
Geophysical Journal International
Geophys. J. Int. (2016) 207, 562–570 doi: 10.1093/gji/ggw298
Advance Access publication 2016 August 8
GJI Seismology

Inversion for seismic moment tensors combining translational and
rotational ground motions

S. Donner, M. Bernauer and H. Igel
Department of Earth and Environmental Sciences, LMU Munich, Munich, Germany. E-mail: donner@geophysik.uni-muenchen.de

Accepted 2016 August 3. Received 2016 July 20; in original form 2015 November 20

S U M M A R Y
We assess the potential of additional rotational ground motions to increase the resolution of
the full seismic moment tensor and its centroid depth during waveform inversion. For this
purpose, we set up a test case of a shallow, medium-sized strike-slip source. In two scenarios,
one based on theoretical station distribution and the other based on real station distribution, we
compare the results based on inversion of translational ground motion data only and based on
both, translational and rotational ground motion data. The inversion is done with a Bayesian
approach to overcome the drawbacks of deterministic approaches and provide a comprehensive
quantification of uncertainties. Our results indicate that the resolution of the moment tensor
can be increased drastically by incorporating rotational ground motion data. Especially, the
usually problematic components Mxz and Myz as well as all components containing spatial
derivatives with depth benefit most. Also, the resolution of the centroid depth is much better.

Key words: Inverse theory; Earthquake ground motions; Earthquake source observations;
Rotational seismology.

1 I N T RO D U C T I O N

1.1 Difficulties in seismic moment tensor retrieval

Seismic moment tensors for point sources are an important tool
for several applications in seismology. The probably two most im-
portant applications is their analysis for seismotectonic studies and
their usage as input data for tomographic studies. The successful
inversion of waveforms for seismic point-source moment tensors
depends on several factors. Especially, in the regional and local
distance range, for example, the lack of an appropriate velocity
model, a sparse network of stations, or a low signal-to-noise ra-
tio combined with more complex waveforms than in teleseismic
distances hamper the comprehensive retrieval of seismic moment
tensors.

In the regional distance range waveform inversion is usually done
on the surface waves because of their dominant amplitudes in the
frequency range below 1 Hz. Higher frequencies very often are not
suitable because a quite detailed velocity model would be needed
which is often not available. Unfortunately, the equations for the
radiation pattern of Love and Rayleigh waves contain coefficients
including spatial derivatives of the eigenfunctions with respect to
depth. They are proportional to the shear traction on a horizon-
tal plane which is vanishing at the free surface. Thus, for shallow
earthquakes (depth � wavelength) the moment tensor components
Mxz and Myz, connected to the coefficients in question, are not very

well resolved by waveform inversion. As a consequence, a shallow
mechanism can only be uniquely determined from long-period sur-
face waves if one of the nodal planes is subhorizontal (Dufumier &
Cara 1995; Bukchin 2006; Bukchin et al. 2010). In addition, per-
forming full waveform inversion for moment tensors in a frequency
range suitable for surface waves in northern Iran, we also observed
instabilities in the resolution of the components Mxx and Myy, caus-
ing a bias of strike-slip mechanisms tending to thrust mechanisms
(e.g. Donner et al. 2013).

1.2 Rotational ground motions

To describe the complete wavefield excited by an infinitesimal de-
formation, three components of translation, three components of
rotation, and six components of strain are required (Aki & Richards
2002). So far, seismological studies are mainly based on measure-
ments of translation, sometimes complemented by measurements of
strain. For a long time rotational motions have been ignored because
of the lack of suitable measurement devices and the misinterpre-
tation of the rotational part of the strain tensor. However, devices
based on fibre-optic techniques to measure three-component ro-
tational ground motions are within reach (Schreiber et al. 2009;
Bernauer et al. 2012).

Rotational ground motions are excited by the earthquake source
process as well as by interaction of the wavefield with hetero-
geneities of the Earth. Rotation �ω is defined through a linear
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combination of space derivatives of the translation vector �u =
(ux , uy, uz):
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where × denotes a vector product. The horizontal components of
the rotation vector, also known as tilt, carry information on the
seismic wavefield at depth. Relying only on translational measure-
ments from conventional station networks this information is not
available.

1.3 Motivation and outline

Anticipating the availability of six-component (6-C) seismic ar-
rays, the goal of this study is to investigate the benefits of rotational
ground motion for inversion for seismic point-source moment ten-
sors. Especially, the effects of reducing the number of stations by
half (but keeping the amount of data constant) will be the focus. If
half the number of 6-C stations will provide us with at least com-
parable if not better results compared to 3-C stations, this would
be a success and of great importance considering, for example, the
maintenance efforts for a seismic network.

Following the approach of Bernauer et al. (2014), we apply a
Bayesian, that is, probabilistic, inversion approach. Thus, we can
combine different data types in a natural way and are able to quantify
the information gain that results from the inversion with and without
considering rotational ground motions.

Iran is one of the most threatened countries concerning seismic
hazard. The northern part of the country, the Alborz mountains along
the coast of the South Caspian Basin, is the most densely populated
region including the capital Tehran. Here, about 30 per cent of Ira-
nians population (about 24 millions) is living on about 5 per cent
of the country’s area (Statistical Centre of Iran 2012; Maps of the
World 2013). Also much of the industrial infrastructure is concen-
trated here. From historical seismicity it is known that the largest
seismic events in Iran with inferred magnitudes M > 7 have oc-
curred here (Berberian 2014). However, the rate of seismicity is
low; strain is released by strong but rare earthquakes (Zamani &
Agh-Atabai 2009). Due to this and other reasons a comprehensive
retrieval of seismic moment tensors in this region is aggravated (e.g.
Donner et al. 2014). Therefore, we consider it to be the ideal test
case region for our study and set up our synthetic scenario here.

In the following, we first introduce the parametrization of the
synthetic earthquake scenario placed in northern Iran. We have
chosen a very shallow event on a steep fault plane to involve all the
difficulties known from conventional inversion. Second, we very
briefly describe the Bayesian inversion approach. The next section
is then dedicated to several test inversions for the six moment tensor
components and depth. We tested a scenario based on theoretical
station locations to analyse the general power of using rotational
ground motions for inversion for moment tensors. Thereafter, we
performed the inversion based on the real station distribution of
the Iranian broadband network. In both cases, we performed the
inversion with only using theoretical data from 3-C stations com-
pared to using theoretical data from half the number of 6-C stations.
We conclude with a discussion on the resolvability of moment ten-
sor components and centroid depths for both scenarios. Also, the
stability of the decomposition of the resulting moment tensors is
discussed.

Table 1. Parameters of the synthetic earthquake source.

Lat (◦) 35.2 Mxx − 0.75
Lon (◦) 53.2 Mxy − 0.16
Depth (km) 6.0 Mxz 0.41
Mw 4.0 Myy 1.17
Strike/dip/rake (◦) 228/65/-10 Myz 0.26
(Auxiliary) 322/81/-155 Mzz 0.02
DC/ISO/CLVD (per cent) 80/15/5

Table 2. Description of the layered Earth model used for wavefield
computation.

Layer (km) vP (km s−1) vS (km s−1) Density (g cm−3) QP QS

0 4.60 2.69 2.41 580 300
3 5.48 3.16 2.58 580 300
8 5.94 3.29 2.69 580 300
14 6.33 3.49 2.80 580 300
18 6.53 3.57 2.86 580 300
48 8.07 4.16 3.33 973 484
80 8.10 4.18 3.48 973 484

Properties are constant within individual layers. Q values are taken from
Pasyanos et al. (2009a,b).

2 T H E S Y N T H E T I C E A RT H Q UA K E
S C E NA R I O

We set up a scenario with a synthetic earthquake having an almost
pure vertical strike-slip mechanism at the southeastern part of the
Alborz mountains, northern Iran. At this region similar earthquake
mechanisms with magnitudes as large as M ∼ 6 have been observed
in recent times. Our synthetic example is placed in a depth of 6 km
with a magnitude of Mw 4.0, and a double-couple (DC) percentage
of 80 per cent. The DC part of the moment tensor was determined
from fictionally chosen strike (φ = 228◦), dip (δ = 65◦), and rake
angles (λ = −10◦) according to eq. (18) of Jost & Herrmann (1989).
The full theoretical moment tensor is then obtained by weighting
the DC moment tensor with the factor 0.8 and adding 0.15 times an
isotropic (ISO) and 0.05 times a compensated linear vector dipole
(CLVD) moment tensor. Further details of the source can be found in
Table 1.

The theoretically observed waveforms are computed based on the
1-D structural model for the Alborz mountains (Table 2; Donner
et al. 2013). To be flexible for potentially more complex studies
in the future, we applied a spectral-element solver (Fichtner et al.
2009). The wavefield is computed up to a frequency of 0.1 Hz with
a minimum wavelength of 27 km. Thus, we are able to simulate
the inversion of surface waves as it is usually done in the regional
distance range. The forward problem for the seismic point-source
moment tensor according to Aki & Richards (2002) is given as:

un(x, t) = Mkj · Gnk, j (x, t − τ ) (2)

with un being the ground motion at observation point x and time t,
Mkj being the components of the seismic moment tensor and Gnk, j

being the spatial derivatives of the Green’s function components.
τ is the origin time of the source. Einstein summation convention
was applied to facilitate readability of the equation. Because we
used a delta pulse as (fixed) source time function the underlying
convolution of this equation can be simplified to a multiplication
(Jost & Herrmann 1989). Depending on what kind of ground motion
is used as un (displacement, velocity, rotation) the Green’s functions
have to be calculated correspondingly.

To be more realistic, we added Gaussian noise to each syn-
thetic seismogram. The noise on the translational and rotational
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564 S. Donner, M. Bernauer and H. Igel

Figure 1. Overview map of Iran. Grey dots show a regular net of theoretical station locations used for randomized generalization while black and white-crossed
dots mark selected stations for inversion scenario I (see the text for further explanation). Red triangles mark the real station distribution of INSN network. The
location of the theoretical event is given by a blue star. The theoretical mechanism is shown in the lower left corner with grey and black being the full moment
tensor and the DC part only, respectively.

components is not correlated due to a wave equation solver which
directly calculates translational and rotational seismograms. For our
study only the relative noise levels in the two kinds of data are rel-
evant. We set a unique noise level of 10 per cent of the maximum
amplitude observed in the data, evaluating translational and rota-
tional ground motions separately because of their huge amplitude
differences. Thus, any potential gain or loss of information during
inversion does not result from different noise levels. The choice of
10 per cent is arbitrary. However, Bernauer et al. (2014) stated that
the noise levels in both data sets should be similar.

For the first test based on a theoretical distribution of stations, we
distributed two rings of stations around the source in distances of
about 220 km and 448 km simulating an optimal azimuthal cover-
age (Fig. 1). Here, we compared the results of inverting theoretical
waveform data from 48 3-C (black dots) versus 24 6-C stations
(black dots with additional white crosses). To generalize the find-
ings, we then performed 1000 inversions using data of the same
amount of stations randomly selected out of a regular grid marked
by grey dots in Fig. 1.

In a second test, we used the real station distribution of the Iranian
National Seismic Network (INSN) operated by the International
Institute of Earthquake Engineering and Seismology (IIEES) in
Tehran (Fig. 1 and Table 3).

3 P RO B A B I L I S T I C WAV E F O R M
I N V E R S I O N F O R S E I S M I C M O M E N T
T E N S O R S

Deterministic source inversion is based on finding the solution
which best explains the data, usually by an iterative approach. This

Table 3. Stations of the Iranian permanent broad-band network INSN.

# Station Lat (◦) Lon (◦) # Station Lat (◦) Lon (◦)

1 ASAO 34.55 50.03 11 NASN 32.80 52.81
2 BNDS 27.40 56.17 12 RMKL 30.98 49.81
3 BJRD 37.70 57.49 13 SHGR 32.11 48.80
4 DAMV 35.63 51.97 14 SHRD 36.00 56.01
5 GHIR 28.29 52.99 15 SHRT 33.65 60.30
6 GRMI 38.81 47.89 16 SNGE 35.09 47.35
7 KHMZ 33.74 49.96 17 TABS 33.65 57.12
8 KRBR 29.98 56.76 18 THKV 35.92 50.88
9 MAKU 39.35 44.68 19 ZHSF 29.61 60.78
10 MRVT 37.66 56.09 20 ZNJK 36.67 48.69

procedure often includes a selection of the solution according to
the lowest inversion residual, which not necessarily is the most re-
liable one (Bean et al. 2008; Donner et al. 2014). Further solutions
explaining the data equally well are neglected. An estimate of the
solution error is rarely given.

Although computationally more expensive, a probabilistic (or
Bayesian) inversion approach overcomes the mentioned drawbacks
using a global model search. Thus, a Bayesian approach provides
unbiased measures of resolution and possible trade-offs.

In our study, we use the same Bayesian inversion approach de-
scribed in Bernauer et al. (2014) based on equations from Tarantola
(2005):

σ (m) = kρ(m)L(m), (3)

where σ (m) and ρ(m) are the posterior and prior probability
density functions (pdf) on the model parameters, respectively, k
is a normalization constant, and L(m) is the likelihood function
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MT inversion including rotational motions 565

Figure 2. Inversion results for scenario I (theoretical stations). Each subplot belongs to one of the seven parameters inverted for and given on top of the subplot.
Blue dashed line gives the prior pdf, while the orange and green lines give the posterior pdf for inversion of 48 3-C and 24 6-C stations, respectively. The pdf’s
are plotted as Gaussian kernel density estimates within the pre-defined range of values for the seven parameters. The red bar marks the true value of the target
model.

providing a measure of how well a model m is fitting the data.
Within the likelihood function the two types of data are weighted
naturally by their noise level (compare eq. 5 in Bernauer et al.
2014). From the homogeneous prior pdf the posterior pdf is ap-
proximated by testing one million candidate models applying the
Metropolis–Hastings algorithm. Roughly spoken, this algorithm can
be described as random walk trough the model space. A candidate
model is selected randomly from the parameter space (sampling the
prior pdf), the forward problem is solved in the time domain accord-
ing to eq. (2) and the waveforms are compared with the synthetic
observations. Depending on the misfit value it is decided whether
the random model is included in the solution ensemble. For further
details on the algorithm, we refer to Metropolis & Ulam (1949),
Metropolis et al. (1953) or to Hastings (1970).

To quantify the information content of the posterior relative to
the prior pdf, we use Shannon’s measure of information gain given
as

I (ρ, σ ) =
∫

ρ(x) log

[
ρ(x)

σ (x)

]
dx . (4)

Due to the logarithm base 2 in eq. (4), the unit of the information
gain is termed a bit. For further details on the method and Shannon’s
measure of information gain, we refer to the paper of Bernauer et al.
(2014) and to Tarantola (2005).

4 E F F E C T S O F I N V E R S I O N W I T H
A N D W I T H O U T C O N S I D E R AT I O N O F
RO TAT I O NA L G RO U N D M O T I O N DATA

In this section, we aim to recover the six components of the seismic
moment tensor and the centroid depth of the synthetic earthquake
described in Section 2 using the method described in Section 3.
Further, we analyse the strike, dip, and rake angles as well as the

percentages of DC, ISO, and CLVD components resulting from the
decomposition of the obtained moment tensors.

We analysed two scenarios: In the first scenario, we studied the
effects of inversion based on 48 conventional 3-C versus 24 novel
6-C theoretical stations. To generalize the results, we performed
1000 inversions based on random selection of stations out of a
regular net (Fig. 1). In the second scenario, we compare the inversion
results of theoretical data based on the real spatial distribution of
stations of the INSN broad-band network of Iran.

At this point, we want to emphasize that the comparison of 3-C
versus 6-C stations is based on the same number of seismograms
within each scenario. Thus, we ensure that the results are not biased
by the quantity of data used for inversion.

4.1 Scenario I: Inverting theoretical data of 48 3-C versus
24 6-C theoretical stations

In scenario I, we first inverted 3-C velocity seismograms at 48
theoretical stations evenly distributed around the location of the
theoretical source (black dots and white-crossed dots in Fig. 1).
The results are summarized in Fig. 2 where each subplot stands
for one of the seven parameters inverted for and given on top of
the subplots, namely the six components of the moment tensor
and the centroid depth (epicentre is fixed). The posterior pdf’s of
the inversion based on 3-C stations are given as orange-coloured
Gaussian kernel density estimations (kde) over the pre-defined range
of parameter values. The information gains are given in the upper
right corner of each subplot.

Except for the moment tensor components Mxx and Myy the true
values of the target model (indicated by red bars) could be resolved
with well-defined peaks. For the component Mxx, the value of the
target model is also resolved but with less defined peak. However,
the standard deviations of the kernel density functions are relatively
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566 S. Donner, M. Bernauer and H. Igel

Figure 3. Gaussian kernel density estimations for the information gain corresponding to 1000 runs of scenario I. Coral and green distributions show the
information gains from inverting 48 3-C and 24 6-C randomly chosen stations for the given parameters. The higher the information gain, the more the inversion
benefits from using rotational motions. Same information gain means same inversion resolution using half the number of stations but the same amount of data.

large, especially for the component Mzz where the entire range of
prior values lies within the distribution. The component Mzz also
has a considerably lower information gain with 0.23 bit compared to
0.63–1.06 bit for the other components. For the centroid depth, the
highest information gain is reached for a value of 4 km, which is too
shallow compared to the true value. Also, the depth distribution is
not purely Gaussian indicating a minor second peak at depth values
of 16–18 km. With 0.08 bit the information gain is very low.

In Fig. 2, the green kde’s show the results of the inversion based
on theoretical seismograms of 24 6-C stations. Compared to the
inversion based on 3-C stations the overall information gain is now
53 per cent higher. Especially the components including spatial
derivatives with depths benefit from the inversion of rotational
ground motions. Component Mzz benefited by even 161 per cent
((0.60–0.23)/0.23×100 per cent). Also, the component Mxy bene-
fited slightly with 35 per cent. Only the horizontal components Mxx

and Myy show almost no increase in resolution. Now, also the true
value for the depth is better resolved. The minor peak at larger depth
values is still visible but much more reduced. The determination of
the centroid depth benefited by 175 per cent.

4.1.1 Generalization

Repeating the inversion procedure for 1000 randomly selected com-
binations of 48 3-C versus 24 6-C stations allows us to access the
generality of our results. The random stations are selected out of a

regular grid of theoretical station locations shown as grey dots in
Fig. 1. The results of this random test are shown in Fig. 3. The orange
and green colours again refer to the inversion of translational data
only and translational plus rotational data, respectively. The Gaus-
sian kernel density estimates are now plotted against the range of
information gain. Therefore, a complete overlap of both kde’s can be
interpreted as providing the same content of information/resolution.
A shift of the curve to the right (to higher information gain) means
a better resolution of the parameters inverted for. For all seven
parameters the green kde’s, those from inverting translational and
rotational ground motions together, distribute over a range of higher
information gain values than the orange ones. Again, the compo-
nents including spatial derivatives with depth benefit most while
the components Mxx and Myy show only a minor benefit. For the
moment tensor component Mxz and Mzz both curves do not even
show an overlap anymore. Thus, we could show that the promising
results from one inversion shown in Fig. 2 can be generalized and
are independent from the station distribution. However, the very
wide distribution over the information gain for depth based on six-
component data indicates that this is still a sensitive parameter to
be inverted for.

4.1.2 Decomposition

For many applications the source angles strike, dip, and rake (de-
scribing the tectonic mechanism of the source) are much more
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Figure 4. Gaussian kernel density estimations for fault angles and source contribution percentages of decomposed moment tensors corresponding to 1000
runs of scenario I. The red, vertical bar shows the true value of the target source.

important than the moment tensor itself. Also, the percentage of
the DC, ISO, and CLVD parts of the moment tensor are used to,
for example, discriminate tectonic events from others or analyse
magma flow in volcanic regions. Therefore, we decompose each of
the resulting moment tensors from the generalized 1000 inversions
(i.e. 1e9 moment tensors). For the decomposition, we applied the
method of Jost & Herrmann (1989) to derive the ISO and deviatoric
part of the moment tensor. The deviatoric part is further decomposed
into a DC and a CLVD part. Thus, we obtain new distributions for
the six derived parameters (ISO, DC, CLVD, strike, dip and rake),
containing 1e9 values each, for which we show the kde’s in Fig. 4.
The colour-coding is the same as in Figs 2 and 3. The values of
the target model are marked with red bars. The subplots for the
strike, dip, and rake angles show the values for both nodal planes.
Therefore, they contain twice as much values as the subplots for the
DC, ISO and CLVD percentages.

The first eye-catching feature is the strong scatter within the entire
parameter ranges for all six parameters. We will further discuss this
later in the text. Secondly, the results from the six-component data
are less smooth than the one from the three-component data. Al-
though the overall distribution for, for example, the DC percentages
are roughly the same for both, the results from the six-component
data show a stronger scatter with sub-peaks at higher DC values
than the results from the three-component data. The same effect is
also visible for ISO percentages and the dip and rake angles with
sub-peaks at the values of the target model (compare Table 1).

The subplot for the strike angle shows two very distinct peaks,
one at about 190◦ and one at about 100◦. These are the angles for
the source and auxiliary plane, respectively, and therefore refer to
the same mechanism. Compared to the true model, the favoured
mechanism from inversion (φ = 190◦, δ = 75◦, λ = −10◦) is
rotated by less than 40◦ from an NE–SW to an NNE–SSW oriented
fault plane and has a steeper dip but generally remains a strike-slip.
Altogether, we can say that the chances to derive the real mechanism

and source type are much higher from combining translational and
rotational ground motion than inverting translational data alone.

4.2 Scenario II: Inverting theoretical data of 20 3-C versus
10 6-C real Iranian broadband stations

To make the study more realistic, in scenario II, we based our
theoretical inversion on the real station distribution of the INSN
network of Iran (red triangles in Fig. 1). In total, there are 20 station
locations available. Therefore, we compared the results of inversion
based on purely translational ground motion of all available stations
versus inversion based on 10 assumed 6-C stations out of these 20
stations. These 10 stations have been chosen randomly again. The
result of this comparison is shown in Fig. 5.

In general, the very good results based on the theoretical sta-
tion distribution of scenario I are confirmed. The information gain
for all six moment tensor components more than doubled. Again,
especially the moment tensor components including spatial deriva-
tives with depth benefit most from including rotational ground mo-
tions. The increase of the overall information gain is now even
136 per cent.

The benefit of including rotational ground motion for determining
the centroid depth this time is 50 per cent. Inverting only transla-
tional ground motions of all 20 stations resulted in a wrong depth
of 18 km with a second minor peak at 4 km. Inverting both, trans-
lational and rotational ground motions, still result in two possible
centroid depths. However, the major peak is now at about 5 km and
thus much closer to the true value of 6 km. Compared to the inver-
sion of ground motions from the theoretical station distribution in
scenario I, the resolution of depth determination is worse for both
inversions. We suspect this effect to be an effect of station distribu-
tion, probably caused by the large azimuthal gap to the north due to
the South Caspian Basin.
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Figure 5. Inversion results for scenario II (real station distribution). Each subplot belong to one of the seven parameters inverted for and given on top of the
subplot. Blue dashed line gives the prior pdf, while the orange and green lines give the posterior pdf for inversion of 20 3-C and 10 6-C stations, respectively.
The pdf’s are plotted as Gaussian kernel densities within the pre-defined range of values for the seven parameters. The red bar marks the true value of the
target model.

5 D I S C U S S I O N

In this theoretical study, we purposely selected one of the most
difficult source cases to invert for: a shallow strike-slip event (depth
� wavelength) of medium-sized magnitude (Mw = 4.0) in a regional
distance range (about 200 to 1000 km). We tested whether and how
much the inversion for seismic point sources can benefit from the
availability of rotational ground motion data.

5.1 Resolvability of moment tensor

It is very well known that the moment tensor components Mxz and
Myz are usually poorly resolved from the inversion of translational
ground motion data in the regional distance range (Bukchin 2006;
Bukchin et al. 2010). The reason lies in the equation for the radi-
ation pattern of the surface waves which are usually used in this
distance range. Both, Love and Rayleigh wave radiation patterns,
contain terms including spatial derivatives of the eigenfunctions
with respect to depth with coefficients Mxz and Myz. For very shal-
low sources (depth � wavelength) these terms tend to zero because
they vanish at the free surface due to their proportionality to a shear
traction on a horizontal plane. However, depending on the condi-
tions of the study region also other moment tensor components can
show considerable instabilities.

Rotational ground motions are linear combinations of the space
derivatives of the translational ground motions (see eq. 1). At the
Earth’s surface the horizontal components correspond to tilt. Tilt
contains information on the seismic wavefield at depth (the velocity
gradient with depth) which is not available from translational ground
motion. Thus, rotational motion provides an additional constraint,
especially useful for determining the off-diagonal moment tensor
components and the centroid depth of the source. Also, the im-
mensely increased resolution for the component Mzz is understand-

able intuitively. It is connected to the vertical strike-slip mechanism
of the target event which theoretically does not contain vertical dis-
placement in the translational data. However, in the rotational data
this component stands for rotation around the vertical axis which
indeed theoretically should show large amplitudes for a vertical
strike-slip.

In Fig. 6, we exemplary show the waveform fit of synthetic data
with forward calculated waveforms from resulting moment tensors
of scenario II in the range of the lowest misfit plus 10 per cent
for the station ASAO (WSW of the source). These are about 7430
waveforms with a generally very good fit to the data. Because the
phases are already in good agreement, the figure suggests that the
benefits due to incorporating rotational ground motion mainly come
from their amplitudes.

5.2 Resolvability of derived parameters

To derive the different source type percentages and the source angles
the moment tensor needs to be decomposed. There are several ways
to do so and for an overview we refer to Jost & Herrmann (1989).
For seismotectonic, volcanic and geothermal studies, usually the
decomposition into DC (tectonic part), ISO (volumetric changes)
and CLVD is used. The first step in the process of decomposition is to
determine the ISO part of the moment tensor which is defined as 1/3
of the trace (sum of eigenvalues) of the matrix. That means only the
diagonal elements of the moment tensor are influenced by this step.
The further decomposition is then based on the deviatoric moment
tensor defined as full moment tensor minus ISO part. Therefore, the
entire decomposition depends on the reliable estimation of the ISO
part. As shown in Figs 2 and 5, two of the three diagonal elements
(Mxx and Myy) show deficiencies in their resolution. For Myy the
peak of the posterior pdf does not even match the value of the
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Figure 6. Waveform comparison of the synthetic data perturbed with Gaussian noise (red) and waveforms of resulting moment tensors (grey) within a range
of 10 per cent from the lowest misfit (∼7430 waveforms) from inversion of scenario II. Left and right sides show three components of translation and rotation
for station ASAO (WSW of the source), respectively.

target model. These discrepancies explain the difference between
the target value and the peaks of the distributions for the ISO part
in Fig 4. Based on the improper determination of the ISO part, the
further decomposition must be flawed.

An additional explanation for the deficient decomposition comes
from the Bayesian approach itself. The inversion for the parame-
ters of a point source is a complex task (multiparameter problem)
which is further hampered by the quality of the available data (noise,
source depth, station geometry, etc.). The risk to get a wrong solu-
tion from a deterministic inversion is high. This risk is evaded by
applying the Bayesian inversion. However, the disadvantage is that
we cannot provide an distinct solution anymore but obtain a family
of solutions (posterior pdf’s). Such a family of solutions hampers
the further processing of the results, in this case the determination
of source angles and mechanism percentages. A large variance in
these parameters is due to a low resolution of single inversion pa-
rameters (low information gain, flat curve for the posterior pdf).
This effect seems to apply here.

By including the rotational data into the inversion we are able
to improve the resolution of the single inversion parameters signif-
icantly (i.e. moment tensor components and centroid depth). How-
ever, due to the complexity of the problem their resolution seems
to be still insufficient for decomposition and strongly dependent on
the geometry of the stations around the source. A pre-selection or
sorting of moment tensors, for example, according the lowest misfit,
before the decomposition may solve this difficulty but includes a
high risk to introduce biases if not done carefully.

5.3 Resolvability of centroid depth

Inversion for moment tensors is very sensitive for centroid depth
and a false assumption of depth can lead to a completely wrong

mechanism (Šı́lený et al. 1992). Typically, the centroid depth is
determined by performing the inversion assuming different depths
sampling an appropriate depth range. The depth with the lowest
inversion residual is then assumed to be the centroid depth. However,
this procedure not always provides a clear and unambiguous result.
Even for a quite optimal distribution of stations as in scenario I, the
depth is determined wrongly with an obscure peak for the kde from
inverting translational data alone (Fig. 2).

It is very intuitive that the information on the vertical displace-
ment gradient within the rotational ground motion data improves
the resolution of the depth drastically. However, from the results of
scenario II (Fig. 5), it seems that another factor is more important
for the resolution of centroid depth than the kind of data. Here,
both inversions, with and without rotational ground motion, show
deficiencies. For the inversion of translational data alone it is even
wrong by 14 km. We assume that this may be an effect of the station
distribution around the source with respect to geometry, azimuth,
and distance. Due to the SCB alone there is an azimuthal gap of 91◦

to the north of the source. Then, at the western side of the source
there are almost twice as much stations located as on the eastern
side.

Interestingly, the ambiguity in depth with one possible solution
in very shallow depth (h ≤ 6 km) and another one at the lower end
of the seismogenic zone of Iran (h > 17 km) is also visible in the
real world. Moment tensor studies in the Alborz mountains and in
the NW part of Iran have shown exactly the same effect (Donner
et al. 2013, 2015).

The results of the generalization of scenario I (Fig. 3) give addi-
tional indications for the station distribution being the discriminat-
ing factor. The red kde for the inversion of translational data shows
a very narrow and distinct peak at quite low values for information
gain. We can assign this effect to the not very high resolvability
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of centroid depth by the data. In contrast, the kde for the inversion
of both ground motion data shows a very flat distribution over a
wide range of values for the information gain. Neither the number
of data nor the parameters of the inversion within the 1000 perfor-
mances underlying this kde changed. The only parameter changing
is the (randomly selected) spatial distribution of the used stations.
Nevertheless, to fully understand the effect of station distribution it
needs further tests which is not the purpose of this study. For this
study we aimed to show the remarkable benefits for the resolution
of the moment tensor when inverting translational ground motion
data together with rotational ones.

6 C O N C LU S I O N S

In this study we assessed the advances of inversion for seismic
moment tensors from six-component waveforms (translational and
rotational ground motions) compared to the conventional inversion
of three-component translational ground motions only. The study
is based on a series of Bayesian inversions for different sets of the-
oretical and real station distributions in Iran. We could show that
the inclusion of rotational ground motion data significantly increase
the resolution of the inversion parameters, that is, the six compo-
nents of the full moment tensor and the centroid depth. Especially,
the components including spatial derivatives with depth and the
centroid depth have the highest potential to benefit from rotational
ground motions. Their information gain increased by more than
100 per cent. We assume the horizontal components of the rota-
tion vector to be responsible for this increase in information. They
include information on the vertical displacement velocity gradient
which is not available from translational ground motion data.
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