of the source.

Moment tensors can imply three types of failure mechanisms: DC, CLVD, and ISO (Fig. 2). These mechanisms are
visually represented on “beach-ball” diagrams, which are lower-hemisphere stereographic projections that represent
the directions of motion at the source. The fault plane orientation (strike, dip, and rake) is interpreted from the
beach-ball diagram ((Warpinski and Du, 2010). Sources can be interpreted as purely DC, CLVD, or ISO or they can
be considered as a combination of the three failure mechanisms with different percentages of strength (i.e., 25% DC,
50% CLVD, 25% ISO).

Double-Couple (DC):
shear failure, i.e. fault slip

The orientation and relative percentages of the DC and CLVD mechanisms of the source are determined from Mpgv.
The eigenvector of Mpey with the maximum eigenvalue represents the minimum compressional (T) axis of the
source mechanism whereas the eigenvector of Mpgy with the minimum eigenvalue represents the maximum
compressional (13) axis of the source mechanism (Song and Toksoz, 2011; Stein and Wysession, 2003) The T and P
axes are related to the source orientation by

i=2T+P)ands=2(T-P) ®3)

where u is the slip vector and ¥ is the fault plane normal (Jost and Hermann, 1989). We determine the strike ¢, dip
6, and rake A of the source using

cos Acos ¢ + sin A cos 6 sin ¢ —sinéd sing 4)
u= (— cosAsing + coslcosé‘cosqb) and v = (— sin6cos¢>
sinAsin§ cosé

(Stein and Wysession, 2003).
Finally, the ratio of the CLVVD component relative to the DC component is represented by the parameter € and
calculated from
_ Clmin| ®)

|emaxi
Where e|min| and e;max jare the minimum and maximum absolute eigenvalues of Mpgv, respectively (Song and
Toksoz, 2011; Vavrycuk, 2001).

E =

Moment Tensor Inversion
The computational method of moment tensor inversion is the standard method for determining the source parameters
of an earthquake from data recorded at a seismic receiver (Cronin, 2010). Moment tensor inversion solves for M
(Egn. 2) using input displacement data (u) from seismic receivers and information (i.e. seismic velocities) about the
Earth model (G). The inversion problem is a least-squares fit of the minimization of the difference (A) between the
input data (u;) and synthetic seismograms (anGin):

A= if [uj(t) — Zﬁ: anGjn(t)l (8)
j=1 n=1
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where j is the jth receiver, Nsis the number of receivers, and a, denotes the nth elementary seismogram representing
the nth basic moment tensor (Table 1) (Kikuchi and Kanamori, 1991; Sokos and Zahradnik, 2008). The moment
tensor is calculated with the six best-fit values of a, , where a, is the nth basic moment tensor. All possible moment
tensors can be written as this combination of these six basic moment tensors (Sokos & Zahradnik, 2009), so that
tensor M ( Egn. 2) can also be written as a combination of the six basic moment tensors (Warpinski & Du, 2010):

_as + a6 a1 _a3
M= a, —a, + ag a, (6)
_a3 az a4 + as + a6

ISOLA (ISOLated Asperities) is a free and open-source moment tensor inversion program and graphical user
interface that utilizes the full-wavefield in the Green’s function (Sokos and Zahradnik, 2009). ISOLA is written in
MATLAB® and Fortran 77 that simultaneously searches for the source location and mechanism of a seismic event
(Sokos and Zahradnik, 2008). Whereas many other software assume pure shear sources associated with large-scale
earthquakes and only solve for the orientation of the failure plane, ISOLA allows moment tensors to contain non-DC
mechanisms (Hardebeck and Shearer, 2008; Sokos and Zahradnik, 2009). The source location, origin time, and
moment tensor with the greatest correlation between the input and synthetic seismograms are the final output result
from the inversion, along with other properties calculated from the moment tensor (Sokos and Zahradnik, 2009).

ISOLA also provides a deviatoric and a DC source-mechanism constraint (Sokos and Zahradnik, 2008). The
deviatoric constraint assumes a negligible strength for the 1SO source mechanism (0%) whereas the DC constraint
assumes that the sources have a complete (100%) DC mechanism. When using the DC constraint, ISOLA first
assumes a deviatoric constraint, then inverts while attempting to maximizing the DC percentage. If, within five
iterations, no solution is found that has a DC contribution greater than 90%, as well as a good correlation to the input
data, the original deviatoric result is output (Sokos and Zahradnik, 2008).

Synthetic Seismogram Modeling
If we expand the formula for the Green’s function G (Eqn. 1), the displacement u at receiver n at time t for an
infinite, homogenous, and isotropic medium is:
Up (X, t) = Mpg * Gppp g =

(15ynypyq = 3¥n6pg = 3¥pOng — 3Vq6nv)ljr/ﬁf M, (t — T)dr

4mp rt r/a
6Vnypyq - ynapq - Vp(an - annp 1 r 7
+< Ampa? )r_szq( __) 7)
_ (6Vn]/p]/q - Vnqu - Vpanq - quanp> l < _ 1)
47Tp,32 r2 pd ,3

YnVpVq 1. r YnVp — é‘np 1. ( T)
My (t——)—|——— |V, —M,, |t —=
+ Ampadr P4 ( a) Amp 3 Va3 Mea B

yr = kth direction cosine between source and receiver
{0 ifa#+b

lifa=b
p = Density of medium

where

(Kronecker delta)

[=7)
Q
&

Il

r = Source-receiver distance
a = P-wave velocity of medium
B = S-wave velocity of medium

M,, = Momenttensor (Akiand Richards, 2002).

The first term represents the amplitudes of the near-field that decays at r* and has no distinguishable P- and S- wave
arrivals (Aki and Richards, 2002). The second and third terms represent the intermediate-field amplitudes separated
into P- and S-wave terms and decay at r2. The final two terms represent the far-field amplitudes with distinguishable
P- and S-wave terms. The far-field amplitudes are what are mostly observed in earthquake data with large source-
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receiver distances (> 1 km) because of the low attenuation of r (Aki and Richards, 2002). The intermediate- and
near-field amplitudes are most apparent for source-receiver distances less than five times the S-wave wavelength
because the amplitudes have not yet attenuated to negligible values and can contribute ~5-20% of the total
wavefield. The source-time function s(t) is a Ricker wavelet calculated as

s(t) = (1 — 2m2f2e2)e ™1t (18)
where f is the peak frequency (Ryan, 1994). The Ricker wavelet is commonly used for synthetic seismogram
calculations because it is zero-phase and has only one input frequency which allows for a simple calculation (Ryan,
1994).

Three Test Cases with Incorporation of Some Field Parameters
Input parameters for the synthetic seismogram calculation are selected to resemble values from a proprietary field
case from a multi-stage field data set Barnett Shale of east Texas (Fig. 3a). The source-receiver geometry comprises
a horizontal array of eight receivers and two treatment wells adjacent to a ~NE-SW trending inactive fault zone (Fig.
3b). From this setting we choose three test locations where to conduct our error analysis (Fig. 4) each having
different angular coverage and source-receiver distance: 1) Location 1b has the lowest angular coverage (14°) and
smallest average source-receiver distance (~300 m), 2) location 3d has greater angular coverage (27°) and a larger
source-receiver distance (~325 m) than 1b, and 3) location 3d has the greatest angular coverage (32°) and the largest
source-receiver distance (~355 m) (Fig. 4). Location 1b with the smallest source-receiver distance should have the
greatest contribution of intermediate- and near-field terms (~8%) to the total amplitude. We use one pure (100%)
DC source, one pure CLVD source, and one pure 1SO source in each test case to study the resolvability of the source
components for different mechanisms. The DC and CLVD sources have an orientation consistent with the
orientation in which vertical fractures open in the Barnett Shale during hydraulic fracturing (Gale et al., 2007)

a) bl
Treatment Location Well Paths - Map View Figure 3: b) Map view of well
. - i paths and locations of geophones
& Treatment N — wenan in monitoring-well 2H and
Am;rlllouauon —eisii  planned perforation locations for
3 200 o recbrations each stage for treatment-wells 1H
| and 3H. The black text labels
Midiahd Dallas T Famae - jndicate the treatment-well (1 or

32

3) and stage (a, b, etc.). The
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= Austin ~ Houston 12% 3 and purple (treatment) indicate
) the order in which the
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Basting (m) of a fault in this area
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Figure 3: a) Map of Texas indicating the location of
the hydraulic fracturing treatment in northeast Texas

The isotropic velocity model uses an average V, of 3.85 km/s and an average Vs of 2.37 km/s as determined from
sonic logs. We use a one-layer velocity model and assume the sources and receivers are in the same layer to study
the moment tensor inversion results with the simplest velocity model. The anisotropic case has a 5% VTI velocity
model, in which the horizontal and vertical seismic velocities differ by up to 5%, to represent the low degree of
anisotropy of the Barnett Shale (Song et al., 2014). To study the neglect of anisotropy in the moment tensor
inversion, the synthetic seismogram calculation utilizes this anisotropic velocity model and the moment tensor
inversion assumes an isotropic velocity model.

Three of the test cases are given a dominant source frequency of 125 Hz because of similarity to the frequency
content of data from our field data and because microseismic events occurring during hydraulic fracturing treatments
have generally been seen to also contain dominant source frequencies between 100 and 150 Hz (Eaton et al., 2013).
We use two other dominant source frequencies of 50 Hz and 175 Hz to determine if events containing lower
frequencies are more resolvable than events containing higher frequencies because events containing lower
frequencies are expected to have less attenuated intermediate- and near-field seismogram amplitudes.
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Location 1b

Source-Receiver Geometry Figure 4: Oblique 3D view of source-

receiver geometry used to calculate
— Well Paths . . .
ing (1) A Rocaiver Locations synthetic seismograms. There are eight
Fas 100 0 ® Source Locations receivers (black triangles) in a

200

horizontal array approximately 300 m
west of two of the test event locations
(red circles): 3d and 3e. The third
tested event location is at 1b. The
Location 3d origin 0,0,0 is taken as the surface

T Ace15°
R=~300m

2,000

E 2200 location of the middle well. b) Pie
= charts showing receiver angular
2 2400 coverage of artificial events at
a locations 1b (top), 3d (middle), and 3e
2,600 AC=27° (bottom)
R=~325m
2,800
Location 3e
Results

Those synthetic events with greater angular coverage ( > 25°) have less error in the resolved source orientations (<
35°) than events with less angular coverage (Table; Fig. 5). This relationship is apparent regardless of event
frequency, indicating that the resolvability of the source orientation is more dependent on receiver angular coverage
(Fig. 5). However, it is also important to note the relationship between the expected source radiation pattern and
receiver angular coverage (Fig. 6). The angular coverage of possible events at locations 3d and 3e provides sampling
of both sides of potential fault planes such that both first-motion up and first-motion down P-wave polarities are
detected at the receivers (Figs. 6b-c). The orientation of the focal mechanism is constrained using these P-wave
polarities (Dahm and Kriiger, 2014). The auxiliary plane is resolved for events at location 1b because of the
symmetric radiation pattern of the DC source (Fig. 6a). When including the intermediate- and near-field terms in an
unconstrained moment tensor inversion, the isotropic source has the least error (< 13%) in the resolved source
mechanism because the least-squares minimization is finding a fit to a source with only P-wave amplitudes in the
seismograms (Table).

Angular Coverage and Deviatoric Constraints
We consider five scenarios to understand how angular coverage affects the results of full-wavefield moment tensor
inversion:

1) isotropic medium with dominant source frequency of 125 Hz

2) anisotropic (5% VTI) medium with dominant source frequency of 125 Hz:

3) isotropic medium with dominant source frequency of 125 Hz and 5% random Gaussian noise added to the
seismograms

4) isotropic medium with dominant source frequency of 50 Hz

5) isotropic medium with dominant source frequency of 175 Hz.
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Input Output
Beach-ball Location 1b Location 3d Location 3e
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OmE OmN 25mE,50mN 25mE,-50mN OmE 0OmN
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DC=0% CLVD=0% DC=7% CLVD=6% DC=2% CLVD=7% DC=2% CLVD=8%
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0

OmE OmN -50mE OmN 25mE,-50mN OmE OmN

Jua2194 Hd

Tablel: Full-wavefield moment tensor inversion results of synthetic seismograms with pure DC (top row), pure CLVD (middle row), and
pure ISO (bottom row) sources generated in an isotropic medium and with a dominant event frequency of 125 Hz. The first column shows
the input mechanism. The coordinates below each beach-ball indicate the output location from ISOLA where 0 m E, 0 m N is the true
source location. The second, third, and fourth columns represent sources occurring at locations 1b, 3d, and 3e, respectively and are in order
of increasing angular coverage and decreasing source-receiver distance from left to right. No constraints on the source mechanism are
applied to the inversion. The beach-balls are colored by the amount of the resolved DC mechanism such that 100% DC is black and 0%

DC is yellow.

There is a relationship between the synthetic event location and angular coverage of the source such that location 3e
with the greatest angular coverage always has the minimum location error of zero meters except in the anisotropy
and low frequency cases (Fig. 7). Location 3d consistently has an error in location of approximately 50-55 m (Fig.
7) and has the moderate angular coverage of the three test locations. Location 1b, with the worst angular coverage,
has the most varied error in location (~32-70 m) (Figure 7). Errors in the resolved failure show a sensitivity to the
source-receiver distance and therefor highlight the importance using of the full-wavefield during moment tensor

inversion.

When using full-wavefield moment tensor inversion and applying the deviatoric constraint, the results for CLVD
sources with greater angular coverage (> 25°) have less error in the estimated source mechanisms than the DC
sources (Table 2). The source orientation is accurately resolved for the CLVD source located closest to the receivers
(location 1b) because of the inclusion of the intermediate- and near-field terms and correct application of the
deviatoric constraint (Table 2-- top 2 rows). However, the other two locations (3d and 3e) have greater error in the
source orientation with the deviatoric constraint applied than the results of the unconstrained full-wavefield moment
tensor inversion (Table 2--bottom row).
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Strike Error for DC Source Strike Error for CLVD Source
W 50Hz
W 125Hz|
W 175 Hz
a8 = R
e} Q
< B
B —_
: T
m =
<8} L
= B
b= e
i éa
Loc 1b Loc 3d Loc 3e ' Loc 1b Loc 3d Loc 3e

Figure 5: Error in source strike from results of full-wavefield moment tensor inversion of synthetic seismograms for a) DC sources and b)
CLVD sources. Sources with greater angular coverage (locations 3d and 3e) have less error in the resolved source strike than sources with
less angular coverage (location 1b). This relationship is apparent in all three of the tested dominant source frequencies: 50 Hz (red), 125 Hz
(blue), and 175 Hz (green).

For the 1SO source, there is an appearance of non-DC components in the output results for the artificial events that
have greater angular coverage (> 25°) with the DC constraint applied (Table 2--bottom row). On the other hand, the
location with the least angular coverage (1b) resolves a dominantly DC source. The incorrect application of the DC
constraint for moment of the DC constraint for moment tensor inversion of tensile sources results in greater error for
sources with less angular coverage (14°) than for sources with greater angular coverage (> 25°). tensor inversion of
tensile sources results in greater error for sources with less angular coverage (14°) than for sources with greater
angular coverage (> 25°).

a) Angular Coverage of 1b b) Angular Coverage of 3d c) Angular Coverage of 3e

Figure 6: Lower-hemisphere stereographic projection of the P-wave radiation pattern of a DC source with strike of 66°, dip of 90°, and rake of
0° (dashed black line) with the angular coverage of the geophones (highlighted in white) relative to the source for an event at a) location 1b, b)
location 3d, and c) location 3e. The auxiliary plane is perpendicular to the source orientation with a strike of 156° (purple dashed line). The
orange areas represent the surrounding material moving outward from the source and the green areas represent the surrounding material moving
inward to the source.

Anisotropy
Moment tensor inversions are commonly used with only isotropic assumptions, however many geologic formations
have anisotropic velocities (Thomsen, 1986). Shale is a vertically transverse isotropic (VTI) medium in which
hydraulic fracturing is commonly completed in because of its low permeability (Maxwell and Norton, 2012). In VTI
media, the seismic velocities vary vertically as a function of the angle between the vertical axis and the direction of
wave propagation (Ikelle and Amundsen, 2005; Thomsen, 1986). When inverting events with waveforms generated
in anisotropic media but assuming isotropy, the error in the resolved source orientation is low (< 20°), however, the
CLVD and I1SO components are overestimated for pure-DC sources (Sileny and Vavry¢uk, 2002).
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The majority of the full-wavefield moment tensor inversion results in the entire grid search have less than a
15°difference in the resolved source strike between the isotropic and anisotropic cases (Fig. 8). On the other hand,
the resolved strength of the DC mechanism has a greater difference of ~25%. These differences indicate that the
neglect of anisotropy in the velocity model for moment tensor inversion introduces greater variation in the resolved
source mechanism than the resolved source orientation (Fig. 8). (The addition of 5% random Gaussian noise to the

seismograms does not significantly alter the results of full-wavefield moment tensor inversion from that of the
results of the noise-free seismograms).

Input Output
Beach-ball Location 1b Location 3d Location 3e
DC=100% DC=87% DC=32% DC=28%
CLVD=0% IS0=0% CLVD=13% 1S0=0% | CLVD=68% IS0=0% | CLVD=72% IS0=0%
100
)
(@]
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[¢]
=2
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OmE OmN -25mE,-25mN 25mE,-50mN OmE OmN
CLVD=100% CLVD=15% CLVD=40% CLVD=52%
DC=0% 1S0=0% DC=85% 1S0=0% DC=60% 1S0=0% DC=48% 1S0=0%
100
)
(@]
&
g
=
0
OmE OmN -25mE,-25mN 25mE,-50mN OmEOmN
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100
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@ ! E
P
=
0
OmE OmN -50mE,50mN 25mE,-50mN OmE OmN

Table 2: Results From Application of Deviatoric and DC Constraints. Full-wavefield moment tensor inversion results of synthetic
seismograms with pure DC (top row) a pure CLVD (second row) and a pure 1SO source (bottom row) generated in an isotropic medium
and with a dominant event frequency of 125 Hz. The first column shows the input mechanism. The coordinates below each beach-ball
indicate the output location from ISOLA where 0 m E, 0 m N is the relative, true source location. The second, third, and fourth columns
represent sources occurring at locations 1b, 3d, and 3e, respectively and are in order of increasing angular coverage and decreasing
source-receiver distance from left to right. For the first two rows, a deviatoric constraint in which the ISO component is assumed to be
0% is applied to the inversion. For the bottom row, a DC constraint in which both the CLVD and 1SO components are assumed to be
0% is applied to the inversion. The beach-balls are colored by the amount of the resolved DC mechanism such that 100%. DC is black

and 0% DC is yellow.
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Figure 7 : Location Error Bar Plots for a) DC sources, b) CLVD sources, and c¢) ISO sources. The five different test cases are plotted along the x-
axis in order of: isotropy, anisotropy, noise, frequency of 50 Hz, and frequency of 175 Hz. Each case is separated into three different bars
representing each location: 1b (red), 3d (purple), and 3e (green).

Discussion

Previous studies of moment tensor inversion with only consideration of the far-field terms show that the pure shear
source is the most accurate to retrieve from microseismic data from a single vertical array of receivers when
applying a deviatoric constraint to the inversion (Vavry¢uk, 2007; Warpinski and Du, 2010). When including the
intermediate- and near-field terms and applying no source constraints, the calculated mechanism percentages are
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Figure 8: Comparison of full-wavefield moment tensor inversion (assumes isotropic seismic velocities) results for sources occurring in
anisotropic (x-axes) and isotropic (y-axes) media. a) Comparison of the strike of the DC source shows little variability (< 15°) for all locations in
the grid search. b) Comparison of the strength of the resolved DC mechanism shows greater variability (~25%). These results indicate that the
neglect of anisotropy in the velocity model has a greater effect on the resolved mechanism percentages than the resolved source orientation. The
dash blacked line is the line with the eauation x=v.

more accurate for pure shear sources located closer to a horizontal receiver array than sources located farther from

the receiver array.

A preliminary understanding of the relationship between receiver angular coverage and the expected source
radiation pattern should be considered when interpreting the results of moment tensor inversion. Sources that do not
have receiver angular coverage of both sides of the shear failure plane will not be able to resolve the correct
orientation fully. This is important for moment tensor inversion programs that apply a constraint on the source
orientation to reduce the error in the results associated with lack of angular coverage (Song and Toksoz, 2011).
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Applying the source orientation constraint without receiver angular coverage of both sides of the failure plane could
introduce greater error into the estimated source mechanism than the results without the constraint.

Deviatoric Constraint
The resolved strength of the shearing mechanism is greater for results of full-wavefield moment tensor inversion
with the deviatoric constraint applied than when the inversion is unconstrained, for both shear and tensile sources
(Table 2). If the source is dominantly shear, the deviatoric constraint decreases the error in the source mechanism
but increases the error in the source orientation. The introduction of these secondary errors indicates that, without
prior knowledge of whether the source is dominantly shear or tensile, the deviatoric constraint should not be used to
stabilize the inversion of sources with limited angular coverage. The results of unconstrained full-wavefield moment
tensor inversion can be interpreted with an understanding of the errors associated with the lack of angular coverage
rather than adding possible additional error with the use of the deviatoric constraint.

Neglect of Anisotropy in Moment Tensor Inversion
The effects of anisotropic velocities on moment tensor inversions that assume isotropic velocity models are well
studied for shear sources but limited work is done for non-DC sources (RoRBler et al., 2007; Sileny and Vavry¢uk,
2002; Vavry¢€uk, 2005). A previous study shows that the CLVD mechanism can be overestimated by ~20% more
than the ISO mechanism for pure shear sources when neglecting anisotropy in the moment tensor inversion (Sileny
and Vavry¢uk, 2002). Inversion of synthetic seismograms in ISOLA, which utilizes an isotropic velocity model,
shows that the difference between the resolved source mechanism of sources generated in an isotropic medium and
the resolved source mechanism of sources generated in a 5% VTI medium is ~40% greater for CLVD sources than
DC sources (Fig. 8). If CLVD source mechanisms are expected, an understanding of both the errors that the neglect
of anisotropy introduces into the results of moment tensor inversion and the errors associated with the lack of
angular coverage should be considered in the interpretation of the results.

Previous studies suggest using only the P-wave amplitudes in the moment tensor inversion to mitigate the effect of
anisotropy on S-wave splitting (Sileny and Vavrycuk, 2002). However, Vavrycuk (2007) shows that sufficient
angular coverage of at least two non-parallel receiver arrays (i.e. one vertical and one horizontal) is required for
moment tensor inversion using only the P-wave amplitudes and far-field terms of the wavefield. More work on full-
wavefield moment tensor inversion with only use of the P-wave amplitudes is needed to determine if a single array
of receivers located close (< 300 m) to the source can provide accurate source mechanisms.

Conclusions

Based on full-wavefield moment tensor inversion (ISOLA open source software) of synthetic seismograms
representing pre-determine pure DC and CLVD events, the source mechanism and orientation cannot be determined
when using a single-horizontal array of receivers. Future studies utilizing moment tensor inversion of microseismic
data should consider the receiver angular coverage of the events being inverted to determine if the source
mechanisms can be accurately resolved.

Several relationships between receiver angular coverage of the source and the full-wavefield moment tensor
inversion stand out. First is the relationship with the resolvability of the source orientation. The strike of shear
sources cannot be accurately resolved unless there is receiver angular coverage of both sides of the failure plane.
The second relationship is with the error in source location such that sources with less angular coverage have greater
error in source location. Moment tensor inversion results at all locations in the grid search show minimal variability
between locations. This lack of variability indicates that the errors in the inversion results are mainly because of the
lack of the angular coverage of the source rather than the source mislocation.

For moment tensor inversion of pure shear sources generated in a 5% VTI medium, we show that there is greater
variability in the resolved source mechanism than the source orientation compared to the pure shear sources
generated in an isotropic medium. The use of an isotropic velocity model for events occurring in an anisotropic
medium can introduce a 25-50 m error into the estimation of the source location.

Hydraulic fracturing treatments in complex geologic settings, such as the one presented here where the formation
has natural fractures and a nearby fault, should consider what microseismic event characteristics are desired when
designing the microseismic monitoring survey. With sufficient angular coverage, accurate source mechanisms can
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be retrieved to understand the interaction between the hydraulic fractures, fault, and natural fractures. To take
advantage of the full-wavefield, receivers should be placed as close to the treatment area as possible and with more
geophones and/or a wider spacing of geophones than the design of the horizontal array considered herein.

The synthetic seismograms are constructed using similar to the estimated locations and dominant frequencies of the
events in the provided microseismic data, indicating that full-wavefield moment tensor inversion cannot be used to
retrieve accurate source mechanisms for these events.
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