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Inversion for the Composite Moment Tensor
by Viéclav Vavrycuk

Abstract The composite moment tensor is defined in analogy to the composite focal
mechanism as the averaged representative seismic moment tensor characteristic for a
focal area under study. In contrast to the composite focal mechanism, which provides
information on shear faulting, the composite moment tensor can provide additional in-
formation on nonshear rupture mode and on physical conditions along the fault. The
composite moment tensor is calculated by a joint inversion of multiple earthquakes as-
sociated with the same fault system and displaying a similar focal mechanism. The
method utilizes amplitudes of P and/or S waves or full waveforms. Because the inversion
is linear, it is fast and applicable to datasets of many earthquakes. The method is par-
ticularly suitable for the analysis of microseismicity, earthquake swarms, or aftershock
sequences, where observations of multiple earthquakes are available. The composite mo-
ment tensor can be retrieved even when the station configuration or data quality prevent

inversion for the full moment tensors of individual earthquakes.

Introduction

The seismic moment tensor is a fundamental quantity that
characterizes physical processes at the earthquake source. The
double-couple (DC) component of the moment tensor is pro-
duced by shear faulting and provides information on the fault
orientation and the direction of slip along the fault. The non-
double-couple (non-DC) components are produced by tensile
faulting, cavity collapses, irregularities of the fault geometry,
or seismic anisotropy in the focal area (Julian et al., 1998;
Miller et al., 1998; Vavrycuk, 2002, 2011b, 2015). The deter-
mination of moment tensors is, however, a demanding pro-
cedure that requires observations from many stations, good
station coverage of the focal zone, accurate locations, and ac-
curate knowledge of the velocity model (Sileny, 2009; Zahrad-
nik and Custodio, 2012; Stierle, Bohnhoff, and Vavrycuk, 2014;
Stierle, VavryCuk, et al., 2014).

The number of stations used in the inversion is a critical
parameter in determining accurate moment tensors. If the
seismicity is observed at a few stations only, the accuracy
of the moment tensors is worse or the moment tensors cannot
be determined at all. This difficulty can be overcome by com-
bining different types of data in the inversion (Fojtikova and
Zahradnik, 2014; Vavrycuk and Kim, 2014) or by combining
data of many earthquakes occurring at the same focal area
and associated with the same fault system. So far, the latter
approach has been developed and applied to determining the
so-called composite focal mechanisms using P-wave polar-
ities observed for a family of multiple events. If an intense
seismic activity is observed in some area (e.g., frequently
repeating earthquakes, aftershocks or earthquake swarms),
the earthquakes can be classified using cross correlation
of waveforms and then grouped into multiplets (Rubin ez al.,
1998; Li et al., 2011; Myhill et al., 2011; Schaff and Ri-
chards, 2011). Instead of inverting for focal mechanisms

of individual earthquakes, the P-wave polarities observed
for the whole multiplet can jointly be inverted for a common
focal mechanism. In this way, variations of individual focal
mechanisms due to small-scale inhomogeneities or numerical
errors are suppressed and only an averaged focal mechanism
is retrieved. This method proved to be useful and produced rep-
resentative focal mechanisms in various seismoactive areas (Got
et al., 1994; Ferreira et al., 1998; Rutledge et al., 1998; Rut-
ledge and Phillips, 2003; Scarfi et al., 2003; Shearer et al.,
2003; Sato et al., 2004; Godano et al., 2014).

In this article, we generalize the idea of the composite
focal mechanism and introduce the composite moment ten-
sor as the representative common moment tensor character-
istic for earthquakes in the same focal area occurring on the
same fault. Introducing the composite moment tensor is
important for several reasons. First, the composite moment
tensors provide more information on rupture modes and
physical conditions at the focal zone than do the composite
focal mechanisms. Second, the composite moment tensor is
an overall quantity less prone to numerical errors and to de-
viations due to small-scale fault irregularities or material and
stress inhomogeneities in the focal area. Third, the composite
moment tensor represents mathematically an average of a set
of noisy moment tensors.

The determination of the composite moment tensor is
based on a joint inversion for one common moment tensor
using amplitudes of P and/or S waves or using full wave-
forms observed at a limited number of stations but for multi-
ple earthquakes. The inversion is linear and yields the
composite moment tensor and the scale factors of individual
multiple events. The robustness of the method is numerically
tested. Finally, the method is applied to microearthquakes
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that occurred during the 2008 earthquake swarm in West Bo-
hemia, Czech Republic.

Method

The standard moment tensor inversion for one individ-
ual event is based on the following equation:

Gm = u, (1)

in which G is the K x 6 matrix of the spatial derivatives of
the Green’s function,

Gll G12 Gl3 Gl4 GlS Gl6
G = G21 G22 G23 G24 G25 G26

GKI GKZ GK3 GK4 GKS GK6

m is the vector composed of six components of moment ten-
sor M,

m=[M;; My My My Mz Mp], (3)

and u is the vector of displacement amplitudes or of full dis-
placement waveforms observed at K sensors. Quantities Gy;
are the components of the Green’s function matrix for the kth
Sensor:

G = Gis1,Gro = Gion Gz = Gizo3,
G = Gio3 +Gi3, Gis = Gz +Gysot s
Gis = Gri2 +Giao1 s 4)

in which Gy,,,, = % is the spatial derivative of the Green’s
function for the kth sensor produced by the force along the /
axis and oriented along the sensor direction. If we invert
amplitudes of the P and/or S waves, the components of the
Green’s function Gy; are scalar quantities. If we invert the
full waveforms, the components G,; are vectors of ampli-
tudes dependent on time.
For two events, we get:

GOm® = O, (5)
and
GOm® = n@. (6)

If the two events have the same moment tensor except for
scaling, then

m® =m®»/c®, (7)

in which C® = MM /M@ is the ratio between the scalar
moments of the first and second event, and we can write from
equation (6)

GOm() = COu®. (8)

Combining equations (5) and (8), we obtain a system of
equations for moment vector m'" and scale factor C®:
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Equation (9) can readily be generalized to N events:

GM 0 0 0 m® u®»
GO® _g® 0 . 0 c® 0
G® 0 —u® ... 0 c® | = 0
GM 0 0 —u® | [ c® 0
(10)

in which C™ is the scale factor of the nth event and u™ is the
vector composed of displacement amplitudes or waveforms
ufcn) of the nth event observed at the kth sensor, such that
u® = [ u(]”) ué") Ltgn) uzl) ]T. (1 1)

Inverting equation (10) using the generalized linear inversion
(Menke, 1989), we get vector m'") and scale factors C,
n=2,...,N. From vector m", we get tensor M) using
equation (3). The composite moment vector m and moment
tensor M are obtained by normalizing m" and M( by sca-
lar moment M. Hence, the norm of the composite moment
tensor M equals 1.

Equation (10) can be modified by considering scale factor
C of the first event as unknown and by imposing another
equation for the whole set of scale factors. For example, we
can assume the mean value of the scale factors to be 1. Such
equations are more symmetric, and no event is considered as
preferential in the inversion. It is also advantageous to scale
the amplitudes or waveforms of individual events before the
inversion. In this case, the weight of individual events will be
similar in the inversion. The weight of the events can also be
controlled by the quality of waveforms or amplitude readings.

The accuracy of the moment vector m and scale factors
C™ can be improved further by iterations. Each iteration
consists of two steps. First, knowing scale factors C™_ we nor-
malize observations of the individual events and invert the ob-
servations of all events just for m. Second, the composite
moment vector m is fixed in the inversion, and new scale fac-
tors are calculated. The success of the iterative inversion can be
measured by the convergence of m and C™. No convergence
of m and C indicates that the input data are either too noisy
or the scatter of the moment tensors of individual events is too
high for calculating a reliable composite moment tensor.

For illustration, if amplitudes of 10 events recorded at
one sensor are inverted for the composite moment tensor,
the inversion is based on solving a system of 10 equations
for 15 unknowns (six components of M and nine scaling fac-
tors), which is an underdetermined problem. However, if am-
plitudes of 10 events recorded at two sensors are inverted for
the composite moment tensor, a system of 20 equations is
solved for 15 unknowns, which is an overdetermined prob-
lem. Hence, the composite solution and the scalar moments
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(a) The locations of stations (red triangles) with the distribution of epicenters (blue dots) and (b) the focal mechanisms of 200

earthquakes used in the synthetic tests. Red circles mark the P axes, and blue plus signs mark the T axes. The lower hemisphere equal-area

projection is used.

can be retrieved from observations of two one-component
stations only. The events can be of different magnitudes
but they should have a similar focal mechanism. Obviously,
using more stations and the more events in the inversion will
yield a more reliable and more accurate composite solution.

In case of the waveform inversion for the composite mo-
ment tensor, the situation is even more favorable than for the
amplitude inversion. Because amplitude at each time instant
represents one equation in the inversion, the problem is al-
ways well overdetermined. In principle, the moment tensor
can be retrieved by inverting a full waveform recorded at one
station only, provided the earthquake location and the veloc-
ity model are known with a high accuracy. Because this is not
usually the case and the velocity model is often not well
known, waveforms of more stations must be used to stabilize
the inversion and to obtain a reliable moment tensor. Calcu-
lating the composite moment tensor has exactly the same ef-
fect. Instead of inverting several similar individual moment
tensors using waveforms observed at a few stations only, we
invert for one composite moment tensor using many ob-
served waveforms. For example, instead of inverting for mo-
ment tensors of five events recorded at three stations, we
invert for one composite moment tensor using recordings
at 15 stations. Obviously, this approach is advantageous only
if the events have different locations. If the hypocenters are
close or identical, the observations of different events do not
provide additional independent information.

Finally, let us summarize conditions which should be
satisfied in the composite moment tensor inversion. As for
the standard moment tensor inversion, the accuracy of the
joint inversion increases if (1) sensors ensure good coverage
of the focal sphere, (2) amplitudes or waveforms of events
have a good signal-to-noise ratio, (3) the velocity model is
well known, and (4) event locations are accurate. In addition,
a dataset of at least several events with a similar focal mecha-

nism is required, and the events should have different loca-
tions for the inversion to be stable.

Numerical Tests

We perform synthetic tests illustrating the robustness of the
proposed inversion scheme. We use several station configura-
tions, focal mechanisms with a variable level of their similarity,
and input data contaminated by various levels of noise. Depths
of events, the velocity model, and the station configurations are
used to mimic observations of microearthquakes in the West
Bohemia region used as an example in the next section. The
hypocenter depth is in the range of 7-11 km, a 1D layered veloc-
ity model is used, and the epicentral distance of stations is less
than 10 km. We determined the composite moment tensors us-
ing vertical components of amplitudes of the direct P-wave re-
corded alternatively at three, four, or five stations (see Fig. 1a).
We inverted 100 or 200 shear earthquakes with similar focal
mechanisms with strikes, dips, and rakes randomly generated
and uniformly distributed in the intervals of 169° £ 10°,
68° £ 10°, and —44° £ 10°, respectively (see Fig. 1b). This
focal mechanism is typical for the activity in West Bohemia
and represents the principal focal mechanism in the region (Vav-
ryCuk, 2011a). The other principal focal mechanism in the re-
gion has strike, dip, and rake of 304°, 66°, and —137°. This focal
mechanism is less frequent than the previous one and will be
used in datasets containing some portion of events with a dis-
similar focal mechanism. The Green’s function needed for cal-
culating synthetic amplitudes and subsequently for inverting for
the composite moment tensor were calculated for a layered iso-
tropic velocity model using the ray method (Cerveny, 2001).

Sensitivity Tests

Figure 2 shows the results of the inversion for the
composite moment tensor using a dataset of 200 focal mech-
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Figure 2. The composite moment tensor inversion of a synthetic dataset with 200 earthquakes. The results of the inversion are shown for
noise-free amplitudes (upper plots) and for noisy amplitudes (lower plots) with the noise level up to £30% of the maximum P-wave amplitude at
the respective station. The following station configurations were used: three stations, LBC, KVC, and SKC; four stations, LBC, KVC, SKC, and
VAGC; and five stations, LBC, KVC, SKC, VAC, and STC. The figure shows the composite focal mechanisms and histograms of errors of the scale
factors of individual events. The errors of the scale factors are calculated as the relative differences between the true and retrieved scale factors.
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Inversion of 100 events
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Statistical test of the composite moment tensor inversion. The errors in the orientation of the composite double-couple (DC)

mechanisms (DC deviation) and the errors in the percentage of the DC component (DC error) are shown as a function of noise in the P-wave
amplitudes and the scatter of focal mechanisms in the input dataset of events. The percentage of the DC and non-DC components was
calculated according to formulas of VavryCuk (2001). The errors are color coded and calculated as an average of 100 random realizations
of noise in amplitudes and scatter of focal mechanisms.
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Figure 4. Datasets of 200 similar events and 10 outliers. (a) Data-
set A, outliers have a mean focal mechanism with strike, dip, and rake
of 304°, 66°, and —137°; (b) dataset B, outliers have a mean focal
mechanism with strike, dip, and rake of 25°, 70°, and 10°; and (c) data-
set C, outliers have random shear focal mechanisms.

anisms for three different station configurations (see Fig. 1b).
The inversion was performed for noise-free and noisy P-
wave amplitudes. The noise was random with a uniform dis-
tribution, and its level was up to £30% of the P-wave am-
plitude at the respective station. The results indicate that the
inversion works well for all three station configurations. The
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DC component of the composite moment tensor fits the true
synthetic focal mechanism quite well. The inversion gener-
ated also minor non-DC components, causing the shaded
areas in the beach balls to not follow the nodal lines exactly.
As expected, the noisy input data produce results with a lower
accuracy. Similarly, a decreasing number of stations produces
less accurate results. Nevertheless, the tests proved that the
method works well and can provide useful information on the
composite focal mechanism and scale factors even in such un-
favorable cases when only P-wave amplitudes from three one-
component stations are available.

In order to better assess the accuracy of the method, we
performed additional numerical tests. We focused on analyzing
the sensitivity of the composite moment tensor to (1) the scatter
of the focal mechanisms in the inversion and (2) the level of
noise in input P-wave amplitudes. To obtain statistically rel-
evant results, the random noise and random distribution of fo-
cal mechanisms were generated repeatedly 100 times, and the
results of the inversion were averaged. Figure 3 shows the er-
rors in the composite focal mechanism and in the DC percent-
age of the retrieved composite moment tensor for the datasets
of 100 and 200 events. The errors in the mechanism are quan-
tified by the DC deviation 9, calculated as the average of
deviations of fault normals n) and slip directions s of the
retrieved composite focal mechanisms from fault normal n and
slip direction s of the true composite focal mechanism:

1 (& , al 4
— @) . @ .
) N (;:1 acos(n') - m) + ;:1 acos(s s)), (12)

in which N is the number of multiple events and the dot is the
scalar product.

The inversion of 100 events yields reasonable results
with the error in the composite focal mechanism less than
10° only for noise in amplitudes less than 30% and for a scat-
ter in input focal mechanisms less than 6°. Similar conditions
apply to errors in the DC percentage less than 20%. By con-
trast, the inversion of 200 events works significantly better
than that of 100 events. It is less sensitive to the amplitude
errors as well as to the scatter in the focal mechanisms. The
inversion yields errors in the composite focal mechanism less
than 10° for noise in amplitudes less than 50%—60% and for a
scatter in input focal mechanisms less than 10°-15°. The ac-
curacy further increases with increasing number of stations.

Procedure for Removing Outliers

In the previous tests, we assumed that the focal mech-
anisms of the analyzed earthquakes were similar. However, it
might happen that some earthquakes have a focal mechanism
associated with another active fault or fault system. Apparently,
the presence of such “outliers” in the dataset violates the basic
assumptions of the method and leads to lowering the accuracy
of the composite moment tensor. We analyze such ill-posed
cases and check whether the performance of the inversion can
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One-step inversion
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Statistical test of the composite moment tensor inversion: datasets with outliers. Datasets contain 200 events with similar focal

mechanisms and 10 outliers (see Fig. 4). One-step inversion assumes all events in the inversion have a similar focal mechanism; in two-step
inversion, the 15 events with the highest root mean square (rms) are assumed to be outliers and excluded in the second step. For meaning of

the quantities, see the caption of Figure 3.
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Topographic map of the West Bohemia region. The epicenters of the 2008 swarm microearthquakes are marked by the red dots,

and the West Bohemia Network (WEBNET) stations are marked by the blue triangles. The inset shows the focal mechanisms of 111 selected
earthquakes under study. The red circles mark the P axes, and the blue plus signs mark the T axes.

be improved when some criteria for identifying and removing
the outliers during the inversion are applied.

We modify the dataset of 200 events with similar focal
mechanisms by including an additional 10 events with a differ-
ent focal mechanism. We consider three alternative datasets, A,
B, and C, which differ in the focal mechanisms of outliers (see
Fig. 4). The outliers of dataset A have focal mechanisms close
to the other principal focal mechanism in the West Bohemia
region with strike, dip, and rake of 304° + 10°, 66° &+ 10°,
and —137° & 10°, respectively. The outliers of dataset B have
focal mechanisms with strike, dip, and rake of 25° %+ 10°,
70° + 10°, and 10° £ 10°. These focal mechanisms are quite
different from those of the 200 events. Finally, the outliers of
dataset C have focal mechanisms that are fully random. Out-
liers in all three datasets have shear focal mechanisms. The
three datasets are used for testing the sensitivity of the inversion
for the composite moment tensor when the datasets are con-
taminated by outliers of various levels of dissimilarity.

The inversion is performed in two steps. First, the stan-
dard procedure is applied assuming that all focal mechanisms
are similar. Second, the root-mean-square (rms) misfit of syn-
thetic amplitudes and those predicted for the retrieved com-
posite moment tensor are evaluated for individual events,
and the events with the highest misfit are discarded. To mimic
a real situation in which the number of outliers is not exactly
known, we discarded a slightly higher number of low-fit events

(10 instead of 15). After removing these events, the inversion
for the composite moment tensor is run again. The sensitivity
tests of the resultant composite moment tensor are performed
for the configuration of five stations (see Fig. 1a) and in a sim-
ilar way as for the dataset with no outliers (see Fig. 3). The
results of the one-step and two-step inversions, are shown
in Figure 5.

The tests confirm that outliers decrease the accuracy of
the composite moment tensor. The most critical parameter is
the error in the DC percentage. The DC error is about 10% for
a dataset with no outliers for similar focal mechanisms with a
scatter up to 10°-15° (Fig. 3, plot for 200 events and five
stations). However, the DC error increases to about 20%,
50%, and 40% for datasets A, B, and C, respectively (Fig. 5,
plots for one-step inversion). In particular, if outliers have a
consistent but very different focal mechanism (dataset B), the
standard inversion fails. Also randomly oriented outliers dis-
tort the orientation as well as the DC percentage of the
composite moment tensor.

The two-step inversion performs much better than the
one-step inversion (see Fig. 5, lower plots). The DC deviation
is retrieved for all three datasets with almost the same accuracy
as for the dataset with no outliers. The DC errors for datasets
A and C are also similar to those for the no-outlier dataset.
Hence, the two-step inversion suppresses the influence of out-
liers that have slightly deviating consistent mechanisms (data-
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Mechanism B

(a) Mechanism A

Figure 7. P waveforms of two multiplets formed by 20 earth-
quakes with similar focal mechanisms. The magnitudes of earth-
quakes range from 0.6 to 3.5. The velocity records are normalized
and filtered using a band-pass Butterworth filter in the range of
1-10 Hz. Mechanisms A and B are the principal mechanisms ob-
served in the West Bohemia area (Vavrycuk, 2011a). The focal
mechanisms of individual earthquakes are calculated using the
moment tensor inversion of P-wave amplitudes at a minimum of
18 stations. Note the reverse polarities of the two multiplets at the
SNED and BUBD stations.

set A) or fully random mechanisms (dataset C). However, the
DC errors for dataset B remain high, as in the one-step inver-
sion. Hence, the DC percentage of the composite moment ten-
sor is unreliable if outliers have consistent but quite dissimilar
mechanisms than the predominant one.

Application to the 2008 West Bohemia
Earthquake Swarm

The West Bohemia region is a seismically active area
with a frequent occurrence of earthquake swarms (Fischer
et al., 2010, 2014; Cermakovéa and Horilek, 2015). One
of the most recent and prominent swarms was recorded in
October 2008. The 2008 swarm lasted for four weeks and
included 25,000 microearthquakes. The strongest event
reached a magnitude of 3.7. The hypocenters were located
at depths of 7.5-11 km (Bouchaala et al., 2013; Vavrycuk

V. Vavrycuk

et al., 2013). The seismic activity in the area is connected
to young Quaternary volcanism manifested by mineral water
springs with high carbon dioxide content (Babuska et al.,
2007; Fischer et al., 2014). The seismicity is monitored
by 22 short-period seismic stations of the West Bohemia Net-
work (WEBNET), with the sampling frequency of 250 Hz
(see Fig. 6). Because the focal area is quite small, the wave-
forms of earthquakes are very similar and can be grouped
into multiplets according to their focal mechanism (see
Fig. 7). The events recorded in 2008 can be attributed to
two principal focal mechanisms. The majority of the events
are the left-lateral strike slips with a strike of 169°. A small
portion of events display a mechanism of the right-lateral
strike slip with a strike of 304° (VavryCuk, 2011a).

The composite moment tensor inversion is illustrated on
a dataset of 111 microearthquakes with the left-lateral strike-
slip focal mechanisms. First, the moment tensors were cal-
culated using the standard inversion of P-wave amplitudes
measured at vertical records of the WEBNET stations. The
minimum number of stations used was 18. The moment ten-
sors are predominantly double couples and have similar focal
mechanisms. The non-DC parts are mostly less than 30% and
consist of negative isotropic (ISO) and compensated linear
vector dipole (CLVD) components (for definition, see Vav-
rycuk, 2015). The composite moment tensor inversion is run
for amplitudes measured at 4, 6, 8, 10, and 18 stations. The
results are compared with the accurate moment tensors.

As indicated in Figure 8 and Table 1, the composite mo-
ment tensor determined using four stations reproduces the ac-
curate focal mechanisms quite well. The signs of the ISO and
CLVD components are reversed, but their values are small.
The fit of the composite solution with the accurate moment
tensors is improving with increasing number of stations. The
P/T axes of the composite solution calculated from 8 or 10
stations lie in the center of the clusters of the P/T axes of the
accurate solutions. The position of the composite solution in
the CLVD-ISO source type plot is inside the cluster of the
accurate moment tensors.

Discussion and Conclusions

Calculating the composite moment tensor of multiple
earthquakes might be a powerful tool for studying stress con-
ditions, fracture mode, and other physical conditions at the
focal zone. The composite moment tensor is a representative
overall quantity describing processes in the focal area. It
should be less sensitive to fault irregularities and to stress
or material small-scale inhomogeneities near the fault. The
inversion for the composite moment tensor is more stable
and more robust than the inversion for moment tensors of
individual earthquakes.

The composite moment tensor is calculated using a joint
inversion of earthquakes occurring in the same focal area.
The earthquakes should display a similar focal mechanism
associated with the same fault system. The basic principle
of the method is to jointly invert observations gathered for
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Figure 8. The composite moment tensor inversion of 111 selected earthquakes in the West Bohemia region using records at (a) 4, (b) 6,

(c) 8, and (d) 10 stations. (left column)

Locations of stations (red triangles) and epicenters of the earthquakes (blue dots). (middle column)

Accurate focal mechanisms inverted using the standard moment tensor inversion of the P-wave amplitudes at a minimum of 18 stations (in
gray) and the composite focal mechanism (in black). The P and T axes of the composite solution are marked by the red circle and blue plus
sign. (right column) The diamond source-type plot (for its definition and basic properties, see Vavrycuk, 2015) showing the isotropic (ISO)
and compensated linear vector dipole (CLVD) components of the accurate moment tensors (black dots) and of the composite solution (red
dot). The DC percentage is color coded.
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Table 1
Composite Moment Tensors
Stations Strike (°) Dip (°) Rake (°) DC (%) CLVD (%) 1SO (%)
4 166.9 70.9 —42.3 82.1 15.1 2.7
6 165.5 70.1 —41.6 93.2 4.3 2.6
8 164.9 73.9 -33.7 88.4 -8.7 -2.8
10 163.7 74.1 -30.8 82.5 -13.3 -4.3
18 163.4 72.7 =32.7 78.2 -16.6 =52

“Stations” refers to the number of stations used in the inversion. The double-
couple (DC), compensated linear vector dipole (CLVD), and isotropic (ISO)

percentages were calculated according to formulas of Vavrycuk (2001).

many events for one single quantity. Consequently, the inver-
sion for the composite moment tensor is more robust than
that for individual moment tensors. The inversion can utilize
amplitudes of the P and/or S waves or full waveforms and
allows for determining the complete moment tensor includ-
ing the non-DC components. Because the inversion is itera-
tive with several linear steps, it is fast and applicable even to
large datasets of multiple earthquakes.

The numerical tests show that the inversion is sensitive
to noise in the data, number of stations used in the inver-
sion, number of multiple earthquakes, scatter in their focal
mechanisms, and number of outliers with a dissimilar focal
mechanism. If many multiple earthquakes are recorded, the
composite moment tensor can be determined from P-wave
amplitudes measured at three stations only. The minimum
number of earthquakes is about 100. For larger number of
earthquakes and/or stations, the robustness and accuracy of
the inversion increases. The accuracy can also be improved
if the inversion is run in two steps. In the first step, the rms
values are calculated for individual events. In the second
step, the inversion is run after removing the outliers that
do not fit the composite solution.

The waveform inversion is more robust than the ampli-
tude inversion. The composite moment tensor can be calcu-
lated with a high accuracy even from waveforms of a few
earthquakes. For example, instead of inverting for inaccurate
moment tensors of five events recorded at three stations, we
can invert for one accurate composite moment tensor using
recordings at 15 stations. Obviously, the events should dis-
play reasonably similar moment tensors (except for scaling),
and their locations must be different.

The method is particularly suitable for analyzing areas
of permanent seismicity, aftershock sequences, earthquake
swarms, or microseismicity, where observations of multiple
events with uniform mechanisms produced by a single fault
are available. If several faults are activated in the area,
composite moment tensors associated with individual faults
can be calculated. The method yields representative (aver-
aged) moment tensors, including the non-DC components
even when station configurations prevent inversion for the
full moment tensors of individual earthquakes.

Data and Resources

The data for this article are available by contacting the
author at vv@ig.cas.cz. The moment tensor decomposition
was done and the diamond source-type plots in Figure 8 were
prepared using the open access MATLAB package MT_DE-
COMPOSITION  (http:/www.ig.cas.cz/mt-decomposition,
last accessed October 2015).
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