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Rupture directivity is a fundamental effect well known mainly for large natural earth-
quakes. Its observation for microseismic events is difficult due to small rupture size and
short duration, usually insufficient coverage of monitoring array and attenuation along
wave propagation paths. Here, we detect the rupture directivity for an induced micro-
seismic event (Mw ∼1:2) recorded by a dense surface starlike array during hydraulic
fracturing of a shale reservoir in China. We use durations of initial P-wave arrivals
as a proxy to peak frequency content. The observed directional and offset dependence
of the peak frequencies can be explained by superimposed effects of the rupture direc-
tivity of fast, possibly supershear rupture propagation and attenuation, permitting the
determination of the event’s fault plane orientation. Furthermore, we implement a sim-
ple statistical correction to the amplitudes, proving the inverted source mechanism to
be stable, only with a slightly lower, yet unreliable nonshear component.

Introduction
Effect of rupture directivity on ground shaking was first
identified for strong earthquakes that often cause significant
damage, for example, 1992 Mw 7.3 Landers (Ammon et al.,
1993), 1995 Mw 6.9 Kobe (Furumura and Koketsu, 1998),
2009 Mw 5.9 L’Aquila (Calderoni et al., 2015), or 2015
Mw 7.8 Gorkha (Koketsu et al., 2016). Relatively rare earth-
quakes with high, supershear rupture velocity can be particu-
larly dangerous (Bao et al., 2022). The rupture directivity
causes directionally dependent changes of apparent rupture
duration and amplification of ground motions. Therefore,
modeling active fault orientation and expected rupture direc-
tions plays a significant role in seismic hazard evaluation
because directivity affects damage distribution caused by large
earthquakes. Furthermore, the use of directivity for the deter-
mination of the fault plane from the two inverted nodal planes
of source mechanism (both explaining the observed data
equally well) and the percentage of double-couple (DC) com-
ponent are critical for further interpretation of microseismicity
induced by hydraulic fracturing with geomechanical models
(Staněk and Eisner, 2017; Eisner and Staněk, 2018).

Considering earthquakes as a self-similar phenomenon, direc-
tivity is expected for events of all magnitudes. Although there is a
growing body of observational evidence demonstrating this effect
for small events 2 < Mw < 5 (e.g., Pacor et al., 2016; Yoshida,
2019; Ameri et al., 2020; Chen et al., 2021; Colavitti et al., 2022;
Seo et al., 2022), recorded waveforms for microseismic events

(Mw < 2) usually do not exhibit directivity effects. They are
often described by simple radially symmetric crack models
with point-source radiation patterns, whereas details of the
source process, including effects of rupture direction, are
obscured by propagation effects. Only a few studies have indi-
cated directivity for microseismic events, see, for example,
Lengliné and Got (2011), Kane et al. (2013), and Folesky et al
. (2016) for 1 < Mw < 3 events, or in acoustic emissions in lab-
oratory experiments by Kolář et al. (2020).

To observe the directivity of microseismic events, a dense
monitoring array covering a wide range of directions and offsets
in the area is required. An often overlooked factor limiting direc-
tivity observations is seismic attenuation. The attenuation is an
essential parameter in inversions for microseismic source
parameters (e.g., Michálek and Fischer, 2013) or reservoir char-
acterization (e.g., Pham et al., 2002; Rao and Wang, 2019). Peak
frequencies in the Fourier amplitude spectra of waveforms
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recorded during microseismic monitoring may reach 100 Hz
for surface monitoring and up to several hundred Hertz for
borehole monitoring (e.g., Maxwell et al., 2010; Wandycz
et al., 2019). The high-frequency content of waveforms carrying
information about rupture directivity quickly attenuates with
distance, and thus the desired information is usually lost during
wave propagation through a medium. In the previous studies
concerning the directivity of small earthquakes, attenuation
effects were either not considered (e.g., Ross et al., 2020) or
eliminated using source–stations pairs with similar distances
(Lengliné and Got, 2011).

This study reveals rupture directivity using peak frequencies
of direct P waves and careful consideration of attenuation.
To our knowledge, this approach has not been considered
in any previous study concerning microearthquakes. Our
analysis exploits high signal-to-noise ratio (SNR) data from
a dense starlike surface array of geophones due to a microseis-
mic event (Mw ∼ 1; Li et al., 2021) induced during hydraulic
fracturing of shale. We provide evidence of the event’s direc-
tivity and high, possibly supershear, velocity of the rupture
propagation. We identify the causative fault plane from the
nodal planes and propose a correction of P-wave arrival ampli-
tudes due to rupture directivity, proving robustness of source
mechanism determination from large surface arrays.

Data Set and Velocity Model
The field data set used in this study was acquired during
the hydraulic fracturing of a shale reservoir in China. The
geometry of the microseismic monitoring array covering
approximately 36 km2 is shown in Figure 1a. A starlike surface
array with 12 arms and a total of 1771 geophones was installed
to gather passive seismic data (vertical component of particle
velocity, 1 kHz sampling). The surface topography of the
area varies between 300 and 850 m above mean sea level
(MSL). The vertical treatment well with wellhead in the center
of the array reaches the target reservoir at 3300–3700 m
below MSL.

We analyze one of the induced microseismic events
detected during the stimulation. The selected Mw ∼ 1 event is
located approximately below the center of the array at the
depth of 3300 m below MSL (Li et al. 2021)—see the epicenter
represented by the red star in Figure 1a. The 1D P-wave veloc-
ity model was created from sonic log measurements (Wu et al.,
2017), in our calculations we use a smoothed version of that
model, shown in Figure 1b.

Although the directivity effect is usually clearly manifested
in S waves, we only use P waves because S waves were not
clearly recorded by the array of vertical geophones. Most
of the geophones recorded clear P-wave arrival allowing meas-
urement of the pulse duration on individual traces and source
mechanism inversion from pulse amplitudes. Examples of
traces with different quality of the arrivals are shown in
Figure 1c.

Methodology
Source mechanism inversion
We invert manually picked P-wave amplitudes for a full
moment tensor representing a general source mechanism, fol-
lowing Staněk et al. (2014, 2017). The inversion procedure
minimizes the L2 misfit between observed and synthetic
P-wave amplitudes. We assume source and source time func-
tion to be a point source at the hypocenter and a delta function,
respectively (Aki and Richards, 2002). The Green’s function
derivatives are computed using ray theory (Červený, 2001;
Moser and Červený, 2007) in the smoothed 1D isotropic
velocity model. The resulting full moment tensor is decom-
posed into a shear DC component and nonshear isotropic
(ISO) and compensated linear vector dipole (CLVD) compo-
nents (Hudson et al., 1989).

As shown by Staněk et al. (2014, 2017), starlike arrays
like those we use in this study provide an ideal focal sphere
coverage in a wide range of offsets and azimuths, allowing
stable full moment tensor inversion for events located
below the center of the array at a depth comparable to
the aperture of the array. The inversion result is sensitive
mainly to the noise level in the data, which is in our case
significantly lower than the noise levels tested by Staněk
et al. (2014).

Directivity and peak frequencies
The directivity of the seismic source due to the rupture propa-
gation is similar to the Doppler effect. Observers in different
positions do not perceive the actual rupture duration TR, with
corresponding corner frequency f C ∼ 1=TR (Aki and Richards,
2002). Instead, apparent rupture duration TAR varying with the
angle between the ray takeoff and rupture direction is per-
ceived. As the rupture propagates along a fault at certain speed,
the pulse in the rupture direction is the narrowest, that is, TAR

is the shortest, and its amplitude is the highest. Conversely, the
greatest TAR and the lowest amplitude are in the opposite
direction. Integral over the displacement source time function,
proportional to seismic moment M0, is independent of azi-
muth (Lay and Wallace, 1995). Simplified directivity effect
of a source with unilateral rupture propagation on the apparent
duration can be described by the Haskell model (Haskell,
1964):

TAR�α� � TR�1 − b cos α�: �1�

Angle α is measured between the rupture direction and ray
takeoff direction that results in reaching the observation point;
b is a ratio between the rupture velocity (VR) and P- or S-wave
velocity (VP or VS) at the source. Directivity effects are
stronger for S waves because in most cases, VR < VS < VP.
In the spectral domain, considering a source model with a sin-
gle corner frequency, the displacement spectrum ΩD in the
presence of directivity reads (Aki and Richards, 2002):
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Figure 1. (a) Starlike surface monitoring array with 12 arms. The
green triangle indicates the location of the well. Dots (many of
them overlapped) show the positions of 1771 receivers: receivers
with clear single P-wave arrival are in gray, and receivers with
picked P-wave amplitudes only are in magenta. Elevation map in
the background is the interpolated elevation (above mean sea
level) measured at the positions of receivers. (b) Smoothed
velocity model used in the study. (c) Examples of recorded P-wave

arrivals. The top four traces show clear direct arrivals that allow
determination of peak frequency (half periods highlighted by the
green brackets). Four bottom traces show noisier signals with
more complex P-wave arrivals, two of them allowing reliable
amplitudes picks. Picked amplitudes used for the source
mechanism inversion are marked by the red dashes. (d) Peak
frequencies measured at receivers with direct P waveforms
suitable for the peak frequency measurement.
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ΩD�f � � M0f < f AC�α�,

ΩD�f � �
M0�
f 2

f 2AC�α�

� f ≥ f AC�α�: �2�

Here, f AC�α� is the apparent corner frequency equal to 1=TAR�α�.
The velocity spectrum ΩV�f � � 2πfΩD�f � peaks at the corner
frequency f AC�α�, and thus the peak frequency varies with α.

Waves propagating through an anelastic medium are affected
by attenuation. The total frequency-independent attenuation
along a ray path can be described by global absorption factor t�:

t� �
Z
path

dt
Q
, �3�

in which t is a travel time, and Q is a quality factor describing the
attenuation strength. The velocity spectrum V(f) affected by
attenuation is related to the radiated source spectrum ΩV�f �
as follows:

V�f � � ΩV�f �e−πf t� : �4�

The exponential term reduces higher frequencies faster and
thus distorts the directional variations caused by the rupture
directivity, which means that as the wave propagates, its peak
frequency changes.

Using source model described by equation (2), and consid-
ering attenuation and all other source and propagation effects
(radiation pattern, geometrical spreading, etc.) to be frequency
independent, the value of peak frequency of the wave recorded
using particle velocity propagating through attenuative
medium can be obtained as a frequency corresponding to
the maximum spectral amplitude of equation (4), that is,

f peak � min

�
f AC�α�,

1
πt�

�
: �5�

It means that f peak changes from f AC�α� to 1
πt� as the wave

propagates to larger distances once the total attenuation described
by t� exceeds 1

πf AC�α�. Microearthquakes have an f peak affected by
attenuation from much shorter distances than larger earthquakes
with a generally lower corner frequency f C . This was exploited by
Eisner et al. (2013), who developed a method allowing the deter-
mination of effective (average)Q from peak frequencies, assuming
the observed values of f peak are much smaller than the corner fre-
quency unaffected by the directivity effect (see equations 3 and 5).
In practice, the method is recommended for f peak ≪ 0:5f C . When
f peak is closer to f C , the min function in equation (5) predicts a
sharp transition of f peak from f AC to 1

πt�. Other source-spectrum
models are characterized by a smoother shape around f C , such as
the Brune model (Brune, 1970):

ΩD�f � �
M0�

1�
�

f
f AC�α�

�
2γ
�
1=γ : �6�

The commonly used value of γ is equal to 1, whereas in our
modeling we use both 1 and 2. The spectrum with γ � 2 is
sharper, closer to that of equation (2). This model was used
by, for example, Tomic et al. (2009) to investigate rupture
properties of a small earthquake. The Brune source spectrum
predicts a smoother transition from the corner frequency effect
to f peak controlled primarily by the attenuation than that of
equation (5). For more details, see the discussion between
Morozov (2014, 2020), Eisner et al. (2014), and Wcisło
et al. (2020).

Measurement of the peak frequencies can be done either in
the frequency domain or in the time domain by measuring the
duration of the first arrival. In this study, we use the half period
technique (Wcisło and Eisner, 2016). We measure duration of
the first half-period of the P-wave arrival (green brackets
shown in Fig. 1c) and calculate f peak as the reciprocal of
the doubled duration time. As shown by Wcisło and Eisner
(2016, 2019), this approach is preferable to the usage of the
whole period because the second half-pulse is more often dis-
torted due to later arrivals.

The advantage of using peak frequencies estimated from the
first arrivals is that they are only weakly affected by source
radiation and/or complicated ray path effects, contrarily to
maximum arrival amplitudes. Therefore, the analysis of fre-
quency content is more suitable than an analysis of amplitudes
when studying directivity effects.

Results
Inverted source mechanism
For the source mechanism inversion, we manually picked 717
amplitudes of the P-wave arrivals. The picks were done for 629
geophones selected also for the f peak measurement (Fig. 1a,
gray dots) and for additional 88 geophones (Fig. 1a, magenta
dots) used to increase the source mechanism inversion stabil-
ity. All the selected geophones provided sufficiently high SNR
to pick reliable amplitude. The analyzed event is a strike-slip
(presented as a focal mechanism in Fig. 1a) with two nearly
vertical nodal planes oriented in the northwest–southeast
direction (strike: 326°, dip: 85°, and rake: −180°) and in the
northeast–southwest direction (strike: 236°, dip: 90°, and rake:
−5°), and with the DC component of 66%. Both planes explain
the observed amplitudes equally well, and we must seek addi-
tional independent information (here, the directivity observa-
tion, which we present in the Discussion section) to determine
the fault plane and rupture direction. The square of the L2-
misfit normalized by the root mean square of data is 0.39, cor-
responding with a variance reduction of 85%. The resulting
source mechanism is very similar to that of Li et al. (2021),
who used the same data set but a different method.

We point out that we cannot determine seismic moment
and moment magnitude of the microseismic event because
the data owner has not provided us with precise geophone
sensitivities needed to correct the amplitude values for the
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instrument response. Therefore, we adopt the magnitude 1.2
published by Li et al. (2021).

Measured peak frequencies
In total, 629 receivers from 11 arms (gray dots in Fig. 1a) pro-
vide clear symmetrical P-wave pulses with high SNR allowing
reliable f peak measurement. Values of the measured peak
frequencies are shown in Figure 1d. The f peak values are higher
in the southern area than in the northern area from the source
epicenter. The receivers in the southern part of the array are
placed in a generally lower elevation than the receivers in the
northern part (Fig. 1a), and thus they have slightly shorter
travel times for similar offsets.

Figure 2. (a) Measured peak frequencies fpeak as a function of
travel time. Symbols indicate results for receivers belonging to
arms 1–2 (crosses), arms 6–8 (triangles), and arms 3–5 and 9–11
(squares). The blue indicates arm 1, and the red indicates arm 6.
The curves indicate the theoretical decrease of fpeak when
controlled by attenuation only (equation 5). The solid curve
indicates Q = 150, and the upper and lower dashed curves
indicate Q = 165 and Q = 135, respectively. (b) Effective (path-
averaged) QP factors calculated from f peak using equations (3)
and (5), that is, neglecting the possible influence of source
effects. (c) Distance dependence of the travel times for receivers
of arms 1–2 and 6–8.
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Effects of attenuation on the observed peak
frequencies
Figure 2a shows measured peak frequencies as a function of
travel time. For reference, curves indicating the theoretical pat-
tern of f peak following 1

πt� decrease with increasing travel time
are included. The curves are computed for the effective P-wave
quality factor QP � 150 (solid line), and its 10% standard
deviation QP � 165 and QP � 135 (dashed lines). For a
medium with a constant average Q, the travel time can be used
as a proxy to accumulated t�. Although the general trend of the
measured peak frequencies is decreasing with the increasing
travel time (increasing t�), significant variability in measured
values, particularly for travel times up to 1 s, indicates that
changes in elevation are not the main cause of the distribution
of peak frequencies shown in Figure 1c. If the peak frequencies
were controlled by attenuation only, they could be used to
evaluate effective QP as shown in Figure 2b. The spatial vari-
ability of the f peak values may indicate complicated geological
setting or anisotropy in the area of interest. The attenuation
strength is usually inversely proportional to seismic velocity
(Zhang and Stewart, 2008). Therefore, in the presence of var-
iable QP, we would expect evident variations of seismic veloc-
ities (Pham et al., 2002; Wcisło et al., 2018). However, the
analysis of travel times (Fig. 2c) indicates that a difference
in average velocities in the north-northwest and south-south-
east directions are negligible. The lack of the azimuthal P-wave
velocity variations also suggests an insignificant anisotropy of
the medium. Moreover, in a complicated medium, one might
expect waveform complexity that contradicts the high number
of clear single P-wave arrivals found in our data set. This sug-
gests that the measured peak frequencies are unlikely to be
controlled solely by attenuation or varying medium proper-
ties.

Effects of rupture directivity on the observed
peak frequencies
Our interpretation of the measured peak frequencies is that we
deal with a combination of rupture directivity and attenuation.
The first indication that rupture directivity influences the

results is the observation of directionally dependent f peak
(Fig. 1d), showing that the lowest peak frequencies are
observed in the north and the largest in the south of the array.
This agrees with the rupture plane having strike 326° with rup-
ture direction tilted toward the south.

To examine how the rupture directivity combined with
attenuation affects the peak frequencies, we consider several
possible scenarios. We calculate synthetic spectra at the sta-
tions considering the Brune source spectrum and grid search
for four free parameters: rupture direction (confined to the two
fault planes described earlier of the focal mechanism), TR, QP ,
and rupture velocity VR. In one scenario, we also allow the
event to be supershear. Velocity ratio VP=VS is fixed at 1.7
because we do not have S-wave arrivals available that would
allow velocity ratio analysis. The difference between synthetic
peak frequencies and the measured peak frequencies is
described by L2-misfit function defined as

misfit � 1
n

Xn
i�1

�ln�f peak modeledi
� − ln�f peak measuredi

��2, �7�

in which n is the number of the f peak measurements (n = 629).
The misfit corresponds to the posterior variance of the loga-
rithmic residuals. In the case of Gaussian relative data errors
and perfect modeling, misfit would correspond to the squared
mean of data standard deviations.

Table 1 summarizes results of the modeling for the Brune
model with γ � 1 (results for γ � 2 are very similar) for four
scenarios of increasing complexity to show the influence of
particular factors in the data interpretation:

• Case 1: The peak frequency is affected neither by attenuation
nor by the source directivity (best fit assumes directionally
independent peak frequencies).

• Case 2: The attenuation is added to the modeling.
• Case 3: The effects of directivity (equation 1) calculated for
the common VR=VS value of 0.9 are added.

• Case 4: A global grid search with variable VR=VS and
possible supershear rupture propagation is performed.

TABLE 1
Summary of Basic Results of the Modeling

Modeling Scenario
VR=VS TR (s) Q Misfit

Misfit
Improvement

min/max Modeled
fpeak in Hz (Logarithm)

No attenuation No directivity 0 (fixed) 1/48 Not considered 0.0451 1.00 48 (3.87)/48 (3.87)

Attenuation 0 (fixed) 1/200 (fixed) 140 0.0270 1.57 37 (3.61)/52 (3.95)

Directivity 0.9 (fixed) 1/34 495 0.0215 2.10 35 (3.56)/54 (3.99)

1.25 1/33 235 0.0187 2.41 31 (3.43)/57 (4.06)

Misfit improvement is computed in relation to the case in which no attenuation and no directivity are considered. The min/max values of measured peak frequencies (logarithms)
are equal to 29 Hz (3.37)/76 Hz (4.33), and the range with a cutoff of 5% of the highest/lowest values is equal to 33 Hz (3.51)/67 Hz (4.20).
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For each case, Table 1 lists the value of the minimum
L2-misfit and the minimum and maximum values of synthetic
peak frequency (and its logarithm). The range of measured val-
ues is equal to 29 Hz (3.37)–76 Hz (4.33). Because of the natu-
ral presence of the noise in the data, the true noise-free range of
the peak frequencies for the selected receivers is difficult to
assess. We perform a simple estimation through cutting off
5% of the extreme values providing the range from 33 Hz
(3.51) to 67 Hz (4.20). This rough estimate does not take into
account a possible bias due to the uneven spatial receiver cov-
erage (number of the receivers placed closer to the epicenter is
higher than those placed farther away and thus are more
affected by attenuation as shown in Fig. 2a).

Table 1 shows that just by introducing attenuation (case 2),
we significantly improve the fit in comparison with the fit for

the constant f peak model (case 1), but the range of modeled
peak frequencies is limited. Adding source directivity to
the modeling (case 3) decreases the misfit even more.
Nevertheless, if we allow the event to be supershear (case 4),
we get a broad range of modeled peak frequencies while still

Figure 3. (a) Logarithms of observed peak frequencies. The color
scale corresponds to the range with a cutoff of the 5% of the
highest/lowest values (3.51)/(4.20). (b–d) Logarithms of the peak
frequencies for the best-fit models of three different scenarios,
considering (b) only attenuation, (c) attenuation and directivity
for VR=VS � 0:9, and (d) attenuation and directivity with
supershear rupture propagation. The color version of this figure is
available only in the electronic edition.
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improving the misfit (2.4 times smaller than for the case 1).
The obtained variance for the best model corresponds with
the standard deviation of the peak frequency measurement
equal to 14%. Such a value agrees with the result of synthetic
experiments with real noise published by Wcisło and Eisner
(2019). The modeling indicates that the fault plane of the
event is in the northwest–southeast direction (strike: 326°,
dip: 85°, and rake: −180°), and the rupture direction is tilted
upward from the inverted rake direction (see the Discussion
section).

Figure 3 shows a map of natural logarithms of observed
peak frequencies (Fig. 3a) and their synthetic equivalents
for cases 2–4 (Fig. 3b–d). Figure 3 indicates how consecu-
tively increased complexity of the modeling improves
the modeling results. The best result is obtained for VR=VS �
1:25 and corner frequency of 33 Hz. The corresponding rup-
ture duration TR � 1=33 s is plausible for an Mw 1.2 event
(Kwiatek et al., 2011). The optimal quality factor Q = 235
is reasonable for compacted shale (Delle Piane et al., 2014).
Figure 4 shows the measured and modeled peak frequencies
as a function of the rupture direction (measured from the ver-
tical in the fault plane) for the subshear (case 3) and super-
shear (case 4) cases. The latter case fits the data better as
demonstrated by the lower scatter around the synthetic

values, but more importantly a better fit for both highest
and lowest measured peak frequencies. Nevertheless, we will
further deliberate about the modeling uncertainty in the
Discussion section.

Discussion
Uncertainty of the modeling
Table 1 shows results only for the best-fitting models in each
case. To examine the uncertainty, we compute misfit for the
most general case 4 while fixing selected parameters and opti-
mizing the remaining ones. Figure 5a shows how the misfit
changes with rupture direction for rupture-to-S-wave velocity
ratios VR=VS set to 0.95, 1.05, 1.15, and 1.25. The minimum
misfit is around 10° from the vertical within the fault plane for
VR=VS, equal to 1.15 and 1.25. Assuming a misfit threshold
of 10% of the global minimum (horizontal line in Fig. 5a),
plausible rupture directions lie between 5° and 30° from the
vertical. Such a misfit threshold also permits subshear value
of VR=VS � 0:95. Figure 5b then shows the dependence of
the misfit on the quality factor for the same fixed VR=VS ratios.
In all cases, the misfit increases abruptly for low values of Q
(Q < 150). For VR=VS � 1:25, the misfit attains its minimum
for Q = 235 (see also Table 1). Nevertheless, the misfit mini-
mum is relatively flat for Q > 200. For slower rupture velocities,
the misfit is generally worse. The respective misfit curves are
also flat for Q > 200, having its (formal) minimum at very large
values of Q. Overall, the behavior of the misfit suggests that Q
is greater than 150, and that the observed pattern of peak
frequencies is primarily driven by the directivity only weakly
concealed by attenuation that in turn moderately reduced
observed peak frequencies. The event occurred in a sedimen-
tary basin, which can be generally characterized as highly
attenuative with Q values unlikely to be greater than 200–300
(e.g., Takam Takougang and Calvert, 2012; Delle Piane et al.,
2014; Wcisło et al., 2018; Mikhaltsevitch et al., 2020). That indi-
cates that the real Q should be in the lower range of our estimate
that supports the event rupture to be supershear. The subshear
models that fit the data within the 10% threshold imply high Q
value, which is less likely, although not entirely ruled out.

The low sensitivity of the misfit, particularly to the Q values,
has implications for the rupture duration and the rupture
length estimates. Figure 5c shows that the rupture durations
for fixed VR=VS increase with increasing Q. Combining the
10% data misfit threshold and the limit on Q being smaller
than 300, the plausible rupture duration ranges between
1/30 and 1/55 s. Figure 5d shows rupture length estimates cal-
culated simply by multiplying the rupture duration by the
respective rupture velocity. Assuming the same constraints
as earlier, the plausible rupture lengths are between 70 and
150 m. Nevertheless, we point out that the rupture length esti-
mates in particular are based on the simplified assumption of
the Haskell model with constant velocity, neglecting possible
complexities of the true rupture propagation.

Figure 4. Measured (squares) and modeled (dots) peak frequen-
cies as a function of angle α between the rupture direction and
the ray take-off angle for model with Vr=VS � 0:9 (gray squares
and blue dots) and best-fitting model with supershear rupture
propagation Vr=VS � 1:25 (black squares and red dots). The
color version of this figure is available only in the electronic
edition.
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In summary, although only large strike-slip earthquakes have
well-documented cases with supershear rupture propagation
(e.g., Wang and Mori, 2012; Wang et al., 2016; Hu et al.,
2019), the occurrence of a supershear microseismic event cannot
be disregarded. We have shown that our data prefer supershear
rupture with a pronounced directivity effect, although strictly
speaking, fast yet subshear rupture cannot be ruled out. We
point out that possibly more advanced modeling of the rupture
directivity than using the kinematic Haskell model might shed
light on the properties of this microseismic event. In particular,
dynamic rupture simulations (Kaneko and Shearer, 2015) might
provide additional arguments regarding the rupture velocity,
direction, and size. For example, a supershear rupture would
have to be inclined because the rupture velocity is limited to
the S wavespeed for a vertical propagation of horizontal slip
(antiplane, mode III crack, Madariaga and Olsen, 2000).

Effects of rupture
directivity on observed
amplitudes
For revealing the effect of rup-
ture directivity, we used peak
frequencies and intentionally
ignored P-wave arrival ampli-
tudes and polarity changes
due to radiation pattern. On
the other hand, these changes
were the main input in the
source mechanism inversion.
The resulting strike-slip source
mechanism was inferred from
manually picked P-wave
arrival amplitudes without
considering the directivity
effect. Therefore, another
analysis of directivity effects
on amplitudes can be done
by investigating the ratios
between observed and syn-
thetic amplitudes varying with
angle α. In this analysis, we
exclude amplitudes recorded
from the arm 1 because the
observed and synthetic ampli-
tudes for this arm are very
small due to the proximity to
the nodal plane (small absolute
differences translate into large
variations of the computed
ratios).

The calculated ratios are
scattered but exhibit a trend,
as summarized by histograms
shown in Figure 6. The histo-

grams are divided into three groups: angle α (measured from
the rupture direction determined earlier) below 20° (Fig. 6a), α
between 20° and 40° (Fig. 6b), and α above 40° (Fig. 6c). In
Figure 6a, the distribution has the most populated central
interval. The ratios >1.25 characterize more receivers than
the ratios <0.75. In Figure 6b, the distribution is similar, but
the interval for ratios >1.25 is less populated than for ratios
<0.75. In Figure 6c, including receivers with α > 75°, it has
the most populated interval with ratios <0.75. The number
of receivers in the interval for higher ratios decreases. The
median ratio values for selected α intervals decrease with
decreasing α from 1.08 to 0.70. This is a similar result as for
the peak frequencies—amplitudes for high α are smaller than
the amplitudes predicted by a point source radiation. We
generally see that the observed-to-synthetic amplitude ratios
follow a decreasing trend with increasing α, proving that

Figure 5. (a) Misfit calculated for the best model assuming different rupture direction and VR within
the plane with strike: 326°, dip: 85°, and rake: −180°. Note, that the minimal rupture time is
limited to 0.005 s. The horizontal line indicates misfit threshold that is 10% larger than the global
minimum. (b) Misfit calculated for the best model as a function of Q and VR. (c) Dependence of
rupture duration on Q and VR. (d) Rupture length calculated from rupture durations a velocities in
panel (c). Note that the unmentioned modeling parameters are optimized in each case. The color
version of this figure is available only in the electronic edition.
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the rupture directivity affects the P-wave amplitudes in the
studied data set.

The rupture directivity effect on the observed microseismic
data is exploitable for determining the event’s fault-plane ori-
entation and rupture direction. Furthermore, we can use the
ratios between the observed amplitudes affected by the direc-
tivity and modeled amplitudes to improve the source mecha-
nism inversion results. We propose a simple correction of
amplitudes based on linear regression fit of the observed-to-
modeled amplitude ratios as a function of α. In calculating
a linear fit, we excluded 2.5% of the geophones that provided
the highest and lowest ratios because outliers may bias the fit
based on the L2 norm. The regression coefficients are used to
make a first-order correction to the observed amplitudes used
as an input to the source mechanism inversion done with the
code using a point source. The amplitude correction factors
vary from ∼1.15 (for receivers with α close to ∼0°) to ∼0.70
(for receivers with α close to ∼60°).

Fault-plane orientation inverted from the corrected ampli-
tudes (strike: 324°, dip: 87°, and rake: −179°) is very similar to
the initial result, but the inverted DC component of 71% is
slightly higher than the initial 66%. In other words, the full

moment tensor inverted from
a large star-like surface array
is very stable (especially for
the strike-slip type of mecha-
nism, as shown by Staněk
et al., 2014). Several literatures
(e.g., Staněk et al., 2014; Eyre
and van der Baan, 2017; Li
et al., 2021) have shown that
the non-DC components
(CLVD and ISO) of inverted
source mechanisms may be
artificially increased by uncer-
tainties in the inversion,
including rupture directivity
effects treated erroneously as
a seismic noise. Therefore,
the DC component higher than
for the initially inverted solu-
tion can be considered as an
improvement. Nevertheless,
the variance reduction of 86%
is comparable with the solution
inverted from the amplitudes
not corrected for directivity
results.

Conclusions
We have studied a recorded
Mw ∼ 1:2 microseismic event
induced by hydraulic fractur-

ing of shale reservoirs in China and found rupture directivity
effects rarely observed for low Mw events. In particular, we
have analyzed durations of direct P-wave arrivals estimated
by the half-period method as a proxy for their peak frequency
content. Only directivity due to fast, possibly supershear rup-
ture propagation superimposed with attenuation explains the
directional and distance dependence of observed data. The
peak frequencies are less susceptible to complexities of the
source (mechanism) and wave propagation (complicated
structure) than the commonly used amplitudes. Our study
demonstrates that directivity is not an exclusive property of
large events and that directivity can be masked by seismic
attenuation.

The observed rupture directivity enables us to distinguish
the fault plane from the auxiliary plane of the strike-slip event
and to identify the rupture direction along that fault plane. We
have also presented a simple approach to correct P-wave
amplitudes for the directivity effect to infer a more precise full
moment tensor. The resulting corrected source mechanism has
the orientation of nodal planes very similar to those inferred
without correction, confirming that monitoring with a dense
starlike surface array provides stable source mechanism

Figure 6. Distributions of the observed-to-synthetic amplitude ratios for the inverted source
mechanism. (a) Receivers with α less than 20°. (b) Receivers with α between 20° and 40°.
(c) Receivers with α above 40°. The color version of this figure is available only in the electronic
edition.
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inversion results. The ability to determine fault plane and rup-
ture velocity and to improve the moment tensor estimate is
crucial for interpreting seismicity induced during hydraulic
fracturing because it leads to more realistic geomechanical
models explaining reservoir response to injections.
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