
1.  Introduction
A complete analysis of the seismic wavefield includes observations of translational and rotational motion 
(Aki & Richards, 2002; Sollberger et al., 2020) for better constraining earthquake source properties (Ber-
nauer et al.,  2014; Donner et al.,  2016; Huang, 2003; Takeo & Ito, 1997), estimating permanent seismic 
displacements (Trifunac & Todorovska, 2001), studying ambient seismic noise (Hadziioannou et al., 2012; 
Tanimoto et  al.,  2015), and determining Earth’s structural properties (Bernauer et  al.,  2009; Fichtner & 
Igel, 2009). Many rotational studies utilize data from a ring-laser (Schreiber et al.,  2006, 2009) which is 
typically deployed in geodetic observatories for monitoring Earth’s rotation, but these instruments are ex-
ceedingly rare, expensive, and are not portable. Though promising portable rotational seismometers are 
under development (Bernauer et al., 2012, 2018), they are not yet widely available compared to traditional 
translational sensors.

In the absence of specialized sensors, wavefield gradiometry can be applied to seismic recordings from ar-
rays of three-component translational sensors to provide estimates of rotational motion (Donner et al., 2017; 
Langston, 2007; Spudich et al., 1995; Suryanto et al., 2006). Modern Large-N deployments of translational 
sensors promise potential for their use in rotational seismology despite the challenges of the array approach 
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associated with limited bandwidth and a sensitivity to deployment details. This array-based approach natu-
rally provides co-located translational and rotational measurements, which can be used to estimate source 
back azimuth and local phase speed through the comparison of transverse acceleration and vertical rotation 
rates (Hadziioannou et al., 2012; Igel et al., 2005, 2007; Kurrle et al., 2010).

Here, we develop this approach to assess the effectiveness of arrays of translational sensors in a rotational 
seismology application. Using data from six arrays that were deployed to monitor a geothermal stimula-
tion in the area of Helsinki, Finland (Kwiatek et al., 2019), we aim measure the propagation direction and 
velocity of horizontally polarized S body (SH) waves excited by 204 M0.0 to M1.8 induced earthquakes, 
at hypocentral distances of 6–9 km. We compare the results of the rotational approach to those of clas-
sic beamforming applied to the same S wave data, and compare the back azimuth estimates against the 
great-circle direction of each event. Where previous studies have focused on comparatively small numbers 
of large events recorded at regional or teleseismic distances, or focused on Love wave observations recorded 
on rotational instruments, our study innovates to include the application of array-derived rotation (ADR) 
measurements to a large earthquake data set collected at small distances, as well as utilizing body wave 
observations. We believe this study demonstrates the effectiveness of ADR methods in the highly relevant 
application of characterizing induced seismicity.

2.  Array-Derived Rotation (ADR): Theory and Methods
Transversely polarized plane waves propagating in homogeneous media with amplitude A, wavenumber k, 
and phase speed c exhibit a proportional relationship between the transverse component of ground acceler-
ation, at, and the rotation rate about the vertical axis, z (Igel et al., 2005; Sollberger et al., 2018),
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Hence, when the transverse recording component is correctly aligned to be perpendicular to the propa-
gation direction, at and z will have the same waveform and differ only in amplitude by the factor −2c. 
Equation 1 suggests that it is possible to use point recordings of horizontally polarized waves to estimate the 
source direction θ and the apparent local phase speed, ca, by maximizing the similarity between co-located 
recordings of at and z (Hadziioannou et al., 2012; Igel et al., 2007; Kurrle et al., 2010).

Rotational motion ωz at the free surface can be estimated using the gradients in the horizontal displacement 
wavefield recorded by an array of seismometers deployed in an arbitrary geometry (Cochard et al., 2006; 
Spudich et al., 1995)
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The partial derivatives can be computed by solving the inverse problem (Langston & Liang, 2008; Liang & 
Langston, 2009)
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where u0 is the displacement at the reference location x0, y0 and ui, i = 1,…,N is the displacement at the ith 
receiver in the N + 1 station array. δxi and δyi are the difference in the x- and y-coordinates between the ref-
erence station and station i. Equation 3 is of the form d = Gm and can be solved by common least squares 
inversion methods. The ADR approach requires sufficiently large wavelength-to-aperture ratios to ensure 
smoothly varying gradients to properly describe the array deformation by spatially uniform rigid body ro-
tation (Donner et al., 2017; Langston, 2007; Spudich & Fletcher, 2008), and the data acquisition should 
support the resolution of the systematic horizontal amplitude differences (Langston, 2018).
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We combine these principles for estimating propagation direction θ and velocity ca at an array of seismom-
eters considering any one sensor as reference station:

1.	 �Using Equation 3, calculate ∂xuy and ∂yux, where uy and ux are the North and East component of motion
2.	 �Use Equation 2 to compute ωz from these ∂xuy and ∂yux estimates, which is differentiated to obtain the 

vertical rotation rate, z

3.	 �Grid search over source back azimuths between 0° and 360°. For each back azimuth, calculate at, the 
transverse component of acceleration, and cross-correlate the at and z waveforms. The back azimuth 
that corresponds to the largest cross-correlation coefficient is an estimate of the local propagation direc-
tion θ

4.	 �Calculate ca for the best-fitting back azimuth solving Equation 1 in a least squares sense from a 1 s win-
dow centered on the maximum S wave amplitude through
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Alternative ADR implementations have been suggested for improved robustness and error assessment. This 
includes a regression scheme for the simultaneous estimate of θ and ca (Wassermann et al., 2016); inver-
sions yielding array averages that are possibly less sensitive to outliers compared to our arithmetic average 
over the N + 1 estimates (Spudich et al., 1995), and that take the non-homogeneous nature of strain and 
rotation from a propagating wave into account (Langston, 2018); and schemes that account and correct 
for strain-rotation coupling (Schmelzbach et  al.,  2018; Singh et  al.,  2020; Sollberger et  al.,  2015). Here, 
however, the overall high data quality underpins our successful application of the above ADR implemen-
tation for local θ and ca estimates at six array sites, suggesting that this type of analysis can complement 
other array-based processing techniques used to study local wave propagation (Capon, 1969; Langston & 
Liang, 2008; Riahi et al., 2013; Wagner, 1998).

3.  Data from the 2018 Espoo/Helsinki Geothermal Reservoir Stimulation
Between June 4 and July 22, 2018, the St1 Deep Heat Oy company stimulated a 6.1 km deep geothermal 
reservoir in the Espoo/Helsinki region of southern Finland (Kwiatek et al., 2019). The Institute of Seismol-
ogy at the University of Helsinki (ISUH) deployed a temporary network of ∼100 4.5 Hz three-component 
geophones—‘Cube’ stations from the Geophysical Instrument Pool Potsdam (GIPP)—between May 7 and 
August 20, 2018 (Hillers et al., 2020). For this study, we use data from six arrays (Figure 1), three large 
arrays nominally consisting of 25 stations (SS, EV, and TL) and three arrays of four stations (PM, PK, and 
RS), that were installed on crystalline bedrock outcrops characteristic of the Fennoscandian Shield (Hill-
ers et al., 2020; Tiira et al., 2020). The array aperture is ∼100 m, and the interstation distance ∼25 m. The 
geophone orientations follow magnetic compass readings and meet the standards for portable broadband 
seismometer installations (Wielandt, 2012). All stations operate at the same 400 Hz sampling rate and with 
a uniform gain. A total of ∼2900 induced seismic events were automatically detected by ISUH routine 
analysis. A subset of the 204 largest events was selected for magnitude and location estimation (Hillers 
et al., 2020; Supporting Information S1). We apply the method outlined in Section 2 to these events, which 
have a local magnitude range between M0.0 and M1.8 and source-receiver distances of 6–9 km.

The absence of a sedimentary layer throughout the region results in high-quality seismograms (Figure 2a). 
The 5%, median, and 95% signal-to-noise ratios (SNR) in dB of vector-combined 2–15 Hz horizontal ve-
locity seismograms at the large arrays EV (∼4,270 combined seismograms at all stations), SS (4,000), and 
TL (4,090) are, respectively, 13/26/45, 18/31/48, and 17/38/53. For the three small arrays PM (780), PK 
(760), and RS (750) the ratios are 15/26/43, 15/29/48, and 18/32/51, respectively. Signal power is the average 
squared amplitude of these seismograms in a 1 s long S wave window. The noise level is similarly estimated 
as the 25-percentile of the distribution obtained with a 10 s long moving window across a 5 min long win-
dow starting 1 min before the P wave arrival.

Prior to applying ADR, we correct the raw ground velocity records for the instrument response, perform 
frequency domain integration and differentiation to obtain displacement and acceleration, and apply a 
zero-phase butterworth bandpass filter between 2 and 15 Hz (Figure 2a). The 2 Hz low-frequency limit 
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is related to the instrument performance (Poppeliers & Evans,  2015; Ringler et  al.,  2016). At 15  Hz the 
wavelength-to-aperture ratio measured along the surface for the six arrays is between 3.2 and 7.7 assuming 
straight rays and a S wave velocity of 3.3 km s−1 (Hillers et al., 2020), which ensures sufficiently smooth 
gradients (Donner et al., 2017; Spudich & Fletcher, 2008). We work with 3 s long seismograms starting 0.5 s 
before the manually picked P wave arrival. Our maximum observed horizontal displacements generally 
vary between 10−8 and 10−6 m. From these the vertical rotation is calculated by applying Equation 3 then 
Equation 2, using all N records for each reference station. We perform the back azimuth grid search with an 
increment of 1° (Figure 2). The obtained estimates are not sensitive to the choice of window length, as long 
as the full S waveform is included.

We compare the directions and velocities estimated by ADR analysis with those calculated from conven-
tional beamforming, as well as the great-circle direction indicated by the earthquake locations of Hillers 
et al. (2020). For the beamforming results, we process the North and East component waveforms exactly 
as for the rotational analysis, and apply time-domain delay-and-sum beamforming to a 0.5 s long window 
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Figure 1.  (a) Location of the study area in southern Finland. The coordinates indicate the wellhead. (b) Map of the study area. The central black circle marks 
the wellhead, the attached line shows the borehole trajectory between 4.8 and 6.1 km depth, and the white circles are epicenters of the analyzed earthquakes. 
The red flag marks the largest event. Solid black rectangles indicate array locations (not to scale). The corresponding station distributions are shown in the 
insets, and the arrows visualize the displacement variations observed for the largest event. The red circles show the reference station, and the open circles 
indicate missing data for this event. EV, PM, SS, PK, TL, and RS abbreviate the locations Elfvik, Pajamäki, Seurasaari, Poliisin kesäkoti, Toppelund, and Rudolf-
Steiner school Espoo, respectively. (c) Depth cross-section of the borehole trajectory and seismicity.
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centered on the manually picked S wave arrival. Our tests show that results from different choices of wave 
type, component, or frequency band can vary due to the sensitivity to different propagation effects. How-
ever, our observations generally agree with the vertical component P wave beamforming results obtained 
by Hillers et al. (2020) using data from 6 M ≥ 1.1 events, which supports our comparison of the ADR and 
beamforming methods applied to the same S waveforms.

The ADR method produces direction and velocity estimates for every reference station in an array, whereas 
beamforming provides one estimate per array. We present both array-average (Figure 3) and station-by-sta-
tion (Figure 4) estimates for the rotational approach to assess if the array-average results show improved 
accuracy, and to test if systematic variations in propagation direction across an array can be resolved. The 
station-by-station results do not systematically depend on the relative position of the reference station in 
each array which supports the choice of the high-frequency limit.

TAYLOR ET AL.
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Figure 2.  (a) P wave aligned N-component displacement seismograms of the largest M1.8 event show clean, high-SNR 
S waveforms in the target frequency band. (b) Array-derived vertical rotation rate (z, black line) for four station-
event pairs, compared to the best-fitting transverse acceleration seismogram (at, red line). Amplitudes are normalized 
for comparison. The colors show the correlation coefficient between z and at as a function of time and event back 
azimuth (Baz), estimated in overlapping 0.5 s windows. The black dots indicate the back azimuth with the highest 
correlation coefficient in each window. The great-circle direction is indicated with the dashed black line. SNR, signal-
to-noise ratio.
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4.  Results
4.1.  Array-Derived Rotational Motion for the Induced Earthquakes

To illustrate the process, we first present some of the intermediate results for the largest M1.8 event. Fig-
ure 1 shows the direction of the maximum displacement variation of the S wave arrival from the red-indi-
cated reference receiver at x0, y0 in each array. These observed displacement variations are the left-hand side 
of Equation 3 used to calculate the gradients and then the vertical rotation rate (Equation 2). The differen-
tial displacements shown in Figure 1 exhibit a mix of linear and rotational components of motion. We tend 
to interpret the circular pattern at the SS array not as manifestation of a uniform rigid body rotation around 
the reference location. This pattern rather indicates the violation of the assumed plane SH wave motion that 
possibly interferes with SV motion (Hillers et al., 2020).

However, Figures  2b and 3 demonstrate that the approach produces consistent, robust estimates of the 
S wave propagation direction. Figure  2b shows array-derived z estimates (black waveforms) at several 
locations, calculated from Equation 3, for four events between M0.1 and M1.8. The figure also shows the 
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Figure 3.  The large rose-diagrams show back azimuth distributions obtained with array-average rotational motion (red). These diagrams are centered on 
the array locations. The small, offset rose-diagrams show the back azimuth distributions obtained with S wave beamforming (blue). Both diagrams show 
distributions of the great-circle back azimuth between the array center and the earthquakes (gray). All diagrams are scaled to the maximum value in each 
distribution. The bin-width is 10°. The numbers are the ratio of the peak bin value to the total sum in percent. The histograms show the distributions of the 
obtained apparent phase velocity using the same color code. The small circles on top of the frames indicate averages.
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transverse acceleration at (red waveforms) that best matches the calculated z. The shape of the S wave-
forms of z and at are nearly identical, similar to the broadband seismometer and ring-laser observations of 
Igel et al. (2007). The maximum S wave vertical rotation rate amplitude at station SS01 for the M1.8 event is 
∼6 × 10−7 rad s−1. Generally, our estimated maximum rotation rates lie in a range of 10−9 to 10−7 rad s−1 for 
the events between magnitude M0.0 and M1.8, respectively. Also shown in Figure 2b is the time dependent 
local propagation direction θ that is estimated by maximizing the similarity between z and at in overlap-
ping 0.5 s windows. The consistency of the dotted and dashed lines in Figure 2b shows that for these events 
and stations, θ aligns closely with the earthquake back azimuth during the passage of the S wave train, 
with a maximum deviation of ∼30° for the EV02 example in Figure 2b. The azimuth patterns regularly ex-
hibit a stable estimate preceding the main S wave arrival which is attributable to P-S scattered energy (Igel 
et al., 2005; Igel et al., 2007; Pham et al., 2009).

4.2.  Application to the Full Data Set

Figure  3 compiles the array-averaged back azimuths estimated by the rotational method, beamforming, 
and the great-circle directions for all 204 events. The root-mean-square misfit of the rotational estimates 
compared to the great-circle azimuth varies between 16.6° for the SS array, to 93.2° for the RS array. Similar 
to the P wave beamforming results in Hillers et al. (2020), the majority of the ADR and beamforming results 
at the EV, PM, SS, and EV arrays are broadly consistent with the great-circle direction. The deviations at the 
TL and RS arrays can be controlled by path effects, local medium heterogeneity, or coupling problems, and 
are revisited below. The rotational approach generally outperforms beamforming, with an average improve-
ment in misfit of 39% and 36% for the North and East component beamforming. Better ADR performance 
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Figure 4.  The rose diagrams show the station-by-station misfit between the observed propagation direction estimated by the rotational method and the great-
circle event back azimuth. The black line in the rose diagram indicates the mean event back azimuth of all 204 events at that station. A misfit of 0° aligns with 
that black line. Large and small arrays are ordered from west to east.

SSTL EV

PM PKRS
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can also be inferred from the contrast between the overall more narrow range of ADR results compared to 
the greater range of values of beamforming back azimuths. This contrast is largest at the EV and PM arrays 
in close vicinity to the source volume, which suggests the ADR performance is more stable at near-vertical 
incidence, where the beamformer output has a higher sensitivity to processing parameters such as window 
length or the discretization of the slowness domain.

The ADR velocity estimates (red histograms in Figure 3) between 4 and 6 km s−1 are higher than the S wave 
velocity of 3 km s−1 (Hillers et al., 2020; Kwiatek et al., 2019), but are consistent with the steep incidence. 
The angles of incidence also explain that arrays SS, EV, and PM all record mean apparent phase speeds close 
to 6 km s−1, whilst TL and PK record lower phase speeds between 3 and 5 km s−1 at greater hypocentral 
distances. At array RS, the rotational approach produces spurious apparent phase speeds below 0.1 km s−1, 
indicating that factors such as the known poorer instrument coupling are affecting the waveforms and the 
overall inconsistent estimates at this location (Figures 2a and 4).

The blue beamforming histograms in Figure  3 show generally much broader distributions which again 
suggests the ADR method is able to produce more stable—narrowly distributed—array-average estimates; 
the comparatively wide ADR distribution at the EV array is attributed to the complex geology of the site 
(Elminen et al., 2008), which can also explain the variations in local propagation directions discussed in the 
next paragraph.

Figure  4 shows clear patterns in the residual difference between the rotational back azimuth estimates 
and the great-circle path across each array. At the TL array, a strong north-south variation in the residual is 
evident. In the northern part the estimates align well with the great-circle direction (black line in the rose 
diagram), whereas the southern stations show a systematic offset of up to −100°. We conclude that local 
inhomogeneities influence the array-averaged ADR directions and also the beamforming directions in Fig-
ure 3. The EV array shows another north-south pattern that correlates well with quality estimates for the 
data recorded at this site (Figure 4c in Hillers et al., 2020). We attribute this pattern to the local geology. The 
northern stations are installed on bedrock, whilst the southern stations are situated on a west-east aligned 
shear system (Elminen et al., 2008) which we think is responsible for the west-east dominance in differen-
tial motion (Figure 1) and local wave propagation direction (Figure 4). In contrast to the strong variations at 
these two sites, the SS array pattern appears more homogeneous. Still, some stations located in the northern 
half show systematic deviations of up to +45° from the reference average great-circle direction, whereas 
stations in the south-eastern quadrant show a consistent residual pattern with deviations of −30°. For the 
small arrays, the inconsistent RS results again point to installation deficits, the PM observations impress by 
their homogeneity and consistency, and the estimates at PK imply systematic local effects.

5.  Discussion
Our results demonstrate that by applying wavefield gradiometry to arrays of geophones, it is possible to 
measure vertical rotation rates as low as 10−9 rad s−1, which approaches the sensitivity of portable rotational 
sensors (Bernauer et al., 2018). Such sensitivity demonstrates that inexpensive translational sensors can 
be an effective substitute for rotational instruments in weak-motion seismology until reliable commercial 
rotational sensors become more widely available. In theory, three stations is the minimum requirement for 
estimating rotational motion, and we have established that it is possible to obtain a rotational sensitivity 
of 10−9 rad s−1 using the small four-station arrays. Compared to the 53.8° average RMS back azimuth mis-
fit from the great-circle direction at the three small arrays, however, the average 35.6° at the large arrays 
implies that a larger station count tends to provide a more accurate estimate of vertical rotation rate. Our 
array-averaged results of back azimuth and phase speed exhibit a smaller variance compared to observa-
tions on a station-by-station basis, which has also been noted in studies that directly compare array-derived 
rotation estimates with co-located ring-laser observations (Donner et al., 2017; Suryanto et al., 2006).

The most restrictive constraint on ADR measurements are the limitations on the frequency content of the 
signal. The computation of wavefield gradients requires smooth variation in the displacement wavefield 
over the array (Liang & Langston, 2009), which is achieved by limiting the analysis to wavelengths larger 
than the array size. This makes the aperture the primary control on the high frequency content, whereas 
the low frequency limit on accurate ADR estimates is related to the instrument characteristics (Poppeliers 
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& Evans, 2015; Ringler et al., 2016). These restrictions on the use of ADR measurements in applications 
such as Love wave dispersion estimation, where broadband rotational instruments remain at an advantage 
(Wassermann et al., 2016), can partially be accommodated by hierarchical array geometries and the use of 
sub-arrays to increase the spectral bandwidth. Further challenges to the ADR approach concern the effects 
of sensor misorientations (Langston, 2018), correlated noise, and wavefront planarity.

Here, the signatures of structural variations obtained with the ADR station-by-station approach, for ex-
ample, at the EV array, imply that the assumption of plane wave propagation through a homogeneous 
subsurface that underpins both the beamforming algorithm and the ADR finite-difference approximation 
is likely inaccurate. ADR yields on average more consistent estimates of the source back azimuth compared 
to our conventional S wave beamforming implementation, although using a different wave type, component 
of motion, or frequency band can improve the beamforming results. Our beamforming tests using vertical 
component S wave data (not shown) suggest that further comparisons of ADR and beamforming results, 
supported by synthetics, are needed to study the sensitivities of the different waveforms and methods. The 
data quality and network configuration allow complementary, systematic performance tests of a diverse 
range of array techniques to study wave propagation and wave attributes (Langston & Liang, 2008; Riahi 
et al., 2013; Wagner, 1998).

Localized near-receiver heterogeneity is known to bias rotational motions resolved by individual rotational 
and translational sensors through strain-rotation coupling (van Driel et al., 2012). Mitigation schemes help 
provide more accurate measurements (Schmelzbach et al., 2018; Singh et al., 2020; Sollberger et al., 2015), 
where the ADR approach has the additional option to average out such effects. Systematic variations be-
tween the estimated and great-circle directions can be used to infer large scale variations in seismic velocity 
between the source and receiver array (Boué et al., 2014; Liang & Langston, 2009). Separating between such 
systematic variations, and those which affect individual stations or groups of stations differently, facilitates 
the distinction between the variations outside of the array and site specific aberrations; observations at the 
EV and TL arrays provide illustrative examples. We anticipate that the accessibility of local wave propaga-
tion characteristics will further incentivize the analysis of densely sampled rotational motion in determin-
ing small-scale structural variations, for example, in fault zones (Roux et al., 2016) or mining environments 
(Singh et al., 2019).

6.  Conclusions
Using high-quality records of 204 small-magnitude induced earthquakes we have demonstrated that arrays 
of translational seismic sensors can be used to estimate rotational motion with sufficient accuracy for prac-
tical weak-motion seismic applications. Our observations of vertical rotational motion at 2–15 Hz excited by 
earthquakes as small as M0.0 at hypocentral distances of 6–9 km include measurements of vertical rotation 
rates down to 10−9 rad s−1, indicating that the sensitivity of array-derived rotation measurements is compa-
rable to portable rotational sensors. Our earthquake back azimuth estimates from the array-derived rotation 
approach are consistently more accurate than those obtained from conventional S wave beamforming, with 
an average improvement in misfit of ∼40%, and the rotation-based station-by-station observations help to 
study local wave propagation phenomena. Our data suggest the extension of the array analysis to resolve 
rotational motion around all three axes (Spudich et al., 1995). Robust array observations of six-component 
motion can then lead to better inversions of moment tensors (Cochard et al., 2006; Donner et al., 2016; Ich-
inose et al., 2020) and thus improved source mechanism estimates of the induced earthquakes.

Data Availability Statement
The full data set can be accessed after the GIPP moratorium period from the GIPP repository following 
Hillers et al. (2019). A supplementary file to this publication provides the origin times and locations of the 
events used in this study. Parts of the analysis were implemented using ObsPy (Krischer et al., 2015).
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