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Abstract

We present a joint inversion for empirical Green'’s functions (EGFs) and high-resolution
non-double-couple (non-DC) moment tensors. First, the EGFs are constructed using
known moment tensors of earthquakes occurring in a small focal zone. Second, the esti-
mated EGFs are applied to refine the original moment tensors used for constructing the
EGFs. Because the EGFs describe the velocity model better than the standard GFs, the
refined moment tensors are more accurate. The method is applied to real observations
of earthquakes of the 2008 swarm in West Bohemia, Czech Republic, where tiny details
in fracturing in the focal zone are revealed. Refined moment tensors indicate fault clos-
ing caused by compaction of fault gouge during fracturing process related to fault
weakening by fluids in the focal zone. The application of the proposed inversion
can improve moment tensors reported in existing local, regional, or global catalogs
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for areas with a concentrated seismicity.

Introduction

Determination of reliable moment tensors is difficult, because
it requires observations from many stations, good station cov-
erage of the focal zone, accurate locations, and a detailed veloc-
ity model needed for calculating Green’s functions (Vavrycuk,
2007; Sﬂen)'r, 2009; Ford et al., 2010; Stierle, Bohnhoff, and
Vavrycuk, 2014; Stierle, Vavrycuk, et al., 2014). If details of
the model are unknown, the inversion must be confined to
low frequencies (Dziewonski et al., 1981, 2001; Minson and
Dreger, 2008; Sokos and Zahradnik, 2008) that are insensitive
to small-scale heterogeneities, and the moment tensors are
estimated only roughly. A way to manage the problem with
a complex structure characterized by unknown 3D hetero-
geneities, attenuation, or anisotropy (Sileny and Vavrycuk,
2002), is to construct the so-called empirical Green’s functions
(EGFs), see Hartzell (1978), Kanamori (1979), and Irikura
(1983). In this approach, weak earthquakes occurring along
a fault are assumed to provide complete transfer properties
from the focal zone to a given station. Assuming some rup-
ture history of large earthquakes along a fault, their wavefields
can be computed by summing contributions from individual
EGFs. Alternatively, the rupture history can be calculated
from the EGFs and from observations of a large earthquake.
The method is, however, approximate, because all earth-
quakes, weak or large, must have the same focal mechanisms.
Because faults display irregularities and may consist of many
differently oriented fault segments, this assumption is, how-
ever, often violated.
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A significant improvement of the EGF method was proposed
by Plicka and Zahradnik (1998) who developed a method for
calculating the so-called empirical Green’s tensor spatial deriv-
atives with no a priori assumption about the similarity of focal
mechanisms of weak earthquakes. Instead, selected well-
recorded weak earthquakes are first inverted for moment tensors
in a standard way, and secondly, the EGFs (or more accurately
the empirical Green’s tensor spatial derivatives) are inverted
from observed waveforms of the weak earthquakes and from
their moment tensors. The computed EGFs can serve for calcu-
lating moment tensors and source time functions of other weak
or large earthquakes occurring in the same focal zone. Since
Plicka and Zahradnik (1998) computed the EGFs from earth-
quakes described by shear focal mechanisms, they could invert
records of the other earthquakes for shear focal mechanisms
only. This approach found applications in earthquake studies
in various seismically active regions (Plicka and Zahradnik,
2002; Ide et al., 2007; Liao and Huang, 2008; Suzuki and Iwata,
2009; Ohori and Hisada, 2011).

In this article, we modify the approach of Plicka and
Zahradnik (1998) and introduce two extensions of their
method. First, we construct the EGFs using events described
by complete moment tensors but not just by their double-
couple (DC) parts. Second, we show that the found EGFs
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can be applied even to refining the original moment tensors
used for constructing the EGFs. The efficiency of the method
is demonstrated on synthetic data as well as on real observa-
tions of shallow weak earthquakes that occurred during the
2008 earthquake swarm in West Bohemia, Czech Republic.

Method

The moment tensor inversion for one individual event is based
on the following equation (Aki and Richards, 2002):

U = My, Gy s (1)

in which uy is the displacement amplitude or the full displace-
ment waveform observed at the kth one-component sensor,
M, are the components of the moment tensor, and Gy, is
the spatial derivative along the m-axis of the Green’s function
for the kth sensor produced by the force along the I-axis.
Equation (1) can be rewritten in the matrix form as

u= Gm, 2)

in which m is the vector composed of six components of
moment tensor M,

m=[M; M, My My My Mplh 3)
and G is the K x 6 matrix of the spatial derivatives of the

Green’s function for the kth sensor:

G = le,l’ G = Gk2,2’ Gz = Gk3,3’ G = sz,s + Gk3,2’
Gis = Gy1,3 + Gis 15 Grs = Gz + Gio1- (4)

If we invert amplitudes of the P and/or S direct waves, the
components of G are the scalar quantities. If we invert the full
waveforms, the components of G are the vectors of amplitudes
dependent on time.

For N events at the same focal zone but with various
moment tensors, equation (1) can be expressed as follows:

G
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in which k is the sequential number of a sensor, k = 1, ..., K.
This equation can be used for calculating the matrix of the
Green’s function derivatives Gyj, j = L, ..., 6, for the kth sen-
sor from known moment tensors of N events M,(j) and from
observed displacements u,(c”), n=1,...,N, produced by these
events.
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Figure 1. Noise-free focal mechanisms of 100 shear events, which
satisfy the Coulomb failure criterion for given stress. (a) Directions
of the principal stress axes; (b) Mohr’s circle diagram; (c) distri-
bution of the P/T axes over the focal sphere; (d) nodal lines of the
noise-free focal mechanisms; and (e,f) principal focal mecha-
nisms defined as the focal mechanisms optimally oriented for
shearing under the given stress. The stress ratio is 0.8 in panel (b).
The P/T axes in (), (e), and (f) are marked by the red circles and
blue plus signs, respectively.

Numerical Test

We perform synthetic tests illustrating the robustness of the
proposed inversion scheme. We consider event locations, focal
mechanisms, and the station configuration similar to those in
the West Bohemia swarm region to mimic observations stud-
ied in the next section. In order to generate realistic focal
mechanisms, we need knowledge about tectonic stress in the
focal area. According to Vavrycuk (2011a, his fig. 7), the direc-
tions (azimuth/plunge) of the principal stress axes o}, 0,, and
05 are assumed as: 146°/48°, 327°/42°, and 237°/1°, respectively
(Fig. 1a). The shape ratio R = (0, — 0;)/(0, — 03) is 0.8. We
calculated synthetic focal mechanisms of 100 shear earth-
quakes, which satisfied the Coulomb failure criterion (Fig. 1b).
The P/T axes of the focal mechanisms form the so-called but-
terfly wings (Fig. 1c), which are observed also in real data
(Vavrycuk, 2011a, his fig. 9). The butterfly wings are symmet-
ric with respect to the stress axes, and their shape depends on
fault friction and cohesion (Vavrycuk, 2011a). The nodal lines
(Fig. 1d) are clustered around two principal focal mechanisms
with the strike, dip, and rake angles: 304.2°, 66.4°, and —136.9°
(Fig. 1e) and 169.1°, 67.6° and —43.7° (Fig. 1f). The principal
focal mechanisms are optimally oriented for shearing with
respect to the tectonic stress.

The network consists of 22 stations, which surround the
focal zone with foci at a depth of 8.85 km (Fig. 2a). The Green’s
function derivatives (Fig. 2c, black lines) needed for calculating
synthetic waveforms were obtained for a layered isotropic velocity
model using the discrete wavenumber method (Coutant, 1989;
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Bouchon, 2003). Considering moment tensors of 100 shear
earthquakes (Fig. 1), we computed their waveforms at all sta-
tions (Fig. 2b, black lines).

The key step is to use the synthetic waveforms contaminated
by noise to simulate real observations (Fig. 2b, red lines) and
moment tensors also contaminated by noise for inverting the
EGF derivatives (Fig. 2c, red lines) using equation (5). The ran-
dom noise in waveforms and moment tensors has a flat distri-
bution. The maximum level of noise in waveforms is 15% of the
maximum amplitude over all noise-free traces of a given event.
The maximum level of noise in moment tensors is 5% of the
maximum component of the noise-free moment tensor of a
given event. Because of noise, the noisy moment tensors contain
non-DC components: the compensated linear vector dipole
(CLVD) and the isotropic component (ISO). Figure 2c shows
that the true noise-free EGF derivatives (black lines) and those
calculated by equation (5) (red lines) coincide well, except for
noise produced by inverting noisy waveforms. Comparing
Figure 2b and 2c¢, we see that the noise level is slightly higher
in the EGF derivatives than in the original noisy waveforms.

In the next step, the calculated EGFs were applied in the
moment tensor inversion of the noisy waveforms. Because the
initial moment tensors used for the inversion of the EGFs were
noisy, they were characterized by slightly inclined P/T axes and
they contained false non-DC components (Fig. 3a,c,e). We
inverted the same noisy waveforms which were used in the
EGFs inversion, but we also inverted waveforms contaminated
by another noise realization. In both cases, the final moment
tensors obtained by the inversion using the EGFs (Fig. 3b,d,f)
are less noisy and visibly closer to the true noise-free moment
tensors than the initial moment tensors. This evidences that
the moment tensor inversion using the EGFs is robust and
not very sensitive to noise in the input data.

To simulate even a more realistic case, we varied locations
of events. In contrast to Figure 2a where all events have one
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Figure 2. (a) The network configuration (black triangles); (b) ver-
tical components of synthetic velocity records for six selected
events at station marked by the blue triangle in panel (a), and
(c) the empirical Green’s function (EGF) derivatives at a station
marked by the blue triangle in panel (a). The red dot in (a) marks
the epicenter of the events. The black and red lines in (b) and
(c) denote the noise-free and noisy traces, respectively.
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Figure 3. A comparison of (a,c,e) the initial noisy moment tensors
used for constructing the EGFs and (b,d,f) the refined moment
tensors calculated using the EGFs. (a,b) The errors in the double-
couple (DC) percentage, (c,d) the errors in the ISO percentage,
and (e,f) the errors in the deviation of the P axes. The errors are
defined as the differences between the initial or final moment
tensors and the true noise-free moment tensors. The DC and ISO
percentages were calculated using equations (15) and (16) of
Vavry¢uk (2015).
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Figure 4. A comparison of (a,c,e) the initial noisy moment
tensors used for constructing the EGFs and (b,d,f) the refined
moment tensors calculated using the EGFs for events with
varying locations. The event locations vary randomly around the
originally used common focus and fill the cube with size of
200 x 200 x 200 m. For the other details, see the caption of
Figure 3.

common location, we allowed the event locations to vary
around the common focus by £100 m in all three directions.
The results indicate that the final moment tensors obtained
using the EGFs are still less noisy than the initial moment ten-
sors (see Fig. 4). However, comparing Figures 3 and 4 we see
that the improvement is not so prominent as for the test with
the common location of events. In particular, the DC errors
increased if the varying locations are considered. This points
to the importance of an accurate waveform alignment before
the inversion and of selecting stations with distance much
larger than the size of the focal zone.

The 2008 West Bohemia Swarm
Earthquakes

Tectonic setting
The West Bohemia region is a geodynamically active area char-
acterized by a frequent occurrence of earthquake swarms
(Fischer et al., 2014; Jakoubkova et al., 2018) at the same epi-
central area called the Novy Kostel focal zone (Fig. 5). The seis-
micity occurs also in other surrounding areas, but it is weaker.
Active tectonics is related to the Tertiary and Quaternary vol-
canism manifested by mineral springs and many degassing
sites with CO, emanations (Kaempf et al., 2013; Hrubcova
et al., 2017; Braeuer et al., 2018). Two main fault systems, the
Marianské Lazné northwest-southeast fault and the Ore-
Mountain west-southwest—east-northeast fault, characterize
the tectonic structure in the area. However, the recent seismic
activity is connected to the left-lateral strike-slip fault in the
north-south direction, which forms the eastern boundary of
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the Cheb basin. Another active fault is the right-lateral strike-
slip fault in the west-northwest direction. Orientations of these
faults were confirmed by foci clustering and focal mechanisms
(Vavry¢uk et al., 2013).

Seismic observations

The seismic activity is monitored by 22 local three-component
seismic West Bohemia Network (WEBNET) stations (Fig. 5).
The stations are distributed uniformly in the area with no sig-
nificant azimuthal gaps and with epicentral distance less than
25 km (Fischer et al. 2010, 2014). The sampling frequency is
250 Hz, and the frequency response is flat between 1 and
60 Hz. In addition, the station with the nearest epicentral dis-
tance (station NKC) is equipped with broadband seismometer
STS-2.

One of the most prominent earthquake swarms in the West
Bohemia region occurred in October 2008 (Fischer et al,
2010). This swarm involved about 25,000 microearthquakes of
magnitudes higher than —0.5 and lasted for about four weeks.
The strongest event reached a magnitude of 3.8. Accurate dou-
ble-difference locations of the 2008 earthquakes reveal that
geometry of the focal zone is complex (Bouchaala et al., 2013;
Vavrycuk et al., 2013). The main active fault segment is 4 km
long with a strike of N170°E. However, the main fault segment
was intersected by several small differently oriented fractures.
The hypocenters of 981 selected earthquakes were located at
depth interval of 7.5-11 km and formed an approximately cir-
cular cloud. The density of foci along the fault is variable; the
highest density is between 9.5 and 10.5 km (Fig. 6b).

Initial moment tensors

Moment tensors of the 981 located earthquakes of the 2008
swarm were calculated using the moment tensor inversion
developed by Vavrycuk et al. (2017). The method is based
on the principal component analysis (PCA) applied to the ver-
tical components of the P waveforms. The PCA extracts the
common wavelet, which represents the time derivative of
the source time function, and the coefficients of the first
principal component serve as effective amplitudes of direct
P waves, which are inverted for the moment tensor. The
method is rather insensitive to seismic noise; it is more robust
than the standard amplitude inversion and applicable to large
datasets.

For the purpose of this study, we selected a dense cluster of
259 foci with the size of 1 km by 1 km along the fault (Fig. 6b,
red rectangle). The width of the fault is about 0.2-0.4 km. The
vertical components of the P waves for six selected earthquakes
recorded at the VAC station are shown in Figure 7a. Although
the waveforms are very similar, the whole set displays a variety
of focal mechanisms and indicates the presence of two wings
(Fig. 8a) similar to those in the synthetic test (Fig. 1c).
However, the wings are not so well separated in the real data
as in the synthetic test, probably because of numerical errors in
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and all inverted waveforms are aligned accurately by the cross

correlations (Fig. 7a). Taking into account moment tensors of
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Figure 6. Foci of 981 earthquakes that occurred during 2008
earthquake swarm, calculated using the Hypo-DD method
(Vavrycuk et al., 2013). (a) Map view and (b) in-plane vertical
section. The total of 259 earthquakes that have foci inside the red
rectangle in (b) were used for calculating the EGFs.
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Figure 7. (a) The normalized vertical P waveforms recorded at the
VAC station for six selected earthquakes from the total of 259
earthquakes that have foci inside the red rectangle in Figure 6b.
(b) The EGF derivatives for the VAC station (for its position, see
Fig. 5). The derivatives are normalized to the maximum amplitude
of the strongest trace.

the 259 analyzed earthquakes determined by the PCA-based
inversion (Fig. 8a,c) and applying equation (5) to the aligned
P-wave vertical components, we calculated the EGFs at all sta-
tions (Fig. 7b). Then we used the P waveforms and the EGFs
(Fig. 7a,b) and refined the initial moment tensors (Fig. 8b,d).
The improvement of the moment tensors calculated by the
EGFs was amazing. The one elongated cluster of the original
P axes divided into two subclusters corresponding to two but-
terfly wings. Also, the blurred and highly scattered pattern of
the original non-DC components strikingly compacted almost
into a line. The non-DC components of the vast majority of
Number 1 www.srl-online.org

Volume 91 « January 2020 .

Downloaded from https://pubs.geoscienceworld.org/ssa/srl/article-pdf/91/1/390/4910569/srl-2019154.1.pdf
bv Geofvzikalni llstav Av Cr user

Initial P/T axes Final P/T axes

(b)

10 10
—~ 0 —~ 0 R Lo
g g el -
£ £ AV Y
o o AL A N
2 _1of 2 10
-20 -20
60  —40  -20 0 20 60  —40  -20 0 20

CLVD (%)

(e)

CLVD (%)

Compressive faulting
u

T o)

Figure 8. (a,c) Original and (b,d) refined moment tensors of
the 259 earthquakes under study. (a,b) The P/T axes; (c,d) the
compensated linear vector dipole-isotropic component (CLVD-
ISO) plots; and (e) the scheme of compressive faulting consistent
with observations of predominantly negative ISO and CLVD in
panel (d). The ISO and CLVD percentages were calculated using
equations (15) and (16) of Vavrycuk (2015).

earthquakes are negative, indicating diminishing the volume
and squeezing a material in the focal zone during the rupture
process (Fig. 8e).

The robustness of the method and the stability of the refined
moment tensors were further tested using differently extensive
datasets for calculating the EGFs (Fig. 9). We used 104, 199,
and 207 randomly selected earthquakes from the whole dataset
of 259 earthquakes under study. Hence, the subsets were formed
by 40%, 60%, and 80% of all earthquakes. Figure 9 indicates that
the scatter of the P/T axes and of the non-DC components is
lower in the refined moment tensors compared to the original
ones. Nevertheless, it is clearly seen that the resolution of the
results increases with increasing the number of earthquakes used
in constructing the EGFs. The P axes form just one cluster in
Figure 9a, but they start to be split into two clusters, when the
EGFs are calculated with a higher number of earthquakes. Also
the CLVD-ISO plots vary; the clusters change in their shape as
well as in their position. However, in all cases, they are more
compact than the cluster in the original CLVD-ISO plot.
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Figure 9. (a,c,e) The P/T axes and (b,d,f) the CLVD-ISO plots for the
refined moment tensors of 259 earthquakes under study. The
EGFs were calculated using a different number of earthquakes
randomly selected from the whole dataset: (a,b) 40%, (c,d) 60%,
and (e,f) 80% of 259 earthquakes under study.

Discussion and Conclusions

Originally, the EGF method was developed for studying and
reconstructing wavefields of large earthquakes using wave-
forms of small earthquakes observed at the same focal zone
and with a similar shear focal mechanism. Here we showed
that the method could find other important applications.
Using records of weak earthquakes and their moment tensors,
we can:

« construct the EGFs for stations, which are not calibrated
or which have misoriented sensors;

o determine the EGFs for stations producing complex
waveforms (e.g., stations installed in sedimentary basins)
affected by scattering, caustics, anisotropy, site effects, and
other complexities of 3D structures;

o utilize high-frequency waveforms that contain more in-
formation than just the amplitudes of direct waves or
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the low-frequency waveforms used commonly in the
waveform inversions; and

o invert for accurate non-DC components of moment ten-
sors, which is extremely difficult for standard moment
tensor inversions.

In this way, we can gather and utilize more information
about the structure in the moment tensor inversion, and we
can calculate moment tensors of much higher accuracy than
when using the standard GFs. This is particularly important
when retrieving the non-DC components (Julian et al., 1998;
Miller et al., 1998), which are very sensitive to inaccurate GFs
and masked frequently by numerical errors. The inversion with
the EGFs is applicable not only to new earthquakes occurring
in the study area but also to those used in the process of con-
structing the EGFs in order to refine their moment tensors.

The procedure of refining original moment tensors might
look apparently impossible and physically incorrect, because
the calculated EGFs should be affected by the errors of original
moment tensors. However, as demonstrated on numerical
tests, if a large dataset of inaccurate moment tensors is used for
constructing the EGFs, random errors in the original moment
tensors are suppressed, and the computed EGFs can be highly
accurate. Consequently, the refined moment tensors can be
more accurate than the original moment tensors. This was evi-
denced not only by the numerical tests but also by the analysis
of real observations from West Bohemia. The analysis indi-
cated an increase of the accuracy of the orientation of the
P/T axes as well as of the amount of the non-DC components.
Obviously, systematic errors in the original moment tensors
cannot be eliminated by the proposed approach.

When comparing the original and refined moment tensors
of the West Bohemia earthquakes, we observe that a blurred
cluster of the P/T axes of the 259 original moment tensors
(Fig. 8a) splits after the refinement into two subclusters
(Fig. 8b), which described the so-called butterfly wings
(Vavrycuk, 2011a). Also, a large ellipsoidal cluster of scattered
non-DC components in the ISO-CLVD plot (Fig. 8c) com-
pacted almost into a line (Fig. 8d). This line can straightfor-
wardly be interpreted as a typical signature of shear-tensile
faulting (Vavrycuk, 2011b). Since 95% of earthquakes have
negative ISO and CLVD components, the fault gouge com-
pacted during the rupture process and caused fault closing.
Closing of the fault is probably related to fault weakening due
to its erosion by fluids present in the focal zone. Faults serve as
pathways for fluids, which interact with the melted rock and
dissolve and alter various minerals (Heinicke et al., 2009).
Hence, the porosity of the fault gouge is high before the rupture
process, and strength of the fault is weak. During rupturing, the
fault is compacted, and its strength recovers (Vavry¢uk and
Hrubcovd, 2017). Detecting such tiny details in rupturing is
important for physical interpretations but extremely difficult
to be revealed by standard moment tensor inversions.
Volume 91 « Number 1 .
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The proposed generalization of the EGF method is attractive
because (1) it allows the incorporation of more stations with a
complicated velocity model, for which the full waveform GFs
are difficult to calculate, (2) it eliminates calibration issues and
misorientations of problematic sensors, and (3) it suppresses the
sensitivity to unmodeled local site effects. All these attributes of
the novel EGF method indicate the utility of its application in
detailed studies of complex fracturing processes in active focal
zones. Importantly, the method can contribute to improving
moment tensors reported in existing local, regional, or global
catalogs for areas with an intense and compact seismicity.

Data and Resources
The data are available at the West Bohemia Network (WEBNET) data-
base  (https://www.ig.cas.cz/en/observatories/local-seismic-network-

webnet/, last accessed September 2019).
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