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Abstract Although both earthquake mechanism and 3-D Earth structure contribute to the seismic
wavefield, the latter is usually assumed to be layered in source studies, which may limit the quality of the
source estimate. To overcome this limitation, we implement a method that takes advantage of a 3-D
heterogeneous Earth model, recently developed for the Australasian region. We calculate centroid moment
tensors (CMTs) for earthquakes in Papua NewGuinea (PNG) and the Solomon Islands. Ourmethod is based on a
library of Green’s functions for each source-station pair for selected Geoscience Australia and Global Seismic
Network stations in the region, and distributed on a 3-D grid covering the seismicity down to 50 km depth.
For the calculation of Green’s functions, we utilize a spectral-element method for the solution of the seismic
wave equation. Seismic moment tensors were calculated using least squares inversion, and the 3-D location of
the centroid is found by grid search. Through several synthetic tests, we confirm a trade-off between the
location and the correct input moment tensor components when using a 1-D Earthmodel to invert synthetics
produced in a 3-D heterogeneous Earth. Our CMT catalogue for PNG in comparison to the global CMT shows
a meaningful increase in the double-couple percentage (up to 70%). Another significant difference that
we observe is in the mechanism of events with depth shallower then 15 km andMw< 6, which contributes to
accurate tectonic interpretation of the region.

1. Introduction
1.1. Seismic Moment Tensor Inversion

The accurate estimation of earthquake source parameters and 3-D Earth structure is one of the main goals in
seismology. The global centroidmoment tensor (GCMT) algorithm [Dziewonski et al., 1981] has been routinely
applied to seismic data for 35 years. The catalogue has been quite successful. Hjörleifsdóttir and Ekström
[2010] studied the effect of 3-D Earth structure on the GCMT catalogue and found tens of kilometers differ-
ence in lateral location and depth. They also observed that the variations in moment tensor components
depend on the 3-D structure. Improving our knowledge about the 3-D structure of the Earth results in a more
accurate estimation of its impulse response or Green’s function, which consequently results in a better esti-
mation of the mechanism acting in the source region. Significant effort in recent decades has gone into
improving and developing methods to calculate the wavefield propagation through the Earth. Advances in
numerical wave propagation and the increasing computational resources now allow us to compute the
complete wavefield through 3-D media with high accuracy [e.g., Komatitsch and Tromp, 1999; Fichtner
et al., 2009a].

Significant cost and time is required for the simulation of wave propagation through a 3-D heterogeneous
medium, which makes it difficult to investigate the effect of 3-D heterogeneity in studies of the seismic
source. Most source studies use a spherically symmetric Earth model to calculate Green’s functions
needed to estimate the independent elements of the moment tensor (MT) [Kikuchi and Kanamori, 1991;
Zahradnik et al., 2005]. A search for the optimum 3-D point source location of the centroid usually follows.
It has been shown that using stations at local distances, 1-D layered crustal structure can provide a
reasonable fit to the data filtered at around 20–50 s and even down to 10 s under specific circumstances
[Zahradnik et al., 2005; Adamová et al., 2009]. However, in an environment with significant lateral velocity
variations, e.g., around an active volcano, the 1-D Earth model by definition ignores the lateral heteroge-
neity and therefore produces incomplete/erroneous Green’s functions which will result in incorrect esti-
mation of source parameters. Researchers have tried using several 1-D velocity models (a velocity
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model per each source station) to partially account for lateral velocity variations [e.g., Dreger et al., 2000;
Tkalčić et al., 2009].

With significant advancements in computational power during the past decades, the numerical calculation of
the wavefield through a 3-D anisotropic, heterogeneous medium has become feasible. There have been sev-
eral studies addressing this issue and all have general consensus that the use of 3-D heterogeneous Earth
models improves source parameter retrieval [e.g., Gallovič et al., 2010; Fichtner and Tkalčić, 2010; Kim et al.,
2011; Hingee et al., 2012; Kühn and Vavryčuk, 2013].

Assuming that the location of the earthquake is known, the number of simulations required to perform anMT
inversion is proportional to the number of the events. However, in the CMT approach [Dziewonski et al., 1981],
the centroid location and time are searched simultaneously with the six independent components of the MT.
A common way is to perform a grid search on a predefined grid around the source region [Serpetsidaki et al.,
2010; Sokos et al., 2012]. Considering the size of our study area, this would require a large and impractical
calculation of Green’s functions. Considering this time and cost, we use the reciprocity theorem to calculate
the Green’s functions.

The source-receiver reciprocity has been well known and used in exploration seismology [e.g., Claerbout,
1976; Chapman, 1994; Červený, 2001], remote sensing [de Hoop and de Hoop, 2000], and waveform modeling
[Bouchon, 1976; Graves and Clayton, 1992; Graves and Wald, 2001]. Recently, the application of reciprocity to
source studies attracted much attention, mainly on local and regional scales, i.e., for source-receiver distances
less than 1000 km [Okamoto, 2002; Süss and Shaw, 2003; Lee et al., 2011; Zhu and Zhou, 2016]. In this study, the
reciprocity theorem has been used to reduce the number of calculations to an extent where the wavefield on
tens of thousands of grid points can be calculated in a significantly shorter time frame.

Eisner and Clayton [2001, 2005] used a finite difference method to calculate reciprocal Green’s functions to
build 300 source scenarios for five major Southern California faults in the 3-D heterogeneous crustal
model of Magistrale et al. [2000]. Liu et al. [2004] used a spectral-element method to calculate strain
Green’s tensors for CMT inversion in a 3-D crustal model of Southern California [Süss and Shaw, 2003].
Lee et al. [2011] followed the same approach and developed an automated procedure to obtain CMT
solutions. Zhu and Zhou [2016] applied the same method to calculate CMT solutions of the 2013
Lushan earthquake and its aftershocks. In all these publications a meaningful improvement in waveform
fit has been observed.

Hingee et al. [2012] initiated a preliminary study to adapt the CMT solution to continental scales using a 3-D
heterogeneous velocity model of the Australasian region called AMSAN19 [Fichtner et al., 2009b; Fichtner
et al., 2010]. However, they did not invert for the centroid location, depth, and time. We peruse this study
further by using a spectral-element method to compute a library of Green’s functions on a 3-D grid covering
Papua NewGuinea, the Bismarck Sea, and the Solomon Islands. We then use this library to calculate CMT solu-
tions for earthquakes that occurred with Mw > 5.0 from 2006 to 2016 in this region.

1.2. Tectonic Settings

The tectonic regime of the study area is complex (Figure 1a). This is where two of the Earth’s major litho-
spheric plates interact: the Australian and the Pacific plates [e.g., Hill and Hall, 2003].

The Australian continent is moving north-east and colliding with the Pacific plate at a rate of ~110 mm per
year [Johnson and Molnar, 1972; Davies et al., 1987]. The convergence creates one of the most seismically
active regions on Earth, with earthquakes of magnitude up to 8.0. A number of smaller plates form a compli-
cated tectonic setting which compensates the collision between the two major plates [Tregoning et al., 1998;
Wallace et al., 2004].

Toward the north, the main compensation occurs along the Bismarck Sea Seismic Lineation (BSSL) where the
North Bismarck plate slides toward the west relative to the South Bismarck plate [Tregoning et al., 1998; Llanes
et al., 2009; Koulali et al., 2015]. Further north-east, the most recent GPS data analysis [Koulali et al., 2015]
showed an oblique convergence of ~93 mm per year across the New Guinea Trench (Figure 1a).

The South Bismarck Sea plate collides with the Solomon Sea plate at its southern edge, where themegathrust
New Guinea Trench is located. The subduction of the Solomon Sea plate continues toward west, south-west
beneath the Pacific plate [Tregoning et al., 1998].
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Such a complex and highly active tectonic environment acts as a seismological laboratory to investigate the
effect of 3-D Earth heterogeneity on earthquake source parameters. We selected events with depth <50 km
(quasi-crustal events) that occurred during 10 years (2006–2016) within the mentioned tectonic boundaries
(Figure 1).

2. Methodology and Data Processing
2.1. Method

A seismic source generates waves that travel through the Earth and are recorded at seismic stations. Seismic
waves carry information from the source and the Earth structure along their wave path. Separating the source
effect from the structure effect, the displacement at location x due to an impulsive force at location x0 can be
defined as follows [Shearer, 1999]:

Ui xð Þ ¼ Gij x; x0ð Þ�f j; (1)

where Ui is the displacement in the î direction (̂i is a unit vector), fj is a pulse force along ĵ, Gij is the elastody-
namic Green’s function from x0 to x, and * represents the convolution over time. Equation (1) can explain the

Figure 1. (a) Map of the topography, seismic stations, 318 events used in this study, and grid points used for the calculation of synthetic Green’s functions using the
reciprocity principle. (b) Map view of tectonic setting in Papua New Guinea region.
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displacement resulting from any combination of forces. For example, the displacement due to a couple
acting at x0 [Burridge and Knopoff, 1964] can be written as

Ui xð Þ ¼ lim
d→0

Gij x; x0 þ k̂d
� �

�f j � Gij x; x0 � k̂d
� �

�f j

2d
¼ ∂Gij x; x0ð Þ

∂ x0ð Þk̂
� f j 2dð Þ; (2)

where the forces fj are separated by the distance 2d in the k̂ direction. The product fj(2d) can be generalized
for the point source approximation of the seismic source moment tensor [Backus and Mulcahy, 1976]:

Ui xð Þ ¼ ∂Gij x; x0ð Þ
∂ x0ð Þk̂

�Mjk ; (3)

where Mjk represents a couple of opposite forces along ĵ with infinitesimal separation in the k̂ direction. The
general moment tensorM can be represented as a linear combination of a set of elementary MTs,Mm [Kikuchi
and Kanamori, 1991; Zahradnik et al., 2005; Mustać and Tkalčić, 2016]:

M ¼
X
m

Mmam; (4)

where am are the coefficients. In this study we adopted the convention in which six elementary MTs are
defined as (Figure 2a):

M1 ¼
0 1 0

1 0 0

0 0 0

2
664
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0 0 0
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2
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�1 0 0
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2
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3
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0 0 0
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2
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775; M6 ¼
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0 0 1

2
664

3
775

(5)

in the Cartesian coordinates corresponding to north, east, and up. The advantage of using this convention is
that certain solutions, such as pure deviatoric or pure double couple, can be obtained through different
subgroups of the six elementary MTs. For example, pure deviatoric is represented by M1–M5. Ground

Figure 2. (a) Six elementary basis mechanisms in equation (5). (b) Plot of forces for the first elementary basisM1. The offset
d in equations (6) and (13) is the distance between the center of the beach ball and each force.
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motion on the vertical component at location x due toM1 located at location x0, in terms of equations (2) and
(3), can be expressed as

Ez xð Þ ¼ lim
d→0

Gzn x; x0 þ êdð Þf n � Gzn x; x � êð Þf n
2d

þ lim
d→0

Gze x; x0 þ n̂dð Þf e � Gze x; x0 � n̂dð Þf e
2d

¼ ∂Gzn x; x0ð Þ
∂ x0ð Þê

Mne þ ∂Gze x; x0ð Þ
∂ x0ð Þn̂ Men; (6)

where n̂and êare the unit vectors along north and east, respectively; Ez is the elementary seismogram recorded
on the vertical component; and fn and fe are the forces along north and east, but separated along the perpendi-
cular direction (Figure 2b). The reciprocal version of equation (6), to be discussed in detail in section 3.1, is used to
produce synthetic seismograms in this study.By substituting the equivalent linear combination forM from equa-
tion (4) into equation (3), a seismogram can be expressed as a linear combination of six elementary seismograms:

Ui xð Þ ¼
X6
m¼1

∂Gij x; x0ð Þ
∂ x0ð Þk̂

�Mm

� �
am: (7)

Equation (7) can be written in a more simplified matrix form for real data:

U ¼ EA; (8)

where U is the vector of observed data (displacement amplitudes from three-component seismic stations), A
is the vector of six MT coefficients to be determined, and E is the matrix of elementary seismograms (with size
of 6 by length of U). We use the least squares method to estimate the vector of the coefficients, A:

ETE
� ��1

ETU
� � ¼ Aest: (9)

where Aest is our estimation vector of coefficients A. The six independent components of the moment tensor
can then be calculated from the estimated ai coefficients:

Mest ¼
�a4 þ a6 a1 a2

a1 �a5 þ a6 �a3

a2 �a3 a4 þ a5 þ a6

2
64

3
75: (10)

We assume that the earthquakes in this study are of a tectonic origin; thus, we leave out the volume compo-
nentM6 and calculate the deviatoric moment tensor, represented by the first five basesM1 toM5. For this, the
coefficient a6 is set to zero and the inversion only estimates the first five coefficients. Prior to the inversion, we
compute a library of elementary seismograms on a 3-D grid, with horizontal spacing of 0.2 by 0.2° and vertical
spacing of 4 km, covering the study area down to 70 km depth (dashed area in Figure 1a).The location and the
time of the centroid of each earthquake are determined through a grid search as follows. For each earthquake,
we run a grid search by repeating equation (9) over a selected set of nodes in the vicinity of a reference loca-
tion (GCMT centroid) and a set of time shifts around the origin time (International Seismological Centre (ISC)
report). The grid node and time shift that provide the highest variance reduction between the synthetics and
the real data is defined as our CMT. The variance reduction was calculated using the following formula:

V :R: ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 U ið Þ � S ið Þð Þ2Pn
i¼1 U ið Þ2

s
; (11)

where U is the observed displacement, S is the synthetics, and i is the time index of each sample. The most
crucial step in determining our CMT solutions is the preparation of “a library” of synthetic seismograms.
We used the reciprocity theorem to precompute this library.

2.2. Numerical Simulations and Reciprocity Property of the Wavefield

The spectral-element code SES3D [Fichtner et al., 2009a] was used to calculate the synthetic waveforms. For
the simulation of seismic wave propagation we used the networked Beowulf cluster Terrawulf (http://rses.
anu.edu.au/TerraWulf/) and the large-scale peak system, Raijin, maintained by the Australian National
Computational Infrastructure facility (NCI; http://nci.org.au/). Using 200 cores on Terrawulf II, it takes about
3 h to simulate the wavefield for one basis MT from a grid point to a station. The 3-D grid deployed in this
study to account for all earthquakes of interest consists of 34,136 points which would require more than
200,000 calculations, hence impossible to implement.
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Using the reciprocity theorem [Eisner and Clayton, 2001] we can efficiently calculate the wavefield between
the source and the receiver by calculating the Green’s functions from a single receiver to all grid nodes.
This way the number of calculations will be proportional to the number of utilized stations. An implementa-
tion of the reciprocal property of the wavefield has been used both in waveform tomography [e.g., Zhao et al.,
2005; Chen et al., 2007] and source parameter inversion [e.g., Eisner and Clayton, 2005; Zhao et al., 2006; Lee
et al., 2011]. To test the accuracy of our numerical simulations, we compared nine possible pairs of direct
and reciprocal Green’s functions (three forces recorded in three orthogonal directions). Seismograms due
to three forces pointing north, east, and up at location A in Figure 3, recorded on three-component seism-
ometers located at B which is our station GIRL, versus their reciprocals show a variance reduction of 94–
99%. Inaccuracies up to 6% could be due to numerical noise or reflections from different imperfect absorbing
boundaries (absorbing boundaries are different for the direct and reciprocal propagations). The term Gij in

equation (1) could be replaced by its reciprocal pair, Gji :

Gij x; x0ð Þ�f j ¼ Gji x0; xð Þ�f i; (12)

and consequently, we can rewrite the synthetic seismogram expressed in equation (6) using reciprocal
Green’s functions of equation (12) [Eisner and Clayton, 2001]:

Uz xð Þ ¼ lim
d→0

Gnz x0 þ êd; xð Þ f z � Gnz x0 � êd; xð Þ f z
2d

þ lim
d→0

Gez x0 þ n̂d; xð Þ f z � Gez x0 � n̂d; xð Þ f z
2d

; (13)

and the same reciprocity properties can be applied to the other five MT bases,M2 throughM6. We place three

Figure 3. Nine pairs of Green’s functions and their reciprocals for points A and B. These nine pairs account for all possible combination of the direction of the force
and recording components. SFN, SFE, and SFZ indicate forces pointing toward north, east, and up. R.N, R.E, and R.Z are seismic recorders along north, east, and up. The
thick gray line represents the calculation of the wavefield from source A to receiver B, i.e., the direct calculation of the wavefield. The thin black line shows the
reciprocal calculation of the wavefield from the source B to receiver A. The variance reductions between the direct and the reciprocal solutions are shown in the top
right corner of each pair of waveforms.
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orthogonal forces at each station’s location and calculate the wave propagation to all grid points. Then we
record the displacement at a small offset to the target grid point. This provides reciprocal seismograms to
calculate the first-order numerical spatial derivatives of the displacement for any grid point (note that
equation (13) accounts only for M1). This approach reduces the computational time to the time it takes run
to one simulation multiplied by the factor of 3 to account for all stations and components.

In an analytical solution of equation (2) the derivative with respect to d is calculated. However, we face
limitations when solving an equation numerically. We ran a test to build the six basic mechanisms following
equation (5), using a range of offsets (from 10 to 950m) and calculated the variance reduction between direct
and reciprocal waveforms for each offset value (marked with d in Figure 2b). For offsets>100 m there is suffi-
cient difference in the individual Green’s functions that the numerical differentiation is stable and the var-
iance reduction remains stable and above 90% (Figure 4). For the source and receiver specification in
Figures 3 and 4 the plot of direct and reciprocal solutions of six elementary mechanisms where the offset
is set to 100 meters shows reasonable agreement (Figure 5).

After setting the offset d in equation (6) to 100 m from each grid point, we generated waves for three forces
pointing north, east, and vertical (up) from each station in Figure 1 (total of 21) to 34,136 grid points (dashed
area in Figure 1b). For our 3-D model, AMSAN19, the total CPU hours, considering the memory limitations on
Terrawulf and NCI clusters, was ~7500. For synthetic tests and comparisons between 1-D and 3-D models we
calculated the reciprocal synthetics using the spherically symmetric ak135 [Kennett et al., 1995] as well. These

Figure 4. Variance reduction between the direct and reciprocal seismograms for all six elementary bases is plotted against half of the offset (distance between
the force and the grid node in the center), d, in equations (6) and (13). This is shown for (a) north-south, (b) east-west, and (c) vertical components. The black
arrow marks the distance we chose in this study.

Figure 5. Reconstruction of groundmotion for the six elementary seismograms for a source located at A and a receiver at B (see Figure 3 for the locations of A and B).
Thick gray waveforms are calculated from source A to receiver B, and the thinner black line is made from reciprocal Green’s functions as described in the text.
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1-D and 3-D synthetic waveforms were used to carry out waveform inversion with both the observed and the
synthesized data from designed scenarios discussed in the following sections.

For each CMT solution we selected stations from distances of 2°–45°. We compare our solutions, hence-
forth referred to as continental-scale CMT (CSCMT) to the global CMT (GCMT). CSCMTs calculated using
AMSAN19 (3-D model) and ak135 (1-D model) are referred to as CSCMT-3D and CSCMT-1D, respectively.
In this study, for comparing two MTs (for example, CSCMT-3D and GCMT solutions), we used the defini-
tion described in Frohlich and Davis [1999], who suggested that a 3 × 3 MT could be considered as a vec-
tor in a nine-dimensional space. Consequently, the difference between the two MTs can be seen as the
angle between two vectors (in a nine-dimensional space), hereafter called ω9D. For two pure DC MTs,
ω9D becomes zero if the mechanisms are identical and 180° if they have opposite P and T axes (e.g.,
reverse versus normal).

2.3. Data Processing

Raw data were corrected for instrument response, filtered using a Butterworth filter at 40–200 s period and
resampled to 2 samples per second. The same filtering and resampling was applied to the synthetic seismo-
grams. Since AMSAN19 predicts the complete waveform with reasonable accuracy at 40–200 s [Fichtner et al.,
2009b, 2010], we did not limit the inversion to any specific window or wave type (P, S, or surface waves), and a
full waveform (total length of 1400 s) was used in the inversion. Prior to the inversion, the quality of data was
checked manually and the noisy stations or components were removed to avoid any bias from fitting the
noise rather than actual signals.

3. Synthetic Tests

The goal of this section is to document the effect of using a 1-D layered Earth model (ak135 [Kennett et al.,
1995]) on the CMT solution. For this, we present three synthetic tests where we invert synthetic data
produced using the AMSAN19model. The first five elementary mechanisms (Figure 2a) were used to produce
the synthetics. We also document the error that is introduced by the reciprocal waveforms.

3.1. Case 1: Inversion for MT for Fixed Location and Time (Figure 6)

Data for five basis mechanisms M1–M5 (Figure 6a) from a source located in the Bismarck Sea at 7 km
depth (yellow star on the map in Figure 6b) to 21 stations using AMSAN19 were simulated. In the first
test, we fixed the lateral location, depth, and time of the centroid to the correct value and inverted only
for five independent components of the MT (deviatoric MT inversion) using both AMSAN19 and ak135.
The results show up to 40% drop in DC (Figure 6b) as well as ~80% drop in variance reduction when we
use ak135 as Earth model. For example, the mechanism gets distorted from strike slip toward dip slip for
the first basis MT. Since this test was performed without adding noise, the differences between the
inputs and the outputs are the result of heterogeneities in the 3-D model. Using reciprocal Green’s func-
tions computed for AMSAN19, we obtain similar mechanisms to the inputs, as expected. The recovered
mechanisms show up to 3% non-DC component with the fault strike, dip, and rake deviating only up to
1° from the true value. These small differences are due to numerical noise and inaccuracies of reciprocal
Green’s functions (discussed in section 2.2 and Figures 3 and 4). The effect of station coverage as well as
using only distant stations that are more affected by the 3-D heterogeneities is tested by choosing dif-
ferent subsets of stations (Figures 6c and 6d). Using only eight stations at distances larger than 24° (with
poor azimuthal coverage) and AMSAN19 as Earth model, we observed up to 9% drop in DC percentage
of MT as well as up to 3° difference in fault plane strike, dip, and rake, while the variance reduction
remains almost the same as that for the full station coverage in Figure 6b. The recovered mechanism
using ak135 is erroneous and the total variance reduction drops to below zero (Figures 6c and 6d).
The wavefield gets more distorted for longer paths through the 3-D heterogeneous structure (far sta-
tions). This plays an important role in progressively worsening the results, which is seen in
Figures 6b–6d. The erroneous mechanisms here partially account for the distortion caused by the
3-D heterogeneity.

3.2. Case 2: Inversion for MT and Time for a Fixed Location (Figure 7)

In this test, we repeated the previous case including a grid search around the correct reference time. In the
presence of good azimuthal coverage (Figure 7b) using ak135, the DC percentage increases (except for the
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first basis M1) and the recovered mechanisms (strike, dip, and rake) are more similar to that of the input,
compared to the previous tests. Moreover, the variance reduction increases by about 5–10%. These
improvements indicate a trade-off between the correct MT components and correct time shift caused by
the heterogeneities in the 3-D model. The first basis MT, M1, is now recovered as a strike-slip mechanism,
but the DC percentage is only 17. This is a clear sign that ignoring the 3-D heterogeneity in the synthetic
Green’s functions can readily translate into significant spurious non-DC components even in the presence
of good azimuthal coverage and a well-known location and depth for the event. Using stations at larger
distances, both mechanism and DC percentage became highly inaccurate (similar to that shown in
Figure 6). AMSAN19 provides the same results as in case 1.

Figure 6. Synthetic recovery tests for five basic mechanisms in the ak135 and AMSAN19 models located at latitude �3.2°,
longitude 145.0°, and depth 7 km. In this inversion, time and location of the event is fixed at the true value. (a) Five
mechanisms used to generate “real data” in the AMSAN19 Earth model. Inversion using (b) 21 stations, (c) 17 stations at
distances larger than 15°, and (d) eight stations at distances larger than 24°. The top line of beach balls shows the recovery
in AMSAN19, and the bottom line shows the recovery using the ak135 synthetics. The location of the event (yellow star)
and the stations (red triangles) is shown on the right. The variance reduction between the “real’ and synthetic data is
written on top of each beach ball.
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3.3. Case 3: 4-D Search for Centroid Moment Tensor (Figure 8)

At periods greater than 40 s, the ground motion for a shallow source is relatively insensitive (nearly zero-
amplitude seismograms) to M2 and M3 (vertical dip slip) and the shapes of the synthetics for the rest of
the elementary basis are almost identical [Dziewonski et al., 1981]. Consequently, a good compromise for
the GCMT method is to fix the depth at 12 km for the centroids that tend to become shallower than
this depth.

For the final synthetic test, we performed a full spatiotemporal grid search for the CMT. Two plots through the
grid search summarize the effect of incomplete Earth structure (1-D model) on location, time, mechanism,
and DC%, when they are all searched together (Figure 8). The recovery of centroid depth, time and

Figure 7. Synthetic recovery tests for five basic mechanisms in the ak135 and AMSAN19 models located at latitude �3.2°,
longitude 145.0°, and depth 7 km. In this inversion, location of the event is fixed at the true value. (a) Five mechanisms used
to generate “real data” in the AMSAN19 Earth model. Inversion using (b) 21 stations, (c) 17 stations at distances larger
than 15°, and (d) eight stations at distances larger than 24°. The top line of beach balls shows the recovery in AMSAN19, and
the bottom line shows the recovery using the ak135 synthetics. The location of the event (yellow star) and the stations (red
triangles) is shown on the right. The variance reduction between the “real” and synthetic data is written on top of each
beach ball.
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Figure 8. This synthetic test investigates the effect of 3-D heterogeneity on CMT solution of the basic mechanisms for a
shallow earthquake. Similar to Figure 6, five mechanisms (Figure 6a) were used to simulate “real data” in the AMSAN19
Earth model for 21 stations (location of the stations is shown in Figure 6b). Inversion is performed using ak135 and
AMSAN19 models. We did not add noise to the real data, so the differences in inversion results are fully related to the
heterogeneity of the 3-D model. We present the result of CMT solution through the contour plot of variance reduction for
(left) depth-time and (right) horizontal location in each model for (a)M1, (b)M2, (c)M3, (d)M4, and (e)M5. Each beach ball is
plotted with the DC percent as color (similar to Figures 5 and 7). The contour map of variance reduction is plotted with a
different color bar in the background.
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location (correct depth is 7 km, correct location is the center of the horizontal slice, and the correct time is
zero) is shown by contouring variance reduction on a depth-time plot as well as a horizontal grid stencil at
optimum depth.

When 1-D synthetics are used, M4 and M5 are only weakly sensitive to the depth (almost the same fit is
achieved for the depths 3–21 km), whereas M1, M2, and M3 are completely insensitive to the depth. The
horizontal location has no clear peak, and instead, a large area with several local minima can be observed
(with variance reduction up to 0.2). In general, there is a shift toward the north-west with maximum

Figure 9. CMT solution for the event occurred on 12 November 2006 18:21:30 with Mw 6.2. The presentation of variance reduction and DC percent is similar to
Figure 8. (a) Contour map of the depth, time, and horizontal location optimization for AMSAN19 and ak135 models. (b) Location of the earthquake (yellow star)
and the 11 stations (red triangles) used. (c) Waveform fit between the observed data (thick gray), and the synthetics calculated from AMSAN19 (thinner black line) and
ak135 (dashed red lines). (left) N-S components, (middle) E-W components, and (right) vertical components are shown. The seismograms are in velocity (m/s) units.
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dislocation of 72 km (located at the edge of the stencil of grid points for M1 and M2). This indicates that the
location and depth cannot always be well constrained using a 1-D Earth model, even in the presence of a
reasonable azimuthal coverage.

In this test, using the 1-D synthetics, the optimum mechanisms are similar to the input mechanism (see
Figures 6b and 7b for a comparison), which shows that there is a significant trade-off between the correct
lateral location, depth, and time with MT components. The differences in the Green’s functions and time
delays stemming from the 3-D heterogeneity could also be partially compensated by a shift in the CMT loca-
tion and time.

Figure 10. Topographic map of the study area with focal mechanism solutions obtained (a) using AMSAN19model and (b) GCMT catalogue for events with DC% less
than 70 in the GCMT catalogue. The histogram of the DC percentage is shown in insets in the bottom left corner of each map. Event #1, 12 November 2006 18:21:30
and event #2, 10 August 2009 17:46:23 are described in sections 4.1 and 4.2, respectively.
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Using the 3-D synthetics, the time and lateral location of all elementary MTs are recovered correctly,
with a strong peak in variance reduction. The depth recovery for M1, M4, and M5 is a distinguishable
peak at the correct depth, but M2 and M3 (vertical dip-slip mechanisms) show no depth sensitivity in the
top 19 km.

Figure 11. CMT solution for the event occurred on 10 August 2009 17:46:23 with Mw 5.7. The presentation of variance
reduction and DC percent is similar to Figure 8. (a) Contour map of the depth, time, and horizontal location optimization
for AMSAN19 and ak135 models. (b) Location of the earthquake (yellow star) and the 12 stations (red triangles) used.
(c) Waveform fit between the observed data (thick gray), and the synthetics calculated from AMSAN19 (thinner black line)
and ak135 (dashed red lines). (left) N-S components, (middle) E-W components, and (right) vertical components are shown.
The seismograms are in velocity (m/s) units.
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Our synthetic tests confirm the
known impact of 3-D structure on
MT components for periods of
40–200 s on the continental scale
[e.g., Hingee et al., 2012].
Moreover, we observe a strong
trade-off between centroid location
and time with MT components
when we use a 1-D Earth model.
The 3-D heterogeneity affects the
shape and arrival time of different
phases, which can be partially com-
pensated by a shift in the location,
depth, and time of the centroid.
Even in the presence of a good
azimuthal coverage with stations
distributed in a wide range of
distances, incomplete knowledge
of Earth structure can translate into
significant spurious non-DC
components. The discrepancies
between true and recovered CMT
solution become much more signif-

icant when we use less stations for the spatiotemporal grid search. Similar to the results shown in
Figures 6 and 7, we repeated the CMT inversion using 17 and 8 stations. With the latter case, the error
in lateral location is at least 100 km and reaches 50 km in depth. The shift in the recovered centroid time
is larger than 10 s.

4. CMT Inversions for the Papua New Guinea, Bismarck Sea, and Solomon Islands

Data from 21 permanent broadband stations (14 operated by Geoscience Australia and 7 by GSN) were used
to perform CSCMT inversions of 318 events with Mw~5.0 and larger that occurred in Papua New Guinea, the
Bismarck Sea, and the Solomon Islands from 2006 to 2016 (Figure 1a). The maximum moment magnitude
chosen for this study is Mw 7.4. Larger events were excluded to meet the requirements of a point source
approximation for a finite source. We present two events in detail to describe the effect of 3-D heterogeneity
on DC percentage, depth, location, and mechanism. These events summarize our main observations for the
entire data set presented in the CSCMT catalogue.

4.1. Effect of 3-D Heterogeneity on DC Component; Event 1: 12 November 2006 18:21:30

About 24% of the events (78 earthquakes) in this study have DC% less than 70 in the GCMT catalogue. TheMT
from the GCMT catalogue for the event on 12 November 2006 18:21:30 located at the subducting New
Guinea Trench has only 55% DC (Figure 9). We used data from 11 available broadband stations (Figure 9b)
and two Earth models, AMSAN19 and ak135 to calculate the CSCMT-3D and CSCMT-1D.

The MT solution derived using ak135 shows similar DC (57%) but with different strike, dip, and rake angles
compared to those reported by the GCMT. As expected, there is no clear optimum depth as the nodes at
depth range of 10–50 km all produce similar fits to the data. The lateral location is not constrained well
and the optimum centroid is located at ~60 km south-east of that reported by the GCMT (Figure 9a). In fact,
an area with the size of 120 by 120 km produces more or less similar fits to the data as that of the optimum
point. The optimum centroid time shows a 14 s shift relative to the hypocenter origin time (we used the same
origin time as it was used by GCMT). According to empirical relations between the magnitude and the size of
rupture as well as the source time function [Somerville et al., 1999; Tanioka and Ruff, 1997] we argue that this is
too large for an event with Mw 6.2 (reported by GCMT). Our CSCMT-1D solution estimates the moment mag-
nitude to be 6.0.

Figure 12. Histograms comparing centroid depths of earthquakes from the
area of study CSCMT-3D (white) and GCMT (gray) catalogues.
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Figure 13. A comparison between CMT solutions in this study (CSCMT-3D and CSCMT-1D) and GCMT catalogue for 37 events occurred in north of Papua NewGuinea
along BSSL and New Guinea Trench. (a) Topography map, known faults, and the location of the cross section XX0 , perpendicular to the New Guinea Trench.
(b) Comparison between the fit to the data using AMSAN19 and ak135models. The histogram of variance reduction is shown. (c) The CSCMT-3D solutions (map view),
(d) projected on cross section XX0 , (e) GCMT catalogue (map view), (f) projected on cross section XX0 . (g) The CSCMT-1D solutions (map view), (h) projected on cross
section XX0 . On all cross sections, the red curve marks the topography along the profile XX0. The green line in cross section shown in Figure 13f indicates depth 12 km.
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For this event, using AMSAN19, the recovered mechanism and location are similar to that of GCMT;
however, the DC part of the MT is 98%. The centroid location is optimized with a strong clear peak
of variance reduction at longitude 151.2°E and latitude 6.4°S. The optimum depth is located between
11 and 20 km, and the centroid time is now 1.5 s after the origin time. The overall variance reduction
increases from 0.19 using ak135 to 0.61 using AMSAN19 (Figure 9c), and moment magnitude increases
by 0.1 compared to that of ak135. The angle ω9D is 20°. Since the strike, dip, and rake of CSCMT-3D
and GCMT mechanisms are very similar, ω9D mainly represents the difference in non-DC components
of the MTs.

It is evident that synthetics constructed using the 3-D model fit the observed data much better and enable us
to locate the event with a localized peak of variance reduction. Moreover, the CSCMT-3D shows similar
mechanisms to that of the GCMT but with 43% higher DC. This event represents a considerable portion of
the events in the GCMT catalogue with significant non-DC components.

Figure 14. (a) A comparison between histograms of the DC% from CSCMT-3D (black line) and GCMT catalogues (filled dark
gray). (b) Plot of DC% of GCMT solutions versus that of CSCMT-3D. Open circles indicate the events with DC >60% from
CSCMT-3D catalogue. The light gray circles represent the solutions with DC<60% but with increase compare to GCMT. The
black circles show the events for which DC% in CSCMT-3D catalogue is smaller than DC in GCMT catalogue.

Figure 15. (a) Plot of moment magnitude from the CSCMT-3D catalogue versus that of GCMT catalogue. The color bar is
the difference between the DC percentages in two data sets. The dashed red line is the best linear fit to the data. The
correlation coefficient is 0.98. (b) Same as in Figure 15a but for depth parameter.
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Table 1. CSCMT-3D Results for 318 Earthquakesa

Number Origin Time Longitude Latitude Depth Mrr Mtt Mff Mrt Mrf Mtf Exp Mw DC%

1 20060206030402 149.8 �6.4 35 2.86 �2.83 �0.03 1.14 0.17 0.02 17 5.6 97.4
2 20060317134814 150.0 �4.8 11 �2.93 3.81 �0.88 �1.79 �2.49 1.05 17 5.7 96.8
3 20060320141757 151.4 �6.0 27 1.76 �0.22 �1.54 �0.52 0.24 0.77 17 5.4 94.4
4 20060324122709 143.2 �3.2 3 7.65 �5.29 �2.36 6.74 5.21 8.99 17 6.0 75.4
5 20060529121213 154.8 �7.8 7 �0.15 1.29 �1.14 0.69 �0.57 0.36 17 5.4 95.8
6 20060601131625 151.8 �5.2 43 9.63 �8.84 �0.78 3.01 0.92 �2.24 16 5.3 96
7 20060823231521 152.8 �4.2 35 �2.27 1.36 0.90 0.32 �1.69 �0.88 17 5.5 62.7
8 20060901101853 155.4 �7.0 39 1.52 �0.90 �0.62 0.00 �0.04 0.75 19 6.7 100
9 20060905213851 145.8 �3.2 7 �2.02 0.18 1.84 1.23 �5.30 5.44 16 5.1 92.2
10 20060915101317 150.4 �6.4 31 5.21 �5.16 �0.05 2.98 1.04 �0.77 17 5.8 99.5
11 20060925074630 154.4 �6.4 43 2.02 �1.07 �0.96 0.17 �0.37 �0.02 17 5.4 3.6
12 20061017085825 151.4 �6.0 31 1.90 �0.64 �1.26 0.11 0.02 �0.42 17 5.4 55.2
13 20061018020914 151.2 �6.2 3 0.36 �0.32 �0.04 1.74 0.68 �0.04 17 5.4 94.6
14 20061030042917 154.8 �6.8 35 1.40 �0.84 �0.56 0.46 �0.20 0.80 17 5.4 88.1
15 20061112103511 151.6 �6.6 3 �8.05 4.17 3.88 2.55 1.93 2.37 16 5.2 61.9

16 (#1) 20061112182130 151.2 �6.4 11 0.90 0.90 �1.80 0.98 �0.16 0.45 18 6.1 98.1

17 20061119091944 151.6 �6.4 3 �8.49 6.00 2.49 0.78 4.94 3.88 16 5.2 76.5
18 20061207110132 154.2 �6.2 39 8.98 �5.14 �3.84 �0.12 3.39 5.33 16 5.2 95.5
19 20061218234615 154.6 �7.0 7 6.45 �3.64 �2.81 3.49 �1.23 2.74 16 5.1 82.9
20 20070122192550 146.4 �3.2 11 �1.11 �0.94 2.05 0.55 �3.14 3.94 17 5.7 82.1
21 20070213105657 154.6 �7.0 11 5.09 �3.15 �1.94 7.65 �5.30 3.01 16 5.2 90.9
22 20070217091834 156.0 �7.4 11 7.26 �5.60 �1.67 2.69 �1.84 2.76 16 5.2 93.3
23 20070217124312 155.8 �7.6 7 1.88 �1.93 0.05 0.30 �0.88 0.68 17 5.5 98.7
24 20070217074334 156.0 �7.6 15 3.49 �2.67 �0.82 1.02 �0.78 1.02 17 5.6 79.3
25 20070304025006 152.6 �6.0 3 �9.13 3.18 5.95 �7.85 8.04 �1.97 16 5.3 67.5
26 20070402134953 156.4 �8.2 11 0.34 �0.04 �0.30 0.49 0.45 1.77 17 5.4 94.5
27 20070402224950 154.8 �9.8 3 �2.52 2.29 0.22 2.26 0.45 0.17 17 5.6 87.1
28 20070402104919 156.2 �7.6 43 1.21 �0.73 �0.48 �0.39 0.20 0.56 18 6.0 93.6
29 20070402232023 157.4 �9.0 11 2.00 �1.43 �0.56 1.29 �0.17 0.74 18 6.1 82.2
30 20070402120223 157.8 �8.8 11 1.92 �0.41 �1.51 �0.47 �0.59 1.27 18 6.1 87.9
31 20070403213454 158.2 �9.0 19 4.28 �1.32 �2.96 5.50 0.50 4.89 16 5.1 89.4
32 20070403024637 155.6 �7.4 7 �3.13 6.63 �3.51 1.54 �5.69 2.27 16 5.2 50.8
33 20070403052116 157.4 �8.8 7 4.02 �0.05 �3.97 0.53 �9.20 3.83 16 5.2 85.8
34 20070403172556 157.6 �8.8 15 1.14 �0.30 �0.84 �0.36 �0.35 0.70 17 5.3 96.2
35 20070403152706 155.4 �7.6 7 1.31 �0.95 �0.36 0.71 �0.36 0.56 17 5.4 96.2
36 20070403002207 154.8 �10.0 3 �1.42 1.29 0.13 �0.03 0.46 0.04 17 5.4 66.9
37 20070403221741 154.8 �7.0 19 1.71 �1.05 �0.66 0.70 �0.66 0.80 17 5.4 96
38 20070403194057 155.2 �7.2 23 1.09 �0.64 �0.45 1.23 �0.77 1.19 17 5.4 48.8
39 20070403120427 155.8 �8.4 3 �1.03 1.27 �0.24 �0.60 0.37 0.21 18 6.0 86.7
40 20070404094613 155.0 �7.2 11 8.91 �5.77 �3.15 9.60 �5.66 3.01 16 5.3 83.6
41 20070404093556 154.8 �7.2 23 1.51 �1.00 �0.51 1.14 �0.79 0.67 17 5.4 95.8
42 20070404003950 156.0 �7.4 47 9.43 �5.71 �3.73 �2.17 0.47 4.81 17 5.9 98.1
43 20070404063436 156.6 �7.8 19 3.46 �1.06 �2.40 0.07 �1.11 1.66 18 6.3 98.7
44 20070406091218 157.2 �8.6 11 1.15 �0.59 �0.57 0.59 �0.38 0.59 17 5.3 99.6
45 20070414231657 145.0 �3.4 7 �4.00 0.42 3.58 2.12 �8.74 6.90 16 5.2 86.3
46 20070424121424 155.8 �8.0 7 �2.84 8.97 �6.13 �1.00 �3.77 �2.31 16 5.2 91.7
47 20070427134927 155.8 �7.4 43 6.33 �3.91 �2.42 �0.55 0.43 2.54 17 5.8 83.8
48 20070429034430 157.2 �8.4 11 1.02 0.06 �1.07 �0.46 �0.91 0.18 17 5.3 85.7
49 20070501001522 155.0 �7.4 3 �0.52 1.77 �1.25 �7.73 �3.64 �0.84 17 5.8 98.4
50 20070501014524 155.2 �7.6 3 0.34 �0.20 �0.14 1.27 �0.23 0.11 18 5.9 85.6
51 20070510111508 155.2 �7.4 31 1.56 �1.36 �0.20 1.13 �0.17 0.58 17 5.4 99.9
52 20070518231126 152.0 �7.2 27 �0.28 �1.60 1.87 �1.82 0.59 �3.63 17 5.6 85.4
53 20070601192205 149.2 �3.4 11 �0.31 0.91 �0.60 �0.22 �1.73 1.25 17 5.4 82.3
54 20070607004040 147.0 �3.0 19 0.21 �0.32 0.10 0.21 �2.54 2.14 18 6.2 93.3
55 20070616042359 155.4 �7.6 3 3.64 �3.72 0.07 7.16 �6.72 1.51 17 5.9 98.4
56 20070618061848 151.2 �3.6 7 �2.44 3.73 �1.28 �1.05 �2.19 1.01 18 6.3 93.7
57 20070628025210 154.8 �7.8 3 0.04 0.68 �0.71 1.43 �1.21 0.17 19 6.7 97
58 20070722154211 141.8 �2.6 7 �4.48 5.76 �1.28 �4.75 4.59 �0.38 16 5.2 86.3
59 20070722142044 141.8 �2.8 7 �2.94 2.55 0.39 �2.69 1.52 �0.43 17 5.6 79.9
60 20070722104938 141.8 �2.4 3 �1.70 3.07 �1.37 �1.94 1.61 2.10 17 5.6 96.6
61 20070806002631 141.6 �2.6 3 1.05 �0.49 �0.56 0.93 �2.49 0.96 17 5.5 87.9
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Table 1. (continued)

Number Origin Time Longitude Latitude Depth Mrr Mtt Mff Mrt Mrf Mtf Exp Mw DC%

62 20070815165144 155.8 �7.4 15 1.08 �0.76 �0.32 0.38 �0.32 0.49 17 5.3 99.6
63 20070819190943 141.0 �5.0 11 2.83 �5.24 2.41 1.86 �6.26 7.13 16 5.2 76.6
64 20070820213045 141.2 �5.0 3 2.45 �1.20 �1.25 �5.10 3.65 2.70 17 5.8 65.1
65 20070826134705 154.2 �10.0 3 �9.31 6.65 2.65 8.91 6.88 2.69 16 5.3 80.4
66 20070926123626 153.6 �5.2 43 1.29 �0.40 �0.89 0.00 0.07 0.61 19 6.7 98.7
67 20071021102452 154.4 �6.8 39 6.20 �4.18 �2.02 �0.06 1.57 3.84 17 5.8 82.3
68 20071022061112 141.4 �2.8 3 �1.50 1.13 0.37 �4.45 1.86 �0.65 17 5.7 99.4
69 20071026163444 143.8 �3.4 3 0.48 �2.03 1.55 8.95 �3.60 0.68 17 5.8 71.2
70 20071101000520 153.6 �5.2 43 1.56 �0.51 �1.05 0.24 �0.30 0.72 17 5.4 98.4
71 20071101214539 154.8 �6.8 11 1.27 �0.77 �0.49 1.57 �1.08 0.67 17 5.4 96.2
72 20071116075220 151.8 �5.8 15 6.62 �5.76 �0.86 7.29 1.00 �2.80 16 5.2 98.4
73 20071120125259 155.8 �7.2 51 1.08 �1.08 �0.01 �0.18 0.28 0.07 18 6.0 89.1
74 20071124134838 152.2 �4.2 7 �0.78 1.35 �0.57 �0.57 �0.81 0.26 17 5.4 90.4
75 20071203223312 148.8 �6.8 15 2.72 �2.73 0.01 2.03 �0.13 �0.09 17 5.6 99.7
76 20071210121328 144.4 �3.4 3 0.67 �1.20 0.53 0.92 �1.33 �0.06 17 5.4 62.7
77 20080101191308 147.2 �6.0 43 4.82 �3.93 �0.89 0.64 �1.20 1.62 17 5.7 87.4
78 20080203171024 149.8 �6.6 35 1.17 �1.24 0.07 0.49 0.04 0.02 17 5.3 89.9
79 20080314095903 141.6 �3.2 15 4.25 �4.18 �0.06 �1.23 0.68 1.96 16 5.0 72.5
80 20080319115552 155.4 �7.2 23 8.17 �6.86 �1.32 6.41 �3.16 4.86 16 5.3 75.6
81 20080503190145 155.2 �6.6 31 3.43 �2.23 �1.20 0.64 �0.92 1.66 17 5.6 99.6
82 20080524132408 156.0 �7.4 39 2.45 0.67 �3.12 �1.27 �3.66 5.37 17 5.8 84.5
83 20080622131535 157.8 �9.4 11 6.19 �3.15 �3.04 2.62 �5.28 3.88 16 5.2 90.8
84 20080622072205 157.8 �9.2 11 4.57 �2.11 �2.47 1.27 �2.59 2.56 17 5.7 94.1
85 20080625154128 151.8 �5.6 47 3.55 �3.39 �0.16 0.52 �0.05 �0.74 17 5.6 99.6
86 20080711095851 148.2 �3.2 7 �0.49 1.54 �1.05 �0.08 �1.71 2.04 17 5.5 92.2
87 20080720211338 151.4 �3.8 7 0.02 1.78 �1.80 �1.82 �1.20 �0.57 17 5.5 93.1
88 20080725201107 146.8 �6.0 47 1.78 �1.46 �0.33 0.06 0.14 0.60 17 5.4 91.4
89 20080826020626 147.6 �2.8 7 �0.07 �0.15 0.22 �0.10 �1.39 0.76 17 5.3 75.2
90 20080909122250 158.2 �9.6 7 3.45 0.95 �4.40 2.98 4.59 7.50 17 5.9 97.1
91 20081022045151 155.0 �7.4 3 7.17 �4.32 �2.86 8.65 �8.71 2.51 16 5.3 85.4
92 20081023111530 145.6 �2.4 11 �2.60 �0.46 3.07 2.24 �6.64 5.24 16 5.2 81.2
93 20081023100436 145.8 �2.4 11 �0.17 �1.36 1.53 1.24 �2.17 2.49 18 6.2 72.6
94 20081101011310 149.2 �3.2 15 �2.13 6.11 �3.98 �2.82 �9.29 6.62 17 5.9 99.6
95 20081217080957 148.0 �7.2 7 0.00 0.26 �0.26 �0.78 1.24 �0.09 17 5.3 95.7
96 20090108214704 153.0 �4.8 35 �0.01 6.28 �6.27 �3.18 �1.60 �4.20 16 5.2 98.3
97 20090208153437 147.8 �6.4 35 2.53 �2.21 �0.33 0.82 �0.05 0.52 17 5.5 85.2
98 20090214202911 151.8 �5.6 35 1.20 �1.13 �0.07 0.52 0.10 �0.27 17 5.3 99.3
99 20090303011937 151.4 �3.8 7 �0.76 1.46 �0.70 �0.48 �1.00 0.39 17 5.4 99.3
100 20090322193420 151.8 �5.4 31 9.86 �9.44 �0.42 6.10 2.73 �4.20 16 5.3 81.2
101 20090322193420 151.8 �5.6 35 1.21 �1.07 �0.13 0.51 0.13 �0.42 17 5.3 96.5
102 20090324232827 151.8 �5.4 43 5.42 �4.95 �0.47 1.81 0.83 �1.01 17 5.8 90.2
103 20090401035501 144.4 �3.2 3 �0.56 0.98 �0.42 �0.15 �6.30 4.10 18 6.4 90.2
104 20090415182633 154.0 �6.2 31 8.78 �2.74 �6.05 �2.93 �0.40 3.90 16 5.2 81.8
105 20090416004324 154.2 �6.8 3 2.77 �1.17 �1.60 9.25 �6.26 0.99 17 5.9 90.9
106 20090530195643 149.8 �6.6 15 5.07 2.08 �7.15 4.09 �2.73 2.78 16 5.2 77.4
107 20090604010342 146.6 �6.2 31 7.96 �8.30 0.34 5.21 �4.22 0.77 16 5.3 87.2
108 20090715201043 150.6 �3.4 15 �0.61 1.26 �0.65 0.59 �0.78 1.41 18 6.1 97.5
109 20090725014224 155.0 �6.8 39 6.81 �3.69 �3.11 0.54 �1.02 3.83 17 5.8 88.6
110 20090727123418 151.8 �5.8 19 6.34 �7.16 0.82 5.65 �0.66 �2.10 16 5.2 81.4
111 20090729213304 152.8 �5.4 27 1.09 �1.09 0.00 1.20 0.17 �0.15 17 5.4 97.3

112 (#2) 20090810174625 143.2 �3.2 7 3.26 �3.03 �0.23 4.65 �1.97 1.14 17 5.7 94.5

113 20090817152103 154.6 �6.8 3 0.18 �0.28 0.10 1.46 �0.63 0.11 17 5.3 85.3
114 20090818175915 154.6 �6.8 7 0.77 �0.20 �0.57 1.10 �2.14 0.34 17 5.5 99.9
115 20090922043809 142.0 �3.6 27 �0.90 �1.46 2.36 1.07 �0.43 0.34 17 5.5 93.5
116 20091009224956 157.6 �9.4 7 1.38 �1.10 �0.28 0.50 �1.80 1.22 17 5.5 97.8
117 20100103041140 146.0 �5.4 43 5.05 �0.88 �4.18 1.96 �2.97 1.98 17 5.8 99.4
118 20100103214804 157.6 �9.0 7 7.76 �2.66 �5.10 4.79 �5.69 2.91 18 6.6 85.8
119 20100103223629 157.4 �8.8 7 3.47 �1.33 �2.13 1.80 �2.90 1.39 19 7.0 88
120 20100104142419 157.2 �8.6 15 7.36 �2.29 �5.08 3.45 �2.67 4.79 16 5.2 76.5
121 20100104041748 157.6 �9.2 7 1.88 �0.67 �1.22 0.71 �1.04 0.90 17 5.5 99.9
122 20100104112821 157.2 �8.6 7 3.84 �2.26 �1.59 4.58 �2.76 2.08 17 5.8 96.7
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Table 1. (continued)

Number Origin Time Longitude Latitude Depth Mrr Mtt Mff Mrt Mrf Mtf Exp Mw DC%

123 20100105131143 157.8 �9.4 7 5.64 �3.10 �2.54 4.88 �4.06 2.71 17 5.8 97.7
124 20100105121534 157.8 �9.2 11 1.29 �0.73 �0.56 0.45 �0.59 0.69 19 6.7 95
125 20100109070432 157.6 �9.4 7 3.00 0.98 �3.99 �0.05 �2.50 8.18 16 5.2 46.6
126 20100109055133 157.8 �9.2 7 0.21 0.26 �0.48 0.55 0.37 2.28 18 6.1 98.7
127 20100117094642 152.8 �6.2 3 �2.26 2.28 �0.02 �1.53 �0.05 �0.27 17 5.5 97.1
128 20100119001748 158.2 �9.0 3 �2.59 0.63 1.96 0.65 3.75 1.92 17 5.7 89.6
129 20100124141900 157.8 �9.2 7 0.23 �0.03 �0.20 �0.14 0.86 1.45 17 5.3 68.6
130 20100201222817 154.4 �6.4 35 1.82 �0.87 �0.96 0.59 �0.03 1.03 18 6.1 96.5
131 20100210071834 154.8 �7.4 3 0.93 �0.52 �0.42 3.51 �2.52 0.34 17 5.6 94.3
132 20100312032249 157.6 �9.2 7 0.60 3.02 �3.62 �0.56 �0.33 7.43 16 5.1 87.1
133 20100410061613 145.8 �4.8 11 �5.43 �0.98 6.41 3.86 �4.93 7.71 16 5.2 98.9
134 20100602092854 149.4 �6.4 35 7.83 �7.83 0.00 1.27 1.83 �1.17 17 5.9 96.3
135 20100619112246 150.6 �3.2 11 �0.63 1.15 �0.52 �0.51 �0.62 0.02 17 5.3 91.5
136 20100620102133 146.8 �6.2 47 1.24 �1.02 �0.21 �0.15 0.05 0.27 17 5.3 78.6
137 20100707091335 154.4 �6.4 31 1.07 �0.41 �0.65 0.26 �0.13 0.46 17 5.3 86.7
138 20100718130411 150.6 �6.4 31 2.85 �0.01 �2.83 �0.18 �0.26 �0.39 19 6.9 97.9
139 20100718133460 150.4 �6.2 35 6.74 �6.90 0.16 3.23 1.00 0.13 19 7.2 99.4
140 20100719030111 150.2 �6.8 15 6.76 �6.26 �0.50 5.05 �1.31 �0.46 16 5.2 83.7
141 20100720235433 141.2 �2.8 19 6.30 �5.08 �1.22 �0.42 1.87 2.91 16 5.1 99.4
142 20100720203108 150.4 �6.4 27 1.40 �1.26 �0.13 0.46 0.00 �0.47 17 5.4 97
143 20100720191822 150.8 �6.4 35 3.29 �3.24 �0.05 1.15 �0.18 �0.38 18 6.3 98.3
144 20100731042820 150.4 �6.4 27 0.71 0.53 �1.24 0.42 �0.37 �0.04 17 5.3 66.4
145 20100804220143 150.8 �6.2 31 2.16 �2.11 �0.05 0.92 �0.01 �0.39 19 6.8 99.1
146 20100805050922 150.4 �6.6 31 0.99 �1.08 0.09 0.34 �0.08 �0.17 17 5.3 82.6
147 20100805050922 150.4 �6.4 31 1.02 �1.07 0.05 0.33 �0.08 �0.21 17 5.3 87.6
148 20100814103559 151.0 �6.2 39 1.23 �1.08 �0.15 0.26 �0.01 �0.18 17 5.3 81.1
149 20100820084733 154.2 �6.8 3 0.86 �0.40 �0.46 2.16 �1.65 0.33 17 5.5 91.5
150 20100820175615 154.2 �6.8 3 0.98 �0.41 �0.58 2.65 �1.82 0.39 18 6.2 90.8
151 20100903022910 150.0 �6.4 31 1.61 �1.65 0.05 0.53 0.19 �0.07 17 5.4 96.2
152 20100923125308 151.8 �6.2 15 2.11 �1.91 �0.19 1.35 0.15 �0.34 17 5.5 89.6
153 20101005192203 151.2 �3.8 11 �0.44 1.23 �0.79 �0.65 �0.87 0.16 17 5.4 99.2
154 20101021110030 151.0 �6.2 19 0.30 �0.97 0.67 1.37 0.70 �0.04 17 5.4 63.2
155 20101028031726 153.8 �5.6 51 1.06 �0.12 �0.94 1.72 �3.58 1.00 17 5.6 76.9
156 20101031163849 150.4 �6.6 7 �3.55 3.19 0.36 �3.37 0.22 �0.16 17 5.7 85.8
157 20101101051634 150.4 �6.8 35 5.06 �4.92 �0.13 7.60 �1.03 �3.22 16 5.2 96.9
158 20101102063955 151.6 �5.6 47 5.41 �5.11 �0.30 1.38 �0.09 �1.35 17 5.8 99.3
159 20101111202958 154.8 �6.4 43 1.91 �0.90 �1.00 0.16 0.60 1.02 17 5.5 92.8
160 20101202031209 149.8 �6.2 43 7.37 �7.82 0.45 2.46 2.09 0.07 18 6.5 97.8
161 20101212145310 150.2 �6.6 11 7.10 �7.04 �0.06 7.65 �2.58 0.31 16 5.2 93.6
162 20110216021537 149.4 �6.2 35 2.05 �2.09 0.05 0.30 0.23 0.03 17 5.5 98.3
163 20110304040748 157.4 �9.2 7 1.04 �0.41 �0.63 0.72 0.12 2.20 17 5.5 48.7
164 20110319161157 149.6 �6.4 43 8.44 �8.42 �0.03 0.21 �0.46 �0.50 16 5.2 99.5
165 20110430054535 148.8 �3.6 3 �0.54 3.00 �2.46 �1.61 �3.55 2.39 17 5.7 96
166 20110515232504 155.2 �7.0 7 0.84 �0.76 �0.09 1.04 �0.78 0.17 17 5.3 83.7
167 20110518185125 147.8 �6.6 7 �1.17 0.38 0.80 0.78 0.18 1.13 17 5.4 64.1
168 20110520194316 147.0 �7.4 3 �1.24 0.16 1.08 �7.70 3.79 �2.50 17 5.8 77.1
169 20110605070209 152.0 �3.8 3 �0.52 1.48 �0.97 �1.21 �1.22 �0.38 17 5.4 80
170 20110616000337 151.2 �6.2 11 �0.36 �1.25 1.61 2.87 �1.46 0.32 18 6.2 44.9
171 20110617031216 151.2 �6.4 3 �0.66 0.52 0.14 �1.17 0.99 �0.32 17 5.3 96.9
172 20110701162546 147.8 �6.8 3 �1.48 0.52 0.96 0.66 6.57 1.34 17 5.7 94.4
173 20110711002725 146.4 �3.4 7 �4.10 2.46 1.64 1.71 �5.33 6.69 16 5.2 93.1
174 20110725005050 150.6 �3.2 7 �0.93 3.64 �2.71 �1.42 �2.10 0.47 18 6.3 95.6
175 20110726174050 150.6 �3.2 11 �2.08 �0.72 2.80 2.44 �6.44 8.81 16 5.2 87.2
176 20110731233858 144.8 �3.6 7 �0.09 0.10 �0.01 0.98 �5.12 7.27 18 6.5 80.9
177 20110803223923 148.2 �5.0 3 2.94 �2.02 �0.92 �3.33 �0.25 2.73 17 5.7 97.4
178 20110810180615 155.6 �7.2 11 7.69 �5.20 �2.49 5.89 �2.76 2.99 16 5.2 88
179 20110812163036 148.6 �3.4 11 �5.21 7.55 �2.34 0.63 �6.31 7.35 16 5.3 98.2
180 20110821130408 151.0 �6.0 47 5.69 �5.53 �0.16 1.15 0.67 �0.88 17 5.8 98
181 20110831104648 153.2 �6.2 7 �2.70 0.69 2.01 �0.02 1.30 �0.51 17 5.6 63.5
182 20110912224430 144.2 �3.4 3 6.18 �6.34 0.16 1.63 2.17 2.65 17 5.8 99.2
183 20111003085749 152.6 �5.4 27 7.20 �6.76 �0.44 5.42 1.28 �1.00 16 5.2 93.5
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Table 1. (continued)

Number Origin Time Longitude Latitude Depth Mrr Mtt Mff Mrt Mrf Mtf Exp Mw DC%

184 20111014033515 148.4 �6.8 35 4.73 �1.06 �3.67 2.17 1.29 �1.83 18 6.4 85.5
185 20111018050506 151.0 �6.2 31 1.04 �1.01 �0.03 0.46 �0.06 �0.23 18 6.0 99.6
186 20111030021038 144.4 �4.6 19 5.47 �4.08 �1.38 �4.33 3.34 3.60 16 5.2 74.6
187 20111107044436 149.8 �3.6 15 �0.57 1.31 �0.74 �0.19 �0.87 0.54 17 5.4 96.2
188 20111120163140 142.4 �2.8 7 1.13 �0.41 �0.72 0.26 0.70 0.90 17 5.3 99.7
189 20111121034837 150.8 �3.2 15 �0.44 1.22 �0.77 0.07 �0.39 0.18 17 5.3 70.5
190 20111128122647 153.6 �5.8 31 1.53 �0.92 �0.61 0.89 �0.05 0.59 18 6.1 71
191 20120202093216 149.8 �6.8 7 �0.01 1.88 �1.87 0.60 �0.71 �0.76 17 5.5 92.7
192 20120314211310 151.0 �6.0 43 2.17 �2.00 �0.16 0.68 0.11 �0.36 18 6.2 91.7
193 20120404202730 152.2 �4.2 7 �0.90 0.86 0.04 �1.39 0.83 �0.27 17 5.4 99.6
194 20120428192103 152.2 �5.6 23 1.69 �1.55 �0.13 1.51 0.23 �0.66 17 5.5 92.8
195 20120615084331 146.4 �3.4 11 �0.63 0.59 0.04 0.29 �0.79 1.12 17 5.3 93.5
196 20120707033527 153.2 �4.8 55 3.99 0.73 �4.72 �2.02 �0.84 0.14 17 5.7 91.3
197 20120722070212 149.8 �4.8 3 �0.86 3.05 �2.18 2.02 �2.01 0.67 17 5.6 92
198 20120728200356 153.2 �4.8 51 5.07 �5.19 0.12 4.11 2.24 0.73 18 6.5 82.2
199 20120801204339 144.8 �4.4 39 0.61 �1.34 0.73 �0.47 0.87 0.28 17 5.4 99.9
200 20120802095641 153.2 �5.0 51 1.29 �1.29 0.00 0.95 0.56 0.05 18 6.1 82.1
201 20120927235348 157.4 �9.0 7 3.50 �0.90 �2.60 1.17 �3.30 1.41 17 5.7 93.8
202 20120928232231 157.6 �9.2 3 0.15 �0.02 �0.13 0.55 �1.12 0.22 17 5.2 79.5
203 20121106142035 149.0 �3.6 15 �0.14 1.07 �0.93 0.64 �0.70 1.41 17 5.4 75.4
204 20121114234155 151.8 �6.0 11 2.02 �1.59 �0.43 0.79 0.62 �0.61 17 5.5 83.2
205 20121115082148 148.4 �3.4 11 �1.44 6.15 �4.71 0.48 �3.38 5.64 17 5.8 99.9
206 20121119094434 151.8 �6.0 15 �9.46 4.54 4.91 �1.86 �6.96 5.05 17 5.9 91.4
207 20121129111021 145.6 �3.4 11 �0.60 0.17 0.44 0.46 �1.02 1.08 18 6.0 74
208 20130201021722 147.8 �7.0 3 �1.31 �3.94 5.25 4.72 6.54 1.48 17 5.9 60.8
209 20130302214722 145.2 �3.4 3 0.21 �0.19 �0.02 0.09 �1.24 1.10 17 5.3 91.9
210 20130305060634 152.6 �5.4 15 2.63 �2.90 0.27 3.51 0.47 �0.73 17 5.7 82.6
211 20130310164918 151.6 �5.6 59 3.64 �3.52 �0.12 0.58 �0.46 �1.10 17 5.7 94.8
212 20130310225151 148.4 �6.8 15 �0.10 �1.24 1.34 1.20 �0.83 6.22 18 6.4 93.4
213 20130414013222 154.6 �6.8 23 5.51 �2.89 �2.62 3.53 �1.77 2.39 18 6.4 85.4
214 20130416100023 154.4 �6.8 23 3.39 �0.44 �2.95 0.80 �2.64 0.96 17 5.7 94.6
215 20130416225526 142.6 �3.2 15 4.63 �1.97 �2.66 1.07 2.79 4.82 18 6.4 79.3
216 20130420034201 152.2 �5.2 43 2.99 �2.67 �0.32 1.03 0.15 �0.83 17 5.6 95.5
217 20130423231442 152.2 �4.0 7 �2.43 7.83 �5.40 �2.51 �3.28 0.15 18 6.5 79.9
218 20130619065237 151.2 �3.8 3 �0.73 1.90 �1.16 �1.47 �1.53 0.29 17 5.5 89.3
219 20130624080139 148.8 �6.8 31 2.27 �2.79 0.52 1.98 �0.40 0.01 17 5.6 72.9
220 20130624095543 148.8 �6.8 15 2.33 �2.29 �0.04 1.45 0.05 �0.13 17 5.5 97.3
221 20130704171560 155.6 �7.4 39 1.24 �0.82 �0.42 �0.08 �0.22 0.75 18 6.0 84.1
222 20130710171646 149.0 �5.0 3 �0.48 0.89 �0.40 0.92 �0.30 1.38 17 5.4 81.6
223 20130716093554 154.6 �6.6 39 7.95 �4.24 �3.71 1.25 0.80 4.10 17 5.9 97
224 20130902043016 154.8 �7.0 39 8.74 �4.41 �4.33 0.66 0.29 4.51 17 5.9 98
225 20130918205330 144.2 �3.4 3 0.24 �0.07 �0.16 0.19 �1.06 2.06 17 5.4 73.9
226 20131016103058 154.8 �6.8 39 1.38 �0.71 �0.67 0.09 0.14 0.79 19 6.7 88.4
227 20140125170004 155.8 �8.2 23 0.92 0.40 �1.32 0.75 �0.28 0.94 17 5.4 61.9
228 20140209145639 154.2 �6.2 39 8.36 �3.75 �4.60 0.05 1.50 4.41 17 5.9 97.3
229 20140311220309 148.6 �3.6 19 �0.10 1.32 �1.22 �0.25 �0.53 1.26 18 6.1 89.2
230 20140320184413 152.8 �5.4 15 1.32 �1.27 �0.05 1.89 0.05 �0.39 17 5.5 99.5
231 20140320184413 152.8 �5.4 15 1.29 �1.24 �0.04 1.97 0.04 �0.39 17 5.5 99.6
232 20140320211509 152.8 �5.6 27 3.08 �3.08 0.00 3.03 0.34 �0.70 17 5.7 94.1
233 20140331134057 147.2 �8.4 3 �0.95 0.87 0.08 �3.65 4.01 �1.91 17 5.7 56.7
234 20140405033436 142.0 �3.6 23 �0.74 �4.89 5.63 2.40 �2.67 3.32 16 5.1 93.9
235 20140411125516 154.8 �7.2 19 2.02 �0.96 �1.06 1.03 �1.14 0.96 17 5.5 96.3
236 20140411143342 155.0 �6.8 39 �1.67 1.11 0.55 0.71 �3.38 0.26 17 5.6 43.6
237 20140411081645 155.0 �7.2 19 3.64 �2.33 �1.32 2.17 �1.53 1.50 18 6.3 89.5
238 20140411070723 155.0 �7.0 39 4.03 �2.20 �1.83 �0.18 �0.12 1.91 19 7.0 94.6
239 20140412155926 155.0 �7.6 3 2.76 �1.66 �1.10 9.00 �7.27 1.18 17 5.9 97.2
240 20140412052423 155.2 �7.4 11 1.00 �0.82 �0.18 0.73 �0.48 0.37 18 6.0 97.3
241 20140419010403 155.0 �7.0 35 7.77 �5.25 �2.52 1.87 �1.50 3.64 18 6.5 99.9
242 20140419132760 154.6 �7.2 31 1.26 �0.68 �0.58 0.48 �0.31 0.65 20 7.3 97.4
243 20140420041730 154.6 �7.2 15 2.50 �1.92 �0.59 2.62 �1.64 0.97 17 5.6 95.8
244 20140420001558 155.4 �7.2 15 1.57 �0.97 �0.60 0.62 �0.59 0.64 18 6.1 86.5
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Table 1. (continued)

Number Origin Time Longitude Latitude Depth Mrr Mtt Mff Mrt Mrf Mtf Exp Mw DC%

245 20140507042033 154.8 �7.0 3 1.26 �8.77 7.51 4.34 4.35 0.86 17 5.9 95.1
246 20140704150027 152.8 �6.4 15 �5.05 3.73 1.32 �2.10 0.70 0.24 18 6.4 50.1
247 20140713200035 151.2 �4.4 3 �2.33 7.22 �4.89 �8.61 �8.02 0.50 17 6.0 95.9
248 20140715094457 151.4 �4.6 7 �1.28 4.19 �2.91 �1.81 �3.04 1.04 17 5.7 98.8
249 20140715103029 151.4 �4.6 15 �0.46 3.38 �2.92 �0.93 �2.51 1.55 17 5.7 86.9
250 20140715163900 151.4 �4.6 7 �1.40 4.01 �2.60 �2.22 �3.25 1.12 17 5.7 96.2
251 20140729132740 146.6 �3.4 15 �0.36 �0.17 0.53 0.47 �1.16 1.14 18 6.0 77.3
252 20140730160058 155.0 �7.6 3 0.47 �0.32 �0.15 1.87 �0.79 0.15 18 6.1 93.5
253 20140803044848 146.6 �3.2 23 �2.05 �0.55 2.60 1.47 �7.32 5.62 16 5.2 93.6
254 20140813055436 145.4 �3.2 3 �0.33 �0.01 0.34 6.24 �8.43 1.98 17 5.9 65.4
255 20140821021131 150.6 �5.2 7 �2.59 9.22 �6.63 �1.62 �4.52 3.06 17 5.9 89
256 20140822173924 154.4 �7.6 3 �3.36 4.27 �0.91 �6.03 8.15 �3.30 16 5.2 83.6
257 20140822142949 147.0 �6.8 3 1.41 �0.60 �0.81 1.07 �3.68 1.36 17 5.6 91
258 20140925091350 156.4 �9.4 7 �0.20 0.25 �0.05 0.01 �0.14 1.32 18 5.9 73
259 20140930192348 153.2 �4.2 19 3.53 3.59 �7.12 �3.70 �2.55 3.73 16 5.2 98.3
260 20141019185832 150.8 �3.2 11 �1.50 3.12 �1.61 1.27 �3.02 6.97 16 5.1 99.5
261 20141107033355 148.4 �6.4 39 8.63 �8.32 �0.31 1.58 �0.25 0.28 18 6.6 93.1
262 20141207012202 154.4 �6.6 7 3.56 �0.87 �2.69 3.29 �4.69 1.71 18 6.4 96
263 20141209023331 154.4 �6.4 15 1.07 �0.66 �0.41 �0.70 0.32 0.34 17 5.3 72.9
264 20150213170204 148.8 �3.4 23 �0.88 1.11 �0.23 0.55 �1.11 1.52 17 5.4 83.5
265 20150307221856 151.8 �6.6 39 2.36 �0.56 �1.80 �1.29 0.54 �1.70 17 5.6 92.6
266 20150329234831 152.8 �5.4 31 1.14 �1.06 �0.07 0.92 0.07 �0.26 20 7.3 97.1
267 20150331121824 152.4 �5.0 43 9.34 �9.09 �0.25 4.02 0.43 �1.87 17 5.9 97.9
268 20150403192224 153.2 �5.2 27 3.34 0.85 �4.19 1.99 0.66 �1.61 16 5.0 83.6
269 20150403192224 153.0 �5.6 23 3.58 0.41 �3.98 1.88 0.62 �1.99 16 5.0 80.4
270 20150403211754 147.8 �6.4 35 8.27 �6.96 �1.31 2.06 �0.54 2.09 17 5.9 85.4
271 20150415102206 151.4 �3.6 7 �0.62 1.28 �0.66 0.19 �0.90 1.12 17 5.4 97.3
272 20150421112108 150.0 �6.4 39 1.58 �1.59 0.01 0.40 0.18 �0.20 17 5.4 97.5
273 20150430104502 151.8 �5.6 35 9.00 �7.39 �1.61 2.21 1.36 �3.12 18 6.6 94.4
274 20150501080603 151.8 �5.6 47 1.65 �1.47 �0.18 0.20 �0.11 �0.50 19 6.7 97.2
275 20150503234055 151.8 �5.6 31 4.97 �4.57 �0.40 2.69 0.55 �1.27 17 5.8 98.4
276 20150503234056 151.8 �5.6 31 4.88 �4.56 �0.32 2.69 0.52 �1.38 17 5.7 97.3
277 20150503223239 151.8 �5.8 19 5.68 �5.65 �0.04 5.53 �0.10 �1.57 17 5.8 96.3
278 20150505081657 152.2 �6.0 7 2.71 �2.25 �0.46 2.27 0.77 �0.95 17 5.6 97.1
279 20150505014406 152.2 �5.4 31 7.88 �6.61 �1.27 1.98 1.06 �3.23 19 7.2 94
280 20150506031709 152.6 �6.0 3 0.95 �0.29 �0.65 2.26 �0.93 0.11 17 5.5 63.2
281 20150507113259 154.4 �7.2 3 �6.09 5.00 1.09 5.42 0.46 �2.28 16 5.2 83.5
282 20150507071019 154.6 �7.4 3 �2.04 1.58 0.46 �2.42 1.83 �0.90 19 6.9 99.3
283 20150508090704 152.6 �5.8 11 2.17 �1.84 �0.34 1.67 0.57 �0.31 16 4.9 79.7
284 20150508075206 150.0 �6.4 39 7.82 �7.96 0.14 1.84 0.83 �1.04 17 5.9 94.6
285 20150518170452 154.4 �7.4 3 �1.88 1.33 0.56 �4.19 3.77 �0.97 17 5.7 97.6
286 20150523192817 152.6 �5.0 35 5.37 �4.80 �0.58 4.66 0.91 �1.62 17 5.8 98
287 20150610154646 151.8 �4.2 3 �2.21 6.43 �4.22 �1.77 2.58 0.41 16 5.1 80.8
288 20150613070858 143.8 �3.2 3 1.03 �0.68 �0.34 2.45 �1.72 0.49 17 5.5 99.8
289 20150627122402 153.4 �5.4 7 3.15 0.25 �3.40 �1.33 �0.14 �0.86 16 5.0 97
290 20150630033929 151.6 �5.8 43 1.00 �1.01 0.00 0.17 �0.08 �0.29 18 5.9 87.5
291 20150710041242 158.4 �9.6 3 0.14 �0.28 0.14 �0.59 �0.16 1.05 19 6.6 99.9
292 20150810042431 157.8 �9.4 11 0.47 1.07 �1.54 �2.06 �0.75 7.52 17 5.8 99.3
293 20150810041215 158.2 �9.4 7 1.73 0.92 �2.65 �1.65 �1.61 8.18 18 6.5 79.9
294 20150812184924 157.8 �9.4 7 0.67 1.08 �1.75 �1.16 �1.23 5.93 18 6.4 94.5
295 20150816210509 154.0 �6.0 43 4.08 �1.39 �2.68 1.28 �3.07 2.28 16 5.0 92
296 20150912221607 147.4 �6.4 31 1.89 �1.81 �0.08 0.11 �0.01 0.47 17 5.5 95.7
297 20150916140322 151.6 �6.4 11 �1.04 0.70 0.34 �0.66 �0.51 0.24 18 6.0 66.7
298 20151104070631 149.6 �3.6 7 �1.75 6.46 �4.71 0.07 �2.51 3.15 16 5.1 84
299 20151104054310 149.8 �3.6 11 �1.95 5.73 �3.78 3.81 �2.69 3.95 16 5.2 97.9
300 20151104055227 149.6 �3.6 7 �0.89 1.84 �0.94 1.01 �1.11 1.47 17 5.5 87.9
301 20151105163237 150.6 �3.6 15 �0.53 1.43 �0.90 �0.04 �0.83 0.74 17 5.4 98.5
302 20151118183104 158.2 �9.6 23 1.44 �0.44 �1.00 0.12 �1.71 1.03 19 6.8 99.8
303 20151229015140 154.6 �6.6 31 3.43 �0.96 �2.48 �3.53 1.59 1.99 17 5.7 92.7
304 20160126031020 153.2 �5.4 19 �1.10 �0.27 1.37 0.55 0.06 0.14 18 6.0 98.7
305 20160130120246 147.0 �3.4 15 �0.56 0.75 �0.19 0.47 �1.18 1.82 17 5.4 83.1
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In this study, we have considered events with DC <70% in the GCMT catalogue as “low DC sources,” which
makes a set of 78 events spread across the study region (they are not restricted to a specific location, depth,
or time interval; Figure 10). Our CSCMT-3D solutions show a significant increase in DC% compared to that of
the GCMT for 70 events. In total, our CSCMT-3D solutions show DC% >80 for 65% of the GCMT’s low DC
events. Another example of a significant improvement of DC% is the event 22 August 2014 14:29:50
(Figure 10) with 68% increase in DC.

We observe some exceptions. A severe case is an event that occurred on 25 September 2006 07:46:30 with
Mw 5.4 (Figure 10), where the CSCMT-3D solution shows only 4% DC (GCMT reported 32% DC). This is the only
event in our CSCMT-3D catalogue with DC% <40. This earthquake is an excellent candidate to be investi-
gated as potentially being the consequence of a complex tectonic event, which is beyond the scope of
this study.

4.2. Shallow Crustal Events; Event 2: 10 August 2009 17:46:23

From our third synthetic test (Figure 8) we concluded that, using AMSAN19, the pure vertical dip-slip
mechanisms produce similar ground motions (but still nonzero amplitude) for the depth interval 3–19 km;
hence, there is little depth resolution. However, the rest of the elementary bases are recovered well for a
source at 7 km depth using our station distribution. For a vertical dip-slip mechanism, CSCMT-3D still provides
a reasonable recovery of the location and MT components, which allows us to perform CSCMT-3D inversions
for shallow crustal sources.

The event that occurred on 10 August 2009 17:46:23 has been reported with a depth of 12.0 km in the GCMT
catalogue (marked as fixed depth in the catalogue) and 30.5 km in the ISC catalogue. Using 12 stations
(Figure 11), the CSCMT-3D solution for this event reveals 95% DC and a thrust mechanism. The location is
marked by a distinct peak of variance reduction at 7 km depth (variance reduction reaches 0.71 at the
optimum location and time). The estimated DC of 95% represents a 25% increase in comparison to the
GCMT solution. Both CSCMT-3D and GCMT estimate Mw 5.7.

In our CSCMT-1D, the variance reduction in the depth range of 3–19 km varies a little (between 0.34 and 0.37),
which then gradually drops to zero at 30 km depth. The constraint on horizontal location is even worse, and
the optimum location is at the western edge of the numerical grid at 11 km depth (Figure 11a). The
CSCMT-1D has Mw 5.6, a DC of 62%, and a reverse mechanism similar to the GCMT.

For most of the stations, the ak135 Earth model provides an acceptable variance reduction of 0.3 (note that
the AMSAN19 synthetics provide significantly improved variance reduction) except for the station KAPI,
where there is a significant mismatch between synthetics and real data with negative variance reduction
(as low as�0.76 for BHN component). The AMSAN19 synthetics fit the data of station KAPI (the BHN compo-
nent has variance reduction of 0.51) as well as other stations (Figure 11c).

About 30% of the events in this study have depth of 12 km in the GCMT catalogue. Our CSCMT-3D solutions
show centroid depths of 3–23 km for these events (Figure 12).

Table 1. (continued)

Number Origin Time Longitude Latitude Depth Mrr Mtt Mff Mrt Mrf Mtf Exp Mw DC%

306 20160131025004 147.0 �3.0 7 2.87 �2.55 �0.32 1.08 0.33 �0.58 17 5.6 88.1
307 20160208161912 154.6 �6.8 39 5.05 �1.98 �3.07 0.84 �2.24 1.60 18 6.4 68.6
308 20160303215759 148.6 �3.4 19 �1.54 1.78 �0.24 0.17 �1.37 1.53 17 5.5 97.5
309 20160318003124 153.0 �5.0 43 0.52 2.11 �2.64 �0.41 �0.94 �0.57 17 5.5 50.3
310 20160328035659 151.2 �4.4 7 �0.46 1.12 �0.66 �0.70 �0.69 �0.04 17 5.3 93.2
311 20160401192455 144.8 �3.4 15 �0.59 0.10 0.49 0.89 �0.82 2.07 18 6.1 87.7
312 20160409084235 147.8 �6.0 27 �1.80 �3.90 5.70 0.45 �0.48 3.10 16 5.1 48.4
313 20160410042159 151.2 �4.6 7 �3.40 6.26 �2.85 �5.84 �5.96 0.79 16 5.2 98.6
314 20160420104155 153.2 �5.6 19 1.71 �2.07 0.35 3.56 �0.02 0.04 16 4.9 83.2
315 20160421142811 142.8 �3.8 35 �5.90 �1.66 7.56 �4.50 �0.64 3.45 16 5.2 96.7
316 20160527150341 152.2 �5.2 39 5.09 �4.50 �0.59 0.79 2.62 �2.60 16 5.1 99.7
317 20160725195001 151.2 �4.2 3 �0.64 1.67 �1.03 �2.20 �2.48 0.29 17 5.6 96.2
318 20160726063128 151.4 �3.6 7 �4.26 8.05 �3.79 0.54 �4.27 2.00 16 5.2 97.4

aEvents #1 and #2 described in section 4 are highlighted.
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4.3. Improving Tectonic Interpretations: Example From 37 Events North of Papua New Guinea

Events 1 and 2 showed the impact of 3-D heterogeneity on CMT solutions that we expected already accord-
ing to our synthetic tests. Event 1 clearly demonstrates that even in the presence of a poor azimuthal cover-
age the 3-D heterogeneous Earth model provides a distinct peak of variance reduction for depth and
horizontal location of the centroid.

To show how the 3-D heterogeneity can affect the tectonic interpretations, we selected 37 events that
occurred around two known tectonic settings north of Papua New Guinea (PNG) where the western edge
of the BSSL [Llanes et al., 2009] meets the New Guinea Trench [Koulali et al., 2015] (Figure 13a). In comparison
with ak135, AMSAN19 increased the fit to the data by ~40% (Figure 13b).

Consequently, depths and lateral locations are identified by a distinct peak of high variance reduction, while
ak135 produces a diffuse pattern with no clear peak for all 37 events. This is quite visible when we compare
the locations of CSMCT-3D and CSMCT-1D (Figures 13c, 13d, and 13e). The CSCMT-1D displays such that no
clear pattern can be observed for the well-known BSSL [Llanes et al., 2009], but the CSCMT-3D reveals a similar
pattern to the GCMT and to the geological evidence like high-resolution bathymetry data from Llanes et al.
[2009] (Figure 13). This is a significant improvement, and it argues for of using continental 3-D

Figure 16. Summary map of all 318 earthquakes analyzed in this study. Earthquakes are plotted at the newly obtained centroid locations with circles colored for
centroid depth. The size is proportional to the moment magnitudes in our CSCMT-3D catalogue. The seismicity is divided into eight subregions, numbered 1 to
8, where regions 1 to 4 cover the Bismarck Sea Seismic Lineation as well as the New Guinea Trench (Figure 13), whereas regions 5 to 8 cover the Papua New Guinea
and Solomon Islands subduction. The nodal planes of mechanisms in each subregion are plotted for two depth intervals, shallower and deeper than 20 km. These
nodal planes are colored such that the strike-slip mechanisms are red, normal are blue, and reverse are black.
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heterogeneous Earth models to improve CMT solutions wherever these models and a good azimuthal cover-
age are present. Moreover, as seen in the cross section XX0 (Figure 13), the CSCMT-3D centroids display a
reasonable pattern for a subducting plate down to the depth of 30 km while the CSCMT-1D centroids are
distributed in a much wider depth range of 7–50 km. An interesting observation is that the CSCMT-1D
catalogue has similar mechanisms to those of GCMT, but with a strong scatter in centroid location and time
and generally lower DC%.

5. Discussions and Conclusions

The increase in DC% of the MT was significant when we used the 3-D Earth model AMSAN19 in comparison
with the 1-D Earth model ak135 for 37 events north of PNG. This increase in DC% as documented by our
synthetic tests (section 3) and the examples from the observed earthquake data (Figures 9–11, and 13) is a
result of the inclusion of the 3-D heterogeneity effects.

About 81% of the events (258 out of 318) have DC >80% in the CSCMT-3D catalogue, whereas this is the
case for only 58% (186 out of 318) in the GCMT catalogue (Figure 14a). Leaving out the exceptional event
on 25 September 2006 08:46:30, mentioned above, and comparing the DC% for each event reveals
several interesting points. While the GCMT catalogue displays a wide range of DC percentages, from
~10 to 99, we observe DC >60% for 307 of them (white circles in Figure 14b), which indicates a signifi-
cantly less scattered DC%. Second, there are only 11 events with DC% <60 in the CSCMT-3D catalogue,
where two of them show an increase in DC% compared to GCMT (light gray circles in Figure 14b). The
remaining nine events marked with black and dark gray circles in Figure 14b constitute only 3% of the
entire data set.

The 3-D heterogeneity is not the only parameter affecting the DC%. One plausible reason for spurious DC
components is a higher noise level on teleseismic records used in the GCMT inversion, particularly for the
events with Mw < 5.5. The difference in DC% of the two data sets with respect to moment magnitude
shows a higher discrepancy for smaller events (Figure 15a). Another possible reason affecting the discre-
pancy in DC component percent between the two catalogues is the different depth to the centroids. Our
solutions reveal shallower depths for the events which are fixed to 12.0 km in the GCMT catalogue
(Figure 15b). The difference in DC% is relatively higher for all shallow events and relatively lower for dee-
per events, where the agreement between the centroid depth of CSCMT-3D and GCMT catalogue
increases (Figure 15b).

The only parameter in our CSCMT-3D solutions that remains relatively similar to that of GCMT catalogue is the
moment magnitude (Figure 15a). The CSCMT-1D displays lower moment magnitudes in most cases, which is
due to the relatively lower amplitude of the synthetics. The non-DC part of the MT is not the only component
that is affected by the 3-D heterogeneity. For example, event 2 (line 112 in Table 1; also described in
section 4.2) and several other events shown in Figures 11 and 13 have different strike, dip, and rake angles
compared to those of the GCMT. To make a comparison between MT components in the CSCMT-3D and
GCMT catalogues more complete, we calculated the angle ω9D as described in section 2.1 for all 318 earth-
quakes. The maximum discrepancy between MT components of CSCMT-3D and GCMT (up to ω9D= 100°)
occurs for shallow depths of 3–11 km and moment magnitude <6.0. We infer that depth and magnitude
are the two main parameters that seem to control the differences in MT components. At shallow depths
(<30 km) and for events with Mw < 5.5, we observed a significant difference in MT components between
CSCMT-3D and GCMT catalogues. We infer that these differences as well as DC percentage are mainly due
to neglecting the 3-D heterogeneity of the Earth, elevated noise levels on teleseismic distant stations, signif-
icant contribution of information from surface waves for small events, and the shallowest possible depth limit
of 12 km in the GCMT catalogue.

The CSCMT-3D catalogue reveals a significant improvement in comparison with the CSCMT-1D solutions for a
selected subset of 37 events at the junction of the BSSL and the New Guinea Trench. While the scatter in
CSCMT-1D locations is significant, the CSCMT-3D solutions followed the well-known seismic line with docu-
mented bathymetry lineaments [Llanes et al., 2009]. The depths reported in CSCMT-3D show significant
improvement; e.g., the New Guinea Trench can be observed as a shallow subduction down to the depth
range of 25–30 km [Tregoning and Gorbatov, 2004].
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This proves the capability of using a 3-D velocity model at continental scale to improve the depth and loca-
tion recovery for shallow events, which increases the chance for better tectonic interpretations and
hazard assessments.

The CSCMT-3D catalogue has the potential to bring new insights into tectonic interpretations of the region
(Figure 16). The overall centroid locations follow the observable surface tectonic features. The centroid
depths show shallow seismicity at the BSSL, but a gradual increase in depth along the subduction at the
New Guinea trench and Solomon Islands (note the darker colors for deeper earthquakes in Figure 16).

To illustrate the mechanisms, we divide the catalogue into eight subregions, numbered 1 to 8, and in each
subregion, we plot the nodal planes on top of each other, with color codes of red for strike slip, black for
reverse and blue for normal. The first four cover the New Guinea Trench and BSSL. With only two events dee-
per than 20 km, most of the seismicity along BSSL is within the top 20 km, where the strike-slip mechanisms
on north and north-east dipping plates are dominant. At the New Guinea Trench, except few events with nor-
mal mechanism, the rest are thrust faults dipping south-west.

Subregions 5 to 8 cover four segments of the highly active megathrust subduction along the New Guinea
Trench and Solomon Islands (Figure 16). Here the seismicity extends deeper along the subducting plate.
An interesting common feature is the low dip angle of the thrust faults for events shallower than 20 km, while
the strike of the dipping plate changes from north at region 5 to north-west at region 6 and north-east at
regions 7 and 8. At regions 5, 6, and 7 the deeper events with reverse mechanism have higher dip angle
of ~45°, indicating that the subducting plate becomes steeper as it subducts. Region 8 that encompasses
Solomon Islands seems to have significantly lower seismicity below depth 20 km with only a
single earthquake.

We have not yet started utilizing structural 3-D models on the global scale for a determination of source para-
meters. However, with increasing computational power and quality of seismic data sets, we should soon
move to this mode. The results presented here strongly argue that this is an inevitable direction forward in
our pursuit to better understand earthquake generation and its relationship with tectonics.
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