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On April 11, 2012, two strike-slip Sumatra earthquakes with moment magnitudes higher than 8 gener-
ated strong, preferentially horizontal, motions. If only body and surface waves are inverted, their
centroid-moment-tensor (CMT) parameters producing vertical motions, in particular the M,, compo-
nents, are poorly resolved. Independent constraints can be obtained from observations of the radial
free-oscillation modes. The signal of radial modes is acquired from four unperturbed superconducting
gravimeter records with low noise levels in submillihertz frequency range. We show that the observed
signal substantially differs from the synthetic calculations for most of the published CMTs except for
the Global CMT solution, which agrees better. We perform modal inversions considering uncertainties
in centroid times and calculate marginal posterior probability density function of the M,, components.
The amplitude-spectrum inversion is robust enough to estimate the intervals of admissible M, values.
Finally, we incorporate also a phase information and reduce the trade-off between the M, components
of the two studied events.
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1. Introduction

Two strike-slip earthquakes with moment magnitudes higher
than 8 occurred off the west coast of the northern Sumatra on April
11, 2012, Fig. 1, where faults within the oceanic lithosphere of the
Indo-Australia plate were activated. Tectonic explanation of such
large unprecedented strike-slip intraplate earthquakes is rather
complicated. Delescluse et al. (2012) suggest a continuing intra-
plate deformation between India and Australia, that followed the
stress transfer after the Aceh 2004 and Nias 2005 megathrust
earthquakes, on preexisting meridian-aligned fault planes of the
oceanic lithosphere. Satriano et al. (2012) favor rupture jumping
along reactivated NNE-SSW inherited faults that failed sequen-
tially. Reactivation of these faults is also favoured by Andrade
and Rajendran (2014). Other models argue that the earthquake pair
ruptured two WNW-ESE oriented faults (Duputel et al., 2012;Yue
et al., 2012). More complex rupture patterns with varying fault ori-
entations have also been suggested (Meng et al., 2012;Zhang et al.,
2012; Ishii et al., 2013;Wei et al., 2013).

Hayes (2012) and Shao et al. (2012) performed finite source
inversions from broadband waveforms of P, SH and surface waves
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and favor a NNE-SSW primary nodal plane of the first, M,, = 8.6,
event but the second option was not excluded. As to the centroid
moment tensor (CMT), there are inconsistencies in routine agency
solutions, see Table 1 (the first event) and 2 (the second event),
respectively. One can see that the differences among these agency
solutions are remarkable. These strike-slip earthquakes generated
strong horizontal motions and the M, component contributes
about only 10% to the scalar moment M,. So, the inverted signal
from the body and surface waves is less sensitive to the M,, com-
ponent than to the other moment tensor components. We assume
the trace of the CMT to be zero, and thus only two diagonal com-
ponents remain independent. The My, components seem to be
robust in the presented inversion and the question arises whether
the remaining diagonal terms can be better constrained by an inde-
pendent observation.

In this study we demonstrate that the observations of the radial
free-oscillations can substantially improve the constraint on the
diagonal CMT elements because the radial modes are generated
only by the moment tensor component M,,. However, the situation
is complicated by the fact that the time difference between the
events was only ~124 min and, therefore, we must deal with the
M,, components of both earthquakes simultaneously to explain
the radial mode ¢Sy and Sy oscillations observable for several
weeks. It results in systematic trade-off that will be analyzed in
detail.
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Fig. 1. Locations of the stations Pecny (PE), Canberra (CB) and Wettzell (WE) and epicentres of the two studied earthquakes. The plate boundaries were adopted from Bird
(2003).

Table 1

M8.6: April 11, 2012 Sumatra earthquake agency solutions; Global CMT solution (PS1), USGS CMT solution (PS2), USGS Wphase solution (PS3). http://earthquake.usgs.gov/
archive/product/phase-data/usp000jhh2/us/1415324847888/quakeml.xml http://www.emsc-csem.org/Earthquake/mtfull.php?id=261636.

Latitude Longitude Depth [km] Centroid time My [10?' Nm]
PS1 224N 92.78E 40.0 08:39:29.8 9.0
PS2 224N 93.10E 40.0 08:39:32.6 8.5
PS3 225N 92.87E 25.0 9.0
[1021 Nm] My My M¢¢ My Mrd> Mg¢
PS1 1.36 —-5.91 4.55 —3.96 0.46 —6.15
PS2 0.40 -5.39 4.98 1.74 -1.57 -6.31
PS3 1.25 -5.99 4.74 1.34 -0.63 -7.03

Table 2

M8.2: April 11, 2012 Sumatra earthquake agency solutions; Global CMT solution (PS1°), USGS CMT solution (PS2"), USGS Wphase solution (PS3"). http://earthquake.usgs.gov/
archive/product/phase-data/usp000jhjb/us/1415324848136/quakeml.xml http://www.emsc-csem.org/Earthquake/mtfull.php?id=261684.

Latitude Longitude Depth [km] Centroid time My [10%' Nm|]
pst1’ 0.76 N 92.25E 53.7 10:43:37.4 25
pS2’ 092N 92.49E 43.0 10:43:50.3 2.2
ps3’ 0.77N 92.45E 16.0 39
[1021 Nm] MrT Mgg M¢¢ Mrg Mr¢ Mg¢
PS1” 0.59 -1.67 1.08 -1.08 —0.46 -1.89
ps2’ 0.45 -1.30 0.85 0.21 —0.84 —-1.63

Ps3’ -1.18 0.18 1.00 -0.92 -1.33 -3.38
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2. Method

The acceleration of a spherically symmetric, anelastic Earth
model corrected for ellipticity and rotation at a receiver located
at x.(r+, Jr, @,), that is excited by a source situated at X,(rs, Js, ),
is given by a superposition of spheroidal and toroidal modes,

A%, X5, ) = > Ar(Xr, Xs) COS(ict) exp (- ;’—“t> 1)
o Qx

The coefficients Ax(X,,X;) depend on a source-receiver geome-
try and are linearly related to the moment-tensor M; wy and Qy
are angular frequencies and quality factors of the modes, respec-
tively. The subscript k represents a multiindex determining the
type of a mode (spheroidal or toroidal), the angular degree ¢, the
order m and the overtone number n. Relation between the gener-
ated signal at a chosen receiver and the moment tensor is linear.
If more sources need to be taken into account, the signal is calcu-
lated for each source separately (with a time shift corresponding to
an original-time shift) and the resultant signal is obtained simply
by adding all individual signals.

If we consider only a part of the response caused by radial
(spheroidal, degree-zero) modes for a spherical, non-rotating
model, we can directly determine the coefficient A,(x;,X;) of a
mode .Sy (Dahlen and Tromp, 1998, Section 10.3),

U, (1, , Un(r
Au(trsr) = 20 (01, U, 1) + (Mo + M) 20 e, @)

where the eigenfunctions U, and their radial derivatives U;, depend
only on the radial coordinate r; M,., My and M,, are diagonal com-
ponents of the centroid moment tensor M. The spherical harmonic
degree zero has no lateral variation, i.e., motion is purely vertical,
and hence the dependence on colatitude and longitude disappears.

If we assume that the isotropic component of the source is neg-
ligible i.e., M,y = —(Myy + M,,), the acceleration of a device on the
Earth’s surface (r, = a) caused by the radial modes depends exclu-
sively on one component of the moment tensor, M,,, and on the
depth of the centroid,

Antar) =S5 (14 20, (w0 e, 3

4n wia s

where g is an unperturbed gravity acceleration at the surface and
the term (U,(a)2g/w?a) represents the free-air gravity correction
due to the radial displacement of the device, (e.g. Dahlen and
Tromp, 1998). Note that we ignore perturbations of gravitational
potential due to mass redistributions since in the case of radial dis-
placements on a sphere they are non-zero only inside the sphere.
We calculate the eigenfrequencies w, and eigenfunctions U, for
the spherical equivalent-rock PREM (Dziewonski and Andersen,
1981), where the upper 3-km water layer is replaced by a 1.2-
km-thick rock-layer with the same mass, using our pseudospectral
finite-difference matrix-eigenvalue approach (Zabranova et al.,
2009). The code was tested for the degenerate case of the non-
rotating PREM against the Mineos software package (Masters,
2010) and used in our previous studies, e.g., Zabranova et al.
(2012) and Zabranova and Matyska (2014). Corrections due to
the rotation and ellipticity in this degree-zero case leads only to
a slight shift of the mode frequencies, so formulas (1)-(3) can still
be used because each radial mode consists just of one singlet
(Dahlen and Tromp, 1998), and coupling with other modes is neg-
ligible (Davis et al., 2005). Rosat et al. (2007) showed that for a
three-dimensional rotating elliptic Earth model, the difference
between theoretically predicted minimum and maximum ampli-
tudes of the ¢S; mode is as small as 2%. Moreover, the amplitude
spectra of ultra-low-frequency modes are not very sensitive to 3-
D structures (Lentas et al., 2014) and thus the spherical approxima-

tion with corrections to ellipticity and rotation is sufficient. We
used the quality factors of radial modes determined by
Zabranova et al. (2012) from data after the 2010 Maule and 2011
Tohoku earthquakes.

3. Data

The best superconducting-gravimeter observations are less
noisy than long-period seismometers in the frequencies below
1 mHz (Hinderer, 2011) and they are thus suitable for analyses of
the Earth’s gravest normal modes. In order to study the radial nor-
mal modes, we need unperturbed records at least one month long
(radial modes are weak but damped slowly as they have high qual-
ity factors, e.g. Zabranova et al., 2012) with high signal/noise ratio.
We dealt with second-sampled records from eleven stations and
excluded records that are too noisy or contain gaps, steps and/or
various other disturbances affecting the spectra like local weak
earthquakes. Finally, we have used only four records from the sta-
tions Pecny (PE), Canberra (CB) and Wettzell (W3,W4), see Fig. 1.

The raw gravity data were corrected for atmospheric effects
using locally recorded atmospheric pressure data and a standard
barometric admittance of —3 nm/s?/hPa (Hinderer et al., 2007).
We applied a high-pass Butterworth filter (above 0.1 mHz) to
remove local tides and a Hann taper to 450- and 170-h time series
in the case of the ¢Sy and Sy mode, respectively. Then using the
Fourier transform we get the vertical acceleration amplitude and
phase spectra that are shown in Fig. 2. It is visible that the ampli-
tude spectral peaks from the individual stations agree within +10%,
which is later considered as the amplitude uncertainty estimate.

4. Results
4.1. Forward modeling

In order to improve the signal/noise ratio, we assume that exci-
tation is almost independent of source-station horizontal geometry
and in the time domain we arithmetically averaged the records
mentioned in the previous section, i.e., no specific weightening of
the records was taken into account. Fig. 3 shows the vertical accel-
eration amplitude and phase spectra of the radial modes S, and
1So of this averaged data signal and compare it with the synthetic
signals generated by point-source solutions provided by the Global
CMT solutions (PS1+PS1°), USGS CMT solutions (PS2 + PS2") and
USGS Wphase solutions (PS3 + PS3") that are presented in Tables
1 and 2; the solutions without asterisks correspond to the first
event and those with asterisk are for the second event. Note that
the isotropic component of these published solutions is zero, i.e.,
in agreement with the assumption that is used in our methodology
described above.

Global CMT solutions are based on least-squares inversion of
long-period (T > 45s) body-wave seismograms and very-long-
period (T > 135 s) surface waves using synthetic seismograms cal-
culated by summation of normal modes for the PREM (Dziewonski
and Anderson, 1981) and corrected for the Earth’s lateral hetero-
geneities. Details can be found in (Ekstrom et al., 2012). The USGS
CMT solutions are based on similar inversion of surface waves that
are filtered to 130 s < T < 330 s (Polet and Thio, 2011). The USGS
Wphase solutions exploit the long period content of the seismic
records, 200s < T < 1000 s, preceding the arrival of the surface
waves, which corresponds to the superposition of the first over-
tones of the Earth normal modes (Duputel et al., 2011, 2012).

The synthetic records were filtered and transformed in the same
way as the data. Since the fundamental radial mode (S, has its per-
iod of about 20.5 min, the period of the first overtone Sy is about
10.22 min and the centroid time difference between the studied
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Fig. 2. Vertical acceleration amplitude and phase spectra of the modes (S, and ;S, obtained from the four records registered at the stations Pecny, Canberra and Wettzell. A
Hann taper and the Fourier transform were applied to 450- and 170-h time series, respectively.
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Fig. 3. Vertical acceleration amplitude and phase spectra of the modes (S, and ;S, from the SG data (red) and the three synthetics for the agency point-source solutions, see
Tables 1 and 2. A Hann taper and the Fourier transform were applied to 450- and 170-h time series, respectively. (For interpretation of the references to colour in this figure
caption, the reader is referred to the web version of this article.)

events is about 124 min, there is only a small phase shift of about components of the two events are of opposite sign. The PS2 + PS2”
20° for the (So mode and about 45° for the {S; mode between the solutions generate weak signal as well although the M, compo-
signals from the two studied earthquakes. Therefore, we conclude nents are of the same sign but their values are too low. Only the

that the PS3 + PS3” solutions generate too weak signal because M, PS1 +PS1’ solutions yield satisfactory fit with the observed data.
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It is difficult for us to explain an origin of these inconsistencies; the
reason might be that the studied events are of strike-slip character,
vertical oscillations were thus relatively weak and, subsequently,
their weight in the inversion procedures was low. Moreover, the
mode Sy is out of the frequency band used for the USGS solutions
and the weak mode S, can hardly influence the Wphase inversion
substantially. These radial modes are in the frequency band of the
Global CMT solutions and we speculate that this can be the reason
why they agree better with our data than the two USGS solution.

4.2. Inverse modeling

amplitude spectra of these two signals are identical. Almost
zero phase shifts between the modal oscillations generated by
the earthquakes are the cause of elongated “trade-off curves” in
Fig. 4; the constraints yielded by a mode with the same phase
from the both events would be represented by two parallel
lines.

In order to confirm that the uncertainties in determination of
centroid times (Tables 1 and 2) are not substantial, we take into
account possible variability of the centroid times with a uniform
prior distribution and calculate the marginal posterior probability
density function (mpdf)

T(;) T(ZZ\

We quantify the misfit m as the function of the M{* compo- mpdf(M{', M) = /T“’ /Tm pdfdeVdr® 5)

nents and the centroid times t1'? of both events by ! !
ATMD M@ D @y ZA202 1AMMD . M@ 1D 2y A2
(M(r:),M ,t(1)7t(2)): ” 0( o Vrr 7dt2/t ) OH +H 1( s T /dtz/t ) 1” ) (4)
Aol Al

where numeral superscripts (subscripts) refer to the event (mode), where
A™ are the calculated maximal spectral amplitudes of the synthet- Sy
ics and A? denotes maximal spectral amplitudes obtained from the pdf = exp(-m*/20")

data. In principle, there is also dependence on source depths but it
is almost negligible for source-depth changes of about several km
which corresponds to errors in source-depth determination of the
studied events. This is the reason why we do not consider them in
the misfit definition (4). As the dependence of the calculated
amplitude spectra on the changes of the centroid times corre-
sponding to the agency solutions is weak, we first fixed the cen-
troid times and locations on the values given by PS1 for both
earthquakes, calculated the synthetic signals and compared them
with the data to find admissible values of the M,. components,
see Fig. 4.

There is a clear trade-off between both M,, components. If the
misfits are calculated separately for the ¢S, and S, modes
(Fig. 4), one can easily recognize from the modal “trade-off curves”
that the results for these two cases are self-consistent if the M, and
M;, are confined within +3 x 10*' Nm. The key role in reducing the
span of preferential solutions is played by the mode ;S,. As we deal
with the amplitude spectra, there is a point symmetry of the misfit
with respect to the point [0,0], because the components
[-M;r, —M;,] generate the signal with opposite sign to the signal
generated by the components [M,,M;] and, therefore, the

T(Z)

I mf mf“””z fM'“ exp(-m2/20?)dt" dt® M dM?

is the posterior probability density function corresponding to nor-
mal prior distribution of dimensionless data errors normalized by
amplitude peaks according to eqn. (4) with the relative standard
deviation ¢ (Tarantola, 2005); we apply conservative choice of
o = 0.1 corresponding to an upper estimate of uncertainties in
modal maximal amplitude spectra. The span T(zl) — T of the cen-
troid times of the first event was 48 s centered about 8:39:08
UTC. According to the Wphase analysis of Duputel et al. (2012),
the first event (M,, = 8.6) can be decomposed into two subevents
(M, = 8.5 and M,, = 8.3) with the centroid-time shift of the main
subevent towards the origin time (8:38:37 UTC). Our time interval
thus covers uncertainties of centroid times. Similarly, the span
T — T of the centroid times of the second event was also 48 s
centered about 10:43:36 UTC. The considered span of M, was
+5 x 10%" Nm for both events. In principle, we could also calculate
the mpdf for the centroid times t) and t® by integrating the pdf
over the components M) and M. We performed synthetic tests
but the results were very sensitive to changes of the synthetic
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Fig. 4. Constraints on the M,, components of the 2012 Sumatra double-event for 40 km centroid depths; relative misfit of spectral amplitudes calculated separately for L,-
norms of the modes (S, (left panel), 1So (middle panel), and for the joint signal from these two modes (right panel) are presented.
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Fig. 5. The mpdf calculated separately for the amplitude spectra (upper panels) and complex spectra (lower panels) of the modes (S, (left panels), 1So (middle panels), and for
the joint signal from these two modes (right panels). Stars denote published point-source solutions (PS1, PS2 and PS3, see Tables 1 and 2).

source components and maxima of the mpdf did not correspond to
synthetic centroid times, which could lead to misinterpretations.
These are the reasons why we focus here only to the mpdf
expressed by Eq. (5).

The upper row of the panels in Fig. 5 shows mpdf of the two
radial modes calculated for the amplitude spectra. By definition
of pdf, it is not surprising that the mpdf maxima are in
excellent agreement with misfit minima in Fig. 4 that were
calculated for fixed centroid times. It is of interest that the most
probable solutions seem to be those preferring negligible M,,
component of one of the events in combination with

M,y ~ £2 x 10°" Nm of the other event. We also tested various
combinations of centroid depths between 20 and 40 km.
However, the depth-dependence of the source play negligible
role in constraining the M,, components (shifts of the constraint
curves are only up to a few percent of 10*' Nm) and thus we do
not show them here.

Subsequently, the lower row of the panels in Fig. 5 shows mpdf
calculated for the complex spectra, where both amplitude and
phase information are incorporated, i.e., the misfit m was calcu-
lated by means of the formula (4) but for the complex spectra.
The ambiguity is suppressed as only the wing of the solutions with
prevailing positive M,, components provides the mpdf maxima.
(Here we used only the record from Canberra because phase spec-
tra of the mode ;S, obtained from the other records are rather cor-
rupted as seen in Fig. 2.).

5. Conclusion

In the case of the 2012 Sumatra double-event the centroid diag-
onal components M, of the routine CMT solutions provided by
some agencies substantially differ. It points to a need of a study
based on independent data and methods. We have demonstrated
that superconducting gravimeter observations of the radial modes
0So and 1Sy play an important role as the differences of the modal
synthetic amplitudes calculated for the published USGS solutions
are strikingly different from the data. The signal calculated for
the Global CMT solutions agrees with the data better. The radial
modes can thus be employed to constrain the M, components of
these two earthquakes but there is a sign symmetry of the solu-
tions, if only amplitude spectra of the modes are employed. This
ambiguity can be resolved, if phase information is added. More-
over, the resulting trade-off between the M,, components is then
relatively small.
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