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S U M M A R Y
Source models of mid-oceanic earthquakes are often based only on far-field, teleseismic
data. The uncertainties of all source parameters are rarely quantified, which restricts our
understanding of how these events slip and how oceanic lithosphere is formed. Here, we
perform moment tensor inversions for five Mw 4.6–5.9 earthquakes that occurred in the
Azores archipelago near the Mid-Atlantic Ridge in 2013–2016, taking advantage of the recently
expanded seismic network in the region. We assess moment tensor uncertainties due to data and
Earth model variability as well as the robustness of teleseismic versus local data inversions. We
find that for the events studied: (i) existing 1-D Earth models of the region based on receiver
function data lead to a slightly improved data fit of local data compared to a widely used
regional model based on active seismic surveys; and (ii) using different 1-D Earth models in
the local data inversions leads to a variability in the retrieved source parameters of 15◦–30◦ in
fault strike, 5◦–20◦ in dip, and 20◦–60◦ in rake, depending on the earthquake’s magnitude and
location. We study in detail the Mw 5.9 2013 April 30 Povoação basin earthquake using 1-D
and 3-D waveform modelling, for which reported values of strike, dip, and rake in earthquake
catalogues differ by 60◦, 35◦, and 80◦. We find that our moment tensor solutions show a lower
variability than in the catalogues and exhibit a persistent non-double-couple component of
∼40–60 per cent, which is not due to a volumetric change. We suggest that it is potentially
due to geometrically complex faulting in the Povoação basin, notably curved faults. We find
that the retrieved moment tensor solutions depend strongly on the earthquake’s location. If an
accurate location is used, joint inversions of local and teleseismic data can help to stabilize
moment tensor solutions of oceanic earthquakes and reduce parameter trade-offs, compared
to inversions of local data alone.

Key words: Europe; Waveform inversion; Earthquake source observations; Mid-ocean ridge
processes.

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

The study of earthquakes occurring near mid-ocean ridges and
oceanic transform faults provides a unique opportunity to explore
the processes involved in the creation of oceanic lithosphere. These
events are either of tectonic origin or associated with magmatism,
and can show significant complexity (e.g. Bergman & Solomon
1988, 1990; Abercrombie & Ekström 2001, 2003; Pro et al. 2007;
Aderhold & Abercrombie 2016). Wide, diffuse zones of seismicity
are sometimes observed (Marques et al. 2013; Escartı́n et al. 2003),
indicating that deformation can occur in broad shear zones rather
than being just localized at plate boundaries as predicted by plate
tectonics.

Detailed analyses of the source process of mid-oceanic events
can be difficult because they usually occur far from seismic stations.
Many studies of mid-oceanic earthquakes rely on seismic observa-
tions in the far field, at teleseismic distances, which provide useful
but restricted information about the event (e.g. López-Comino et al.
2015). In addition, despite efforts to quantify errors, for example in
source depth (Tilmann et al. 2010; Sumy et al. 2013; Hauksson et al.
2014; Aderhold & Abercrombie 2015), the uncertainties and non-
uniqueness of other source parameters (e.g. strike, dip, rake, seismic
moment, non-double-couple component) are rarely quantified.

Efforts done to better understand these events include monitor-
ing seismicity with marine geophysical surveys (e.g. Smith et al.
2003; Schlindwein et al. 2015) and using constraints from seafloor
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bathymetry (Pan et al. 2002). These approaches have been primarily
applied to specific study regions and, in the case of marine surveys,
they are restricted to limited time periods. Ongoing initiatives to
enhance the continuous coverage of the oceans may help change
this situation in the future (e.g. Simons et al. 2009; Kawakatsu
et al. 2014). In the past decade, permanent and temporary seismic
networks have expanded greatly, including in some ocean islands
such as the Azores archipelago, near the Mid-Atlantic Ridge. These
new local data provide a key opportunity not only to study the
earthquakes in the region, but also to assess the robustness and
uncertainties of source models based on teleseismic data alone.

Seismic moment tensors are now routinely calculated by vari-
ous agencies and projects at global, regional, and local scales (e.g.
Dziewoński et al. 1981; Dreger et al. 1998; Kubo et al. 2002; Ek-
ström et al. 2012; Duputel et al. 2012b; Konstantinou 2015). These
moment tensor catalogues provide key information to identify active
faults and to help understand regional active tectonics, seismic haz-
ard, and earthquake mechanics. There can be substantial differences
between the source parameters reported by different agencies for
a given earthquake, notably for moderate magnitude mid-oceanic
earthquakes. Several studies have investigated various factors con-
tributing to moment tensor uncertainties, such as, data noise, restric-
tions in the forward modelling approach, and the earth model used
(e.g. Ferreira & Woodhouse 2006; Hjörleifsdöttir & Ekström 2010;
Ferreira et al. 2011; Valentine & Trampert 2012; Duputel et al.
2012a; Weston et al. 2011; Scognamiglio et al. 2016). In addition,
probabilistic inversion approaches including error quantification are
also progressing (e.g. Wéber 2006; Duputel et al. 2012a; Stähler &
Sigloch 2014, 2016; Mustać & Tkalĉić 2016). Yet, in practice, most
moment tensor determinations still lack comprehensive uncertainty
quantification, which limits our understanding of the discrepancies
between reported source models.

In this study, we examine the robustness of moment tensor inver-
sions of five Mw 4.6–5.9 earthquakes in the Azores archipelago that
occurred in 2013–2016. We take advantage of the significant expan-
sion of the seismic network in the region in the past decade, which
provides a unique opportunity to study mid-ocean earthquakes using
local, regional, and teleseismic data. In addition, we perform a novel
combination of 1-D and 3-D waveform modelling of the events us-
ing an unprecedented variety of 1-D and 3-D Earth models. This
enables us to assess moment tensor uncertainties due to data and
Earth model errors, and address the following questions: (i) How
compatible are the moment tensor solutions obtained from local
versus teleseismic data? (ii) What are the advantages/disadvantages
of using local versus teleseismic data in the inversions? (iii) Can
we reduce the variability in moment tensor solutions reported in the
literature? Since for most remote oceanic earthquakes there are no
available local data nor local Earth models, addressing these ques-
tions can help us better understand past and future events, putting
much needed ranges on what can be fit by the data.

2 S E I S M O - T E C T O N I C S O F T H E A Z O R E S
A RC H I P E L A G O

The Azores archipelago comprises nine volcanic islands located
near the tectonic triple junction where the North American, Eura-
sia, and Nubia plates interact (Fig. 1a). A change in orientation of
the Mid-Atlantic Ridge from NW–SE to an orientation nearly N–S
and the existence of a mantle melting anomaly (Schilling 1975;
Schilling et al. 1983) mark the Azores as a special segment of the
Mid-Atlantic Ridge with high seismicity and active volcanism. The

Azores plateau, hosting the Azores islands is an area of thickened
oceanic crust corresponding to a bathymetry anomaly with triangu-
lar shape (Searle 1976; Detrick et al. 1995; Luis et al. 1998; Gente
et al. 2003; Dias et al. 2007; Georgen & Sankar 2010; Silveira et al.
2010). The origin of the Azores plateau could be the result of ridge–
hotspot interaction as the v-shaped ridges along the Mid-Atlantic
Ridge suggest (Vogt 1979; Cannat et al. 1999; Escartı́n et al. 2001).

East of the Mid-Atlantic Ridge, two areas of deformation have
been identified: (i) the incipient Princess Alice Rift (Fig. 1a), which
links the Mid-Atlantic Ridge to the East Azores fracture zone; and,
(ii) the Terceira rift, which goes from the Terceira island to near the
island of Santa Maria, where it connects to the Gloria fault (Fer-
nandes et al. 2006). The area linking the Mid-Atlantic Ridge to the
Terceira rift is a diffuse triple junction area rather than a simple
triple junction (Marques et al. 2013; Miranda et al. 2014). Impor-
tantly, the spreading rate gradually increases along the Mid-Atlantic
Ridge from north (19.5 mm yr−1 at 40◦ N) to south (22.5 mm yr−1 at
38◦N), making the opening of the Terceira Rift with a rate of about 2
to 2.7 mm yr−1 possible (Marques et al. 2013). Recent geophysical
surveys highlight complex fault systems, notably in the area of the
Povoação Basin (Fig. 1a) where there are many active faults (e.g.
Weiß et al. 2015).

Catalogues of historical seismicity in the Azores report large
events with hazardous magnitudes of Mw 7 and above (Fig. 1b).
Gaspar et al. (2015) state that 31 destructive earthquakes have been
registered in the Azores since the settlement of the archipelago
(15th century) with no major events west of the Mid-Atlantic Ridge.
Twenty-eight volcanic eruptions happened in the same time frame.
Historically, the most destructive earthquake was the Vila Franca do
Campo event in 1522 in the São Miguel island (Gaspar et al. 2015)
with an intensity X (Silveira et al. 2003), leading to the destruction
of the entire village and subsequently to 5000 deaths. Amongst
the instrumentally recorded significant earthquakes are the Mw 6.8
1980 W of Terceira island, Mw 5.9 1997 SE of Terceira island and
Mw 6.0 1998 Faial events (Borges et al. 2007). Major earthquakes in
the archipelago often triggered landslides and even small tsunamis
(Gaspar et al. 2015; Silva et al. 2015).

The former active East Azores fracture zone has no significant
seismicity today, despite being clearly visible in bathymetric data
(Fig. 1a). Recent high seismicity levels with moderate magnitude
events are observed along the Terceira Rift and the Mid-Atlantic
Ridge (Fig. 1a). The predominant faulting mechanisms of earth-
quakes in this region are normal or transform faulting with horizon-
tal tensions on average in a N25◦E direction (Buforn et al. 1988;
Custódio et al. 2016, Fig. 1b). The seismic moment tensor and
hypocentre clustering analysis of Custódio et al. (2016) identified
five clusters in the Azores: (i) two clusters along the Mid-Atlantic
Ridge with normal faulting in NNE–SSW; (ii) two clusters along
Terceira rift NW–SE; and, (iii) one cluster located in the Azores
plateau between the Mid-Atlantic ridge and the Terceira rift with
heterogeneous distribution of focal mechanisms. However, these
studies were based on simple Earth models and did not include
comprehensive uncertainty analyses. Here, we go beyond previous
analyses by combining local, regional, and teleseismic data, along
with 1-D and 3-D waveform modelling using a wide range of Earth
models.

3 M E T H O D S

We conduct two types of seismic moment tensor inversions: (i)
local data inversions using 1-D Earth models; and (ii) teleseismic
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Figure 1. Top: seismicity in the Azores region since 2013 January 1, observed by the local seismic network of IPMA (IPMA 2016). The locations of the
events are marked by circles, which are colour-coded by the days since 2013 January 1 and whose size is scaled by magnitude. The small inset illustrates the
location of the Azores islands on a continental scale, at the tectonic triple junction of the North American (NA), Eurasian (Eu) and Nubian (Nu) plates. The two
arrows in white show the relative plate velocities between NA–Eu and NA–Nu plates as predicted by NUVEL-1A (DeMets et al. 1994), taken from Mendes
et al. (2013). Bottom: moment tensor solutions in the region since 1976, taken from the Global Centroid Moment Tensor (GCMT) catalogue (Dziewoński et al.
1981; Ekström et al. 2012). The focal mechanisms are plotted at the corresponding earthquake location and are colour-coded according to the year in which
they occurred. The size of the focal mechanism is scaled by magnitude. The main tectonic faults shown are the East Azores Fault Zone (EAFZ), the Princess
Alice Rift (PAR), the Terceira Rift (TR), the Mid-Atlantic Ridge (MAR) and the Gloria fault (GF) (dashed lines in light green). The Povoação Basin (PB) is
highlighted with an orange dotted circle. The plate boundaries in brown are from Bird (2003). Topography and bathymetry are from SRTM30 PLUS (Becker
et al. 2009).

and joint local-teleseismic data inversions using 3-D Earth models.
The latter technique is only used for the largest event studied, the
Mw 5.9 2013 Aprile 30 earthquake.

3.1 Moment tensor inversions of local data using 1-D
Earth models

We start by performing moment tensor inversions of local seis-
mic data using the software package ISOLA written by Sokos &
Zahradnı́k (2008, 2013). It consists of a Matlab graphical user in-
terface and a set of Fortran codes to perform the computation-
ally demanding parts such as the calculation of the Green’s func-
tions, the impulsive response of the medium. Full body and surface

waveforms are fitted in the time domain to estimate the source pa-
rameters. After the data are pre-processed and a time window is set,
the Green’s functions are calculated for a layered 1-D medium with
the discrete wavenumber method of Bouchon (1981) and Coutant
(1989). A least-squares inversion is used to determine the devia-
toric moment tensor solution minimizing a L2-norm misfit function
(Sokos & Zahradnı́k 2013). The L2-norm misfit m evaluates the
agreement between the vector of the observed data d and the syn-

thetics s (m = (s−d)T (s−d)
dT d

). We perform inversions both allowing
and not allowing a volumetric change in the earthquake source pro-
cess. The latter condition is obtained by imposing the trace of the
moment tensor to vanish in the inversions. Conversely, the space–
time centroid location, including the source depth, is retrieved with
a grid search scheme. The correlation coefficient between the data
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Figure 2. Comparison of local 1-D Vs models used in our moment tensor
inversions: IPMA, PREM, CRUST2.0 and the different models derived from
the receiver function of Silveira et al. (2010). Data from station CMLA in
São Miguel island was used to build the models: (i) P-S CMLAa and P-S
CMLAc, which are based on P and S receiver functions; and, (ii) P-SKS CM-
LAa and P-SKS CMLAc, which are based on P and SKS receiver functions.
Models P-S COSEAa and P-S COSEAc were obtained from P and S re-
ceiver functions from stations from the temporary seismic network COSEA
(Fig. 4). For the models marked with (c), Silveira et al. (2010) applied trav-
eltime residuals of teleseismic P and S arrivals before the inversion process
in an attempt to reduce the non-uniqueness of the joint inversion of P and S
receiver functions.

and theoretical seismograms is used as a measure for the quality of
the waveform fits for the different centroids tested.

3.1.1 1-D Earth models

Nine 1-D earth models are used to estimate their influence on the
source parameters obtained from the inversion of local seismic
recordings from the events in the Azores:

(i) The 1-D Earth model that the Portuguese seismic monitoring
agency (IPMA) uses to locate seismicity in the Azores region is
adapted from the model of Hirn et al. (1980). This model is based
on an active seismic study in São Miguel island, which determined
a crustal thickness of 14 km (Fig. 2).

(ii) The PREM model (Dziewoński & Anderson 1981), which is
used for reference.

(iii) A 1-D profile corresponding to the Azores region from the
CRUST2.0 model, which is a 2 × 2 deg crustal model (Bassin
et al. 2000). CRUST2.0 is a compilation of results from active seis-
mic surveys and receiver function studies from data-rich regions
which are extrapolated to data-poor regions. The model does not
change laterally for the studied region in the Azores island. Given
that CRUST2.0 only includes information about the crust, we su-
perimpose PREM’s mantle on CRUST2.0 for depths greater than
12 km.

(iv) Six 1-D profiles obtained from a receiver function study of
the Azores region by Silveira et al. (2010) (Fig. 2). This study used
data from the permanent Global Seismographic Network (GSN)
station CMLA in São Miguel island to obtain two models derived
from the joint inversion of P and S receiver functions (model P-S
CMLAa and P-S CMLAc in Fig. 2) and from P and SKS receiver
functions (model P-SKS CMLAa and P-SKS CMLAc in Fig. 2).

The remaining models P-S COSEAa and P-S COSEAc were ob-
tained from P and S receiver functions from five temporary stations
(FLO, COV, PSJO, PSCM, and PSMA). These stations were de-
ployed between 2000 December and 2002 September as part of the
Coordinated Seismic Experiment at Azores (COSEA, Fig. 4).

The corresponding profiles for the P-wave velocity Vp, quality
factors Qκ , Qμ, and the density ρ can be found in Figs S1 and S2 in
the Supporting Information.

3.2 Moment tensor inversions of local and teleseismic data
using 3-D Earth models

We perform moment tensor inversions using both local and teleseis-
mic data for the largest of the five earthquakes in our study, the Mw

5.9 Povoação basin event on 2013 April 30, which has the highest
signal-to-noise ratio. We use a source inversion scheme that builds
on the work of Weston et al. (2014); specifically, in this study, we
added to the algorithm the capability to model local and regional
waveforms using 3-D Earth models, and to allow the earthquake
source to have a non-double-couple component. Considering a seis-
mic moment tensor f:

f = [Mrr Mθθ Mφφ Mrθ Mrφ Mθφ] , (1)

the theoretical seismograms s can be written as:

s = K f , (2)

where K is a matrix with the six sensitivity kernels of the seismic
waveforms with respect to each component of the moment tensor.
The kernels are the partial derivatives of the synthetic waveforms
with respect to the components of the moment tensor:

Ki = ∂s

∂ fi
. (3)

The spectral element method (Komatitsch & Tromp 1999) is used to
compute the synthetics and the kernels for long-period teleseismic
waveforms accurate down to a wave period of T ∼17 s. In addi-
tion, we compute local and regional waveforms accurate down to a
period of T ∼ 7 s. The spectral element method is a highly accu-
rate technique for seismic forward modelling in realistic 3-D Earth
models. Despite being relatively expensive computationally, given
the linear relationship between the moment tensor and the seismic
waveforms (eq. 2), sensitivity kernels are pre-computed and stored
before being used in the source inversions.

In our inversions, we use space–time locations of the event from
two catalogues: (i) Global Centroid Moment Tensor (GCMT), and
(ii) IPMA. In order to stabilize the inversions, the depth is fixed to
12 km. It is well known that the source depth of shallow events is
poorly constrained when using surface waveforms in CMT inver-
sions (e.g. Dziewoński et al. 1981; Ferreira & Woodhouse 2006).
Thus, global catalogues often fix the source depth of shallow earth-
quakes (e.g. the GCMT catalogue often fixes it at 12 km depth). In
turn, this can help better constrain the moment tensor, notably its
dip-slip components (e.g. Dziewoński et al. 1981; Ekström et al.
2012). In the inversion scheme used to determine the moment ten-
sor, a Monte Carlo approach is employed, whereby the L2-norm
misfit function m defined in Section 3.1 is minimized by using the
pre-calculated kernels and by exploring a wide range of source
parameters. For a deviatoric moment tensor, the components are
related to the seismic moment M0, fault strike φ, dip δ, and rake λ

and the compensated linear vector dipole component following the

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article-abstract/215/1/564/5057478 by KIT Library user on 15 April 2020



568 M. Frietsch et al.

parametrization of Tape & Tape (2015). A search over these param-
eters is carried out in the inversions. The Powell algorithm (Powell
1964) is used as a local search algorithm in the global optimization
scheme.

3.2.1 3-D Earth models

We investigate the influence of 3-D Earth structure on our source
inversions by using three different global 3-D whole mantle shear
wave models combined with the CRUST2.0 (Bassin et al. 2000)
crustal model:

(i) the isotropic S40RTS model (Ritsema et al. 2010);
(ii) the radially anisotropic model S362ANI (Kustowski et al.

2008), which includes perturbations in the 410 and 660 km mantle
discontinuities; and,

(iii) the radially anisotropic SGLOBE-rani model (Chang et al.
2015).

Fig. 3 compares these three global mantle models, showing that
their Vs structures are similar in the uppermost mantle and in the
lowermost mantle. At mid-mantle depths, there are larger differ-
ences between the models.

3.2.2 Data weights

We conduct source inversions combining local and teleseismic P
wave, S wave, and surface waveforms. In order to jointly invert these
different data types we weight them using the misfit function in our
inversions (eq. 4), where mk is the L2-norm misfit function defined
in Section 3.1, for a given data type (i.e. local, teleseismic P wave,
S wave or surface waveforms). αk = 1

msingle,k
is the normalization

factor, where msingle, k is the minimum misfit obtained from a moment
tensor inversion using only the single data type k. The total misfit is
defined as:

m tot = 1

4

N=4∑

k=1

αkβkmk , (4)

where βk is the weighting factor of data type k. Following Weston
et al. (2014), we determine the optimal weighting factors βk by
carrying out multiple joint inversions with a wide range of weights.
After each joint data inversion, the corresponding misfit for each
data set is compared to that from the individual data inversion.
This comparison guides the adjustment in weights in the various
inversions until we achieve a situation where the misfit deterioration
in the joint inversions compared to the individual data inversions is
of similar magnitude for all data sets. We found that for the 2013
Mw 5.9 Povoação basin event studied, the best weighting factors are
β local = 8 for the local data and βk = 1 for all the teleseismic data
sets (P, S, and surface waves).

4 S E I S M I C DATA

4.1 Earthquakes studied

In order to ensure a reasonable local seismic data coverage, we
focus on events with Mw ≥ 4.6 that occurred near to the central
and easternmost islands of the Azores archipelago between 2013
and mid-2016. The five events studied have Mw 4.6–5.9 and a fixed
depth of 10 km, as reported in the United States Geological Sur-
vey seismic catalogue. We use waveforms from the 2013 April 30

Figure 3. Comparison of cross-sections centred in the Azores region of the
isotropic shear wave speed perturbations in mantle models S40RTS (Ritsema
et al. 2010), S362ANI (Kustowski et al. 2008) and SGLOBE-rani (Chang
et al. 2015). The velocity perturbations are plotted with respect to PREM.
The black lines show the 410 and the 660 km discontinuities.
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Figure 4. Station distribution in the Azores islands and moment tensor solutions of the earthquakes studied. The earthquake focal mechanisms shown
correspond to the solution of the 1-D modelling obtained in this study using the Earth model P-S COSEAa (see Section 3.1.1). The stations are represented
by triangles, while the earthquake locations are marked by the respective moment tensor solution. The GSN station CMLA is marked by a magenta triangle.
The stations of the temporary COSEA network [used in the receiver function study of Silveira et al. (2010)] are represented by red triangles, whereas IPMA’s
stations are represented by green triangles. Plate boundaries in dashed white are from Bird (2003).

(Mw 5.9), 2014 April 11 (Mw 4.9), 2015 April 24 (Mw 4.6), 2015
April 30 (Mw 4.7), and 2016 June 24 (Mw 4.8) earthquakes. The
spatial distribution of the earthquake locations obtained by IPMA
is shown in Fig. 4, with all events exhibiting a dominantly normal
faulting mechanism.

There are no reports of damage for any of these events. The Mw

5.9 earthquake was felt on São Miguel and the surrounding islands
with a maximum intensity of V on the Modified Mercalli Intensity
Scale (USGS 2017).

4.2 Local seismic data

A permanent seismic network in the Azores islands is maintained
and has been substantially enlarged since 2008 by IPMA, whereby
over 14 new broad-band stations have been installed in the various
islands (Table S1, Supporting Information). An overview of all the
broad-band stations used in this study can be found in Fig. 4; given
the geometry of the archipelago, the station distribution is non-
uniform. In particular, the azimuthal coverage can be very poor
depending on the event’s location, such as for the two earthquakes
in 2015 considered in this study (Fig. 4), for which all the stations
are located to the east and south-east.

We obtained three-component seismic waveforms from IPMA for
all five events and for all the stations shown in Fig. 4. The data for the
four events with lowest magnitude are filtered using a Butterworth
bandpass filter in the 12.5–20.0 s period range (Table 1). The period
range of 16.7–33.3 s is used to filter the data for the Mw 5.9 2013
April 30 event due to its lower frequency content. We found that
these filtering parameters led to good quality signals compatible
with our modelling after testing different period ranges between 10
and 40 s.

The seismic traces are windowed in order to isolate the main
arrival’s signal with a window length of 256 s. We visually analyse
the data and remove traces with a large data misfit (m > 1) which

we cannot model with our approach. An example of comparison of
data and synthetic seismograms is shown for the Mw 5.9 2013 event
in Fig. 5.

4.3 Teleseismic data

In our teleseismic source inversions of the Mw 5.9 2013 April 30
event we use three-component data from the GSN (IU, II), Caribbean
(CU), China (IC), Geoscope (G), Geofon (GE), and MedNet (MN)
networks.

We filter all the data using a similar strategy to Weston et al.
(2014) with Butterworth bandpass filters according to Table 1. Dif-
ferent time windows are used depending on the wave type (Table 1):
(i) surface waves are windowed around the maximum of the en-
velope function, and (ii) body waves are windowed according to
the phase onset estimated by a seismic traveltime calculator (TauP,
Crotwell et al. 1999).

We select data from stations in the epicentral distance range of
40◦–140◦ for surface waves, and of 30◦–90◦ for body waves. These
criteria are applied in order to reduce near-source effects and the
overlapping of multiple orbit wave trains. We exclude outliers by
removing data that show very large discrepancies to synthetics. We
reject data with waveform misfit m ≥ 1 using synthetics computed
for the GCMT solution and when the amplitude ratio of real versus
synthetic waveforms is larger than 2. It is crucial to ensure an even
azimuthal distribution of stations to avoid bias due to concentrations
of stations in nearby azimuths. Therefore only a single station is
used per azimuthal interval of 5◦. We select the station with three-
component data with the highest signal-to-noise ratio in each 5◦

azimuthal bin. This results in 39 teleseismic P waves, 47 teleseismic
S waves, and 39 surface waves selected for the Mw 5.9 2013 April
30 event (Fig. 6).
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Table 1. Overview of the filter range and window length used for the different seismic data sets. A zero-phase Butterworth bandpass filter of order 2 is used
in all cases, except for the local data where a Butterworth bandpass filter of order 4 is used.

Filter range (s) Window length (s)

Local 12.5–20.0 256
Local (Mw 5.9 2013 event) 16.7–33.3 256
Teleseismic P waves (Mw 5.9 2013 event) 25–60 120
Teleseismic S waves (Mw 5.9 2013 event) 25–100 150
Teleseismic surface waves (Mw 5.9 2013 event) 125–180 1000
Regional P waves (Mw 5.9 2013 event) 15–40 85
Regional surface waves (Mw 5.9 2013 event) 25–80 190

Figure 5. Local waveform examples for the 2013 April 30 Mw 5.9 Povoação basin earthquake. Comparison of the observed waveforms (black) with the
theoretical seismograms (red) for six three-component stations in the Azores. The synthetic seismograms are computed for source parameters obtained in this
study using the velocity model P-S RF COSEAa (see Section 3.1.1). The blue numbers correspond to the variance reduction. Traces in grey are not used in the
inversion procedure due to their negative variance reduction.
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triangles) and teleseismic S waves (green triangles).
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Figure 7. Variance reduction (VR = 1 − m, with m being the L2-norm misfit) obtained from the inversions of the five earthquakes for each earth model shown
in Fig. 2. Different colours are used to distinguish the five earthquakes.

4.4 Regional data as a validation tool

In addition to the local data set, we have access to seismic data from
mainland Portugal. This regional data set is not used in the inversion
process in order to avoid an azimuthal bias (Fig. 6). Nevertheless,
we benefit from these regional waveforms by comparing them with
synthetic waveforms computed for the source models determined
in our study as a useful, independent way of validating our source
models.

We filter and window the data using the parameters in Table 1.
The validation comparisons can be found in Section 5.2.

5 R E S U LT S

5.1 1-D modelling of local seismic data

Fig. 7 compares results of 1-D local data source inversions obtained
for all five earthquakes. It is clear that the variance reduction (VR =
1 − m, a measure for the quality of the inversions) depends on the
Earth model, on the event’s magnitude, and on the stations’ distri-
bution. When varying the 1-D Earth model, the source mechanism
remains relatively stable for the events with the highest variance
reduction values. Events with low variance reduction show stronger
variability in the solutions, notably the most recent earthquake with
Mw 4.8 on 2016 June 24. This is due to the data’s low signal-to-noise
ratio combined with an uneven station configuration, with all the
local stations used in the inversions being located to the NW of the
event’s epicentre.

The models PREM and P-S CMLAc lead to the poorest data fits
for all events studied, while the model P-S COSEAa performs best
in all five cases.

Fig. 8 shows that the 1-D Earth model used in the inversions
can have a very strong influence on the retrieved fault strike, dip,
rake, and double-couple component. We observe clear outliers in
the solutions associated with lower variance reduction values such
as for the Mw 4.6 2015 April 24 event. These five outliers are
characterized by substantially lower variance reduction values than
the other moment tensor solutions for the same event. In addition,
outlier solutions show source parameters with large differences to
the other solutions. The variation of the fault parameters lends
insight into source parameter errors due to uncertainty in Earth
structure. Excluding the aforementioned outliers, the fault strike
varies by 15◦ to 30◦, the fault dip between 5◦ and 20◦, and the fault
rake between 20◦ and 60◦ between all the 1-D Earth models used in
the inversions. The corresponding Fig. S3 for centroid time-shift,
centroid depth, and seismic moment is presented in the Supporting
Information. The centroid time-shift to the origin time varies for
the different solutions approximately by 2 s, the seismic moment
by 50 per cent, and the centroid depth by about 10 km, excluding
the outliers mentioned above. The double-couple component may
be as small as 10 per cent, depending on the earthquake (Fig. 8).
We see a tendency of small double-couple components for the Earth
models with poorest data fits for a given event. Several studies have
highlighted that modelling errors may lead to artificial non-double-
components (e.g. Henry et al. 2002; Ferreira et al. 2011). Hence,
the observed low double-couple components of the solutions with
poorest data fit may be due to unmodelled effects. Nevertheless,
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Figure 8. Comparison of the inversion results for the five earthquakes studied and for the nine earth models used in the inversions (see Fig. 2). We present
comparisons for fault strike (top left), fault dip (top right), double-couple component (bottom left) and fault rake (bottom right). The fault parameters for the
moment tensor solutions are colour-coded according to their variance reduction and marked by different symbols according to the Earth model used in the
inversion.

the Mw 5.9 2013 April 30 earthquake shows low double-couple
components for every tested model, not exceeding 50 per cent.
Thus, such low double-couple component may be real.

5.2 The M w 5.9 2013 April 30 Povoação basin
earthquake, SW of São Miguel island

The largest magnitude Mw 5.9 2013 April 30 event deserves a
more detailed investigation due to the observed non-double-couple
component and possible source complexity. Therefore, it is the only

event studied with stations at teleseismic distance and modelled
with 3-D Earth models.

We test two different locations in our moment tensor inversions
using 3-D Earth models: (i) the hypocentral location from the lo-
cal seismic service IPMA, and (ii) the centroid location from the
GCMT catalogue. As explained in Section 3.2, in order to stabi-
lize the inversions the depth is fixed to 12 km, which corresponds
to the depth of the preferred solutions for this event from the 1-D
modelling (Fig. S3, Supporting Information). The IPMA hypocen-
tre and the GCMT centroid are 25 km apart. The IPMA hypocentre
seems to be more accurate because it leads to smaller local data
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misfits than when using the GCMT centroid (Table 2). We note that
although the hypocentre and the centroid are not directly compara-
ble, a distance of 25 km is much larger than the expected difference
in hypocentre–centroid location for an Mw 5.9 event (e.g. Smith &
Ekström 1997), and is consistent with previously reported errors in
GCMT centroid locations (Weston et al. 2011, 2012).

5.2.1 Inversion of local data with 3-D modelling

Fig. 9 shows the results of our local data moment tensor inversions
using a variety of 3-D Earth models, for the IPMA hypocentre (blue)
and GCMT (red) centroid locations. We find that using the IPMA
hypocentre location generally leads to larger variance reductions
than when using the GCMT centroid location (Table 2). Moreover,
when using the IPMA location, the retrieved source parameters are
similar to the best-fitting solutions obtained in the 1-D modelling
of the local data. Using the GCMT location leads to substantially
different source parameters. Thus, the earthquake location used in
the inversions has a larger impact on the inversion results than
changing the 3-D Earth model. This is due to the use of local data,
which are strongly sensitive to traveltime differences introduced by
different locations.

5.2.2 Uncertainties in local data inversions due to data variability

In order to quantify the uncertainties in our 3-D local data inver-
sions due to data variability, we perform bootstrapping tests. We
carry out moment tensor inversions excluding one seismic trace
in each inversion, and examine the ensemble of the solutions
obtained.

Fig. 9 shows the results of the bootstrapping tests for moment ten-
sor inversions of local data using 1-D (1-D Local BS) and 3-D (3-D
Local BS) Earth models. In both cases, these tests lead to a vari-
ability of ∼15◦ in strike and dip, 25◦ in rake, and 10–15 per cent in
double-couple component. Table S2 in the Supporting Information
shows the results obtained when a volumetric change is allowed in
the inversions. A variability of 6–13 per cent of volumetric compo-
nent is observed. Importantly, allowing such volumetric change in
the moment tensor inversions does not have a substantial influence
on the retrieved source parameters.

Both bootstrapping tests show a substantial variability in the
retrieved fault parameters, which demonstrates that the local seis-
mograms from the closest stations (CMLA and PSMN) are crucial
for the stability of the inversions. Excluding the north component
data from station PSMN leads to a significantly smaller fault dip
angle and higher seismic moment than when it is included in the
inversions. On the other hand, excluding the east component seis-
mogram from station CMLA in the inversions leads to smaller fault
strike and fault rake angles than in the other solutions (Table S2 in
the Supporting Information). The misfit function used is strongly
sensitive to seismic traces with high amplitudes and thus the stations
closest to the hypocentre have a strong influence on the inversions.
Nevertheless, the median values of the source parameters obtained
from the bootstrapping tests match the parameters obtained in the
inversions using all the available local data (Fig. S8, Supporting
Information).

5.2.3 Teleseismic and joint data inversions with 3-D modelling

Fig. 9, Table 2, and Fig. S4 in the Supporting Information show
the results of our inversions using the individual data sets as well T
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Figure 9. Comparison of the results from the different modelling approaches used in this study with moment tensor solutions from various seismic agencies.
The results of the local data 1-D modelling are marked by a different symbol for each of the nine 1-D earth models used. ‘1-D Local BS’ labels the results from
the bootstrapping test for the 1-D modelling, performed with the best-fitting Earth model P-S RF COSEAa. ‘3-D Local BS’ is the corresponding labelling for
the bootstrapping test for the modelling using the 3-D mantle model S362ANI. The 3-D modelling results are marked by different symbols according to the
mantle model used in the inversion. The fault parameters are shown for two different modelling approaches: using local data alone (‘Local’) and jointly with
teleseismic P, S, and surface waves (‘Joint’). Circles illustrate the moment tensor solutions reported by various seismic agencies (see Fig. 13 for an explanation
of the agencies used). Different colours denote two different locations: blue for IPMA and red for GCMT. The fault parameters are shown for fault strike (top
left), fault dip (top right), fault rake (bottom right) and double-couple component (bottom left). The GFZ agency imposes a double-couple solution in their
inversions; thus, it is excluded from the plot showing the double-couple component.

as those from the joint inversion of teleseismic body, surface, and
local waveforms (Fig. 9 and Table 2). Figs 10 and 11 show that the
joint inversion solution explains the various seismic data sets well.
The best-fitting waveforms are the teleseismic P and surface waves,
both with a misfit of m = 0.08. The teleseismic S waves show a
misfit value of m = 0.11, while the local seismic data have a misfit
value of m = 0.16 with an overall good visual fit of the observed
waveforms. In addition, Fig. 12 shows that this solution also fits

well independent regional seismic waveforms that were not used in
the inversions.

As seen previously in the inversions of local data alone, it is
clear that the results depend strongly on the earthquake location
used. Using IPMA’s hypocentre leads to a lower variability in the
retrieved source parameters, to a much better agreement with results
from local data inversions (Fig. 9) and to lower data misfits than
using the GCMT centroid (Table 3). Changing the 3-D Earth model
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Figure 10. Waveforms of local and teleseismic surface wave data for the Mw 5.9 2013 April 30 earthquake. Top: local waveforms; and bottom: surface waves.
Comparison of the recorded waveforms (blue) with the forward modelled waveforms (red) for the solution obtained from the joint inversion of local and
teleseismic data. The inversion results shown here are based on the crustal velocity model CRUST2.0 and the mantle model S362ANI, using the IPMA location
as a centroid.
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Figure 11. Waveforms of teleseismic body wave data for the Mw 5.9 2013 April 30 earthquake. Top: teleseismic P waves and bottom: teleseismic S waves.
Comparison of the recorded waveforms (blue) with the forward modelled waveforms (red) for the solution obtained from the joint inversion of local and
teleseismic data. The inversion results shown here are based on the crustal velocity model CRUST2.0 and the mantle model S362ANI, using the IPMA location
as a centroid.
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Figure 12. Waveforms of regional waveforms for the Mw 5.9 2013 April 30 earthquake. Left: regional P waves; and right: regional surface waves. Comparison
of the recorded waveforms (blue) with the forward modelled waveforms (red) for the solution obtained from the joint inversion of local and teleseismic data.
The inversion results shown here are based on the crustal velocity model CRUST2.0 and the mantle model S362ANI, using the IPMA location as a centroid.
These waveforms have not been used in the inversion procedure.

Table 3. L2-norm misfits of the inversion results for the four different data sets (k) used (local, teleseismic surface waves, P and S waves), for the six
combinations of Earth models and locations. The lowest misfit for each data set (min (mk)) is marked in bold. The last column presents the normalized average
misfit mnorm = 1

4

∑4
k=1

mk
min(mk ) .

Location Earth model mLocal mSurface mTeleP mTeleS mnorm

IPMA S362ANI 0.16 0.08 0.08 0.11 1.16
IPMA S40RTS 0.15 0.09 0.08 0.16 1.32
IPMA SGLOBE-rani 0.19 0.08 0.09 0.09 1.18
GCMT S362ANI 0.32 0.07 0.13 0.15 1.65
GCMT S40RTS 0.33 0.06 0.15 0.21 1.85
GCMT SGLOBE-rani 0.32 0.06 0.15 0.11 1.56

used in the source inversions has a lower impact on the retrieved
source parameters and on the data fit than changing the earthquake’s
location (Fig. 9 and Table 3). For a given earthquake location, the
three mantle models used in the inversions lead to relatively similar
data misfits, with S362ANI and SGLOBE-rani achieving slightly
lower misfit values than S40RTS (Table 3).

Considering the results based on IPMA’s hypocentre, there is
overall a good agreement between the joint inversion solutions and
the results from the 1-D and 3-D local data inversions (Fig. 9),
with differences in strike, dip, and rake not exceeding ∼ 10◦. The
variability of earthquake source parameters obtained in the joint
inversions is generally smaller compared to the single data set in-
versions. Therefore, joint inversion of local and teleseismic data can
reduce the uncertainty of the single data set inversions.

Figs S6 and S7 in the Supporting Information show plots of the
trade-offs between the source parameters explored in our Monte
Carlo inversions for 3-D local data and for 3-D joint source in-
versions. Overall, the joint inversion solutions are more tightly

clustered than the local data solutions, notably for rake, strike, and
dip angles.

6 D I S C U S S I O N

The study of oceanic earthquakes can be challenging due to poor
seismic station coverage, combined with insufficient knowledge
about the Earth structure in those areas. In this study, we investi-
gated five moderate magnitude events in the Azores islands recorded
by local stations and using local models of the Earth structure of the
region. Our findings demonstrate that data variability, the centroid
location, and the Earth model used in the seismic forward modelling
can have a significant impact on the source parameters, but these
uncertainties are not always assessed in routine moment tensor in-
versions. An example is the regional study of the 2002 February 14
Mw 4.8 earthquake in Udine, Northern Italy, where the 1-D crustal
model used in the source inversions is perturbed by up to 30 per cent
and the moment tensor is still well resolved (Šı́lený 2004). More
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recently, Scognamiglio et al. (2016) reported a variability of fault
strike, dip, and rake of about 10◦ in a study of the Mw 5.9 Emilia
(Po Plain, Italy) 2012 earthquake, when testing five different 1-D
Earth models and one 3-D structure model. Here, changes in the
1-D and 3-D Earth models used in the source inversions led to
a larger variability in the retrieved fault parameters than in these
studies (15◦–30◦ in fault strike, 5◦–20◦ in fault dip, and 20◦–60◦ in
rake). The variability of the parameters in our study is also larger
than the errors estimated by Weston et al. (2012) (strike σ = 12.◦7,
dip σ = 14.◦6, rake σ = 16.◦4) when comparing earthquake source
parameters determined using InSAR with those obtained from seis-
mic data. Likely, our variability in source parameters is larger than
in previous studies due to the smaller magnitude and more irregular
station coverage of the earthquakes studied here. Comparing the
various 1-D Earth models used, we find that some of the 1-D Earth
models of the region obtained from the analysis of receiver function
data (Silveira et al. 2010) lead to a slightly improved data fit of local
data compared to the region’s 1-D model based on active seismic
surveys currently used by IPMA. This shows that velocity profiles
from receiver function studies can help constrain seismic moment
tensors, particularly in regions with limited data coverage where
seismic tomography studies may be difficult.

We further analysed the Mw 5.9 2013 April 30 earthquake that
occurred in the Povoação basin, SW of the São Miguel island using
local, regional, and teleseismic data. We found that the earthquake’s
centroid location has a significant impact on the moment tensor
inversions. Using the hypocentre reported by IPMA, which is based
on local seismic data, leads to more stable solutions than the GCMT
centroid, which is ∼25 km away from IPMA’s hypocentre. This is
consistent with the study of Weston et al. (2012), which reported
global average errors in GCMT locations of ∼20 km and highlighted
the higher accuracy of locations reported by local seismic agencies
compared to global catalogues. Matias et al. (2007) also found
substantial discrepancies between locations calculated using local
data and those reported by global seismic agencies when studying
the 1998 July 9 Faial sequence, in the Azores archipelago. We find
that using the IPMA’s hypocentre results in similar moment tensors
obtained from teleseismic data to those retrieved using local data.
This suggests that in oceanic regions where local seismic data are
not available, teleseismic moment tensor inversions can be valuable
if reasonable constraints on the earthquake location can be obtained
from bathymetry information (Pan et al. 2002), macroseismic data,
or other geological information. Moreover, we find that when using
IPMA’s location, the combination of local and teleseismic data in
the inversions reduces the variability of the solutions and parameter
trade-offs compared to local data inversions. Hence, teleseismic
data can help stabilize the moment tensor inversions of oceanic
earthquakes.

We found that all our moment tensor inversions lead to a persistent
non-double component of ∼40–60 per cent for the Mw 5.9 event. In
order to investigate its origin, we performed inversions allowing a
volumetric change in the source and found a stable isotropic com-
ponent of 6–13 per cent. For tectonic earthquakes, isotropic compo-
nents may be due to the opening of non-planar faults normal to the
fault plane (Julian et al. 1998; Ross et al. 2015), shear-tensile cracks
(Julian et al. 1998), high fluid pressures in the crust (Vavryčuk 2002;
Rössler et al. 2007) and changes of the elastic moduli due to the
earthquake (Ben-Zion & Ampuero 2009). Nevertheless, allowing
a volumetric change in the source did not reduce substantially the
non-double component of the event. As we ruled out the possibility
of a volumetric change causing the low double-couple component,
we speculate that geometrically complex faulting is responsible for

Figure 13. Epicentral and centroid locations for the Povoação basin earth-
quake with Mw 5.9 2013 April 30. Top: the orange dots show seismic
locations from NEIC (National Earthquake Information Center), CTBTO
(Preparatory Commission for the Comprehensive Nuclear-Test-Ban Treaty
Organization), IPMA (Instituto Português do Mar e da Atmosfera, Por-
tuguese seismic service), EMSC (European-Mediterranean Seismological
Centre) and centroid locations from US WMT (United States Geological
Survey, W-Phase), US CMT (Lamont-Doherty Cooperative Seismographic
Network, C-Phase), GCMT (Global Centroid-Moment-Tensor project), US
BMT (National Earthquake Information Center, Body-Phase), GFZ (GFZ
German Research Centre for Geosciences) and CPP (Jascha Polet, Depart-
ment of Geological Sciences, Cal Poly Pomona, accessed via EMSC moment
tensor database). The respective moment tensor solutions are shown where
available. Plate boundaries in white are from Bird (2003). Bottom: same as
in the top figure, but on a more detailed tectonic overview of the Povoação
basin and surrounding structures provided by Weiß et al. (2015). The white
lines are mapped faults and the red lines illustrate volcanic lineaments (after
Weiß et al. 2015).

the observed substantial non-double component (Frohlich 1994). A
detailed tectonic structure model produced by Weiß et al. (2015,
Fig. 13) reveals the strong complexity of the Povoação basin. If
we consider a rupture length of 14–20 km for this event based on
earthquake scaling laws (Blaser et al. 2010) and the curved faults in
Fig. 13 on the same scale, then the observed curvature of the faults
in this region can be an important factor contributing to the high
non-double-couple component. Anisotropy or fluids at the source
region as discussed by Julian et al. (1998) and Miller et al. (1998)
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could be another possible explanation. More detailed source mod-
els obtained using higher frequency data and more advanced Earth
models could help further unravel the complexity of this event’s
faulting process.

When conducting bootstrapping tests to assess uncertainties in
the moment tensor solution of the Mw 5.9 2013 April 30 earthquake
due to local data variability, we found that the fault strike and dip
varied by 15◦, the fault rake varied by 25◦, and the double-couple
component varied by 10–15 per cent. The median values of the
distributions obtained in the bootstrapping tests correspond to the
parameters obtained in the local data inversions. Considering the
solutions obtained with IPMA’s hypocentre, the variability in the
source parameters associated with the data bootstrapping test is
larger than the variability due to the different 3-D mantle models.
This is probably due to the similarity of the 3-D Earth models
in this region and to the limited number of local stations in the
inversions. In addition, our solutions for the Mw 5.9 2013 April 30
earthquake are compatible with the aftershock distribution, which
gives additional confidence in our solutions and allows us to identify
the preferred fault plane of 319◦ for fault strike, 54◦ for fault dip,
and −73◦ for fault rake. Moreover, the range of parameters that we
obtain for this event in bootstrapping tests and varying the Earth
models used is much smaller than the variability in values of strike,
dip, and rake reported in seismic catalogues for this event. The
approach used in our study exploring multiple combinations of data
types and waveform modelling approaches is thus well suited to
understand errors and the robustness of moment tensor inversions,
notably for earthquakes of small-moderate magnitude and in regions
with limited data coverage.

6.1 Comparisons with seismic catalogues and aftershocks

Fig. 9 shows that there are large differences between the solutions
reported by various seismic agencies for the Mw 5.9 2013 April
30 earthquake. The earthquake source models vary for fault strike
by 60◦, for fault dip by 35◦ and for fault rake by 80◦. These dif-
ferences are always larger than the range of solutions that we ob-
tained from our inversions and are a good example of the difficulties
in constraining the source of distant, mid-ocean earthquakes. The
reported earthquake hypocentre and centroid locations are up to
∼35 km away from each other (Fig. 13). All agencies that estimate
the non-double component of this earthquake find a substantial non-
double component, in agreement with our findings. This suggests a
discernible component of source complexity, which may contribute
to the large variability of the reported moment tensor solutions.

The aftershock distribution can provide important information
about the location, dimension and orientation of the ruptured fault.
Fig. 14 shows the distribution of aftershocks of the Mw 5.9 2013
Azores earthquake reported by IPMA (IPMA 2016). Despite not
being relocated and showing considerable scattering, this set of
aftershocks gives relevant information on the earthquake’s dipping
direction and aids in discriminating the main fault plane from the
auxiliary fault plane. The majority of the aftershocks cluster in
the NW–SE direction, covering an area of ∼20 km by 12 km with
a maximum depth extent of 10 km. The hypocentre of the main
shock determined by IPMA is located at the NW end of the cluster,
which is used as a centroid location in our moment tensor analysis.
The aftershock distribution supports a fault plane dipping in a NE
direction, with a strike of ∼ 315◦ and a dip of ∼ 45◦, which agrees
well with our solution. Apart from this earthquake cluster, there are

a few earthquakes south of the main shock aligning in a WNW–ESE
direction.

6.2 Limitations

One limiting factor of this study is the azimuthally non-uniform
distribution of local stations due to a lack of ocean-bottom seis-
mometers around the Azores islands. The seismic modelling is
limited in frequency due to the low resolution of the available Earth
Structure models of the region. Moreover, a larger number of 1-D
and 3-D Earth models would be desirable to further quantify the
effects of Earth structure on the moment tensor solutions. The 3-
D Earth models used are relatively similar for the source–receiver
paths at local and regional scales considered in this study, and give
similar results in the earthquake modelling with local data. For seis-
mic waves measured at teleseismic distance, the waveforms differ
more significantly for the different 3-D mantle models, which is
evident when comparing the misfit values in Table 3. In addition,
future work may explore centroid location determinations in the
3-D inversions. Some previous studies have examined source depth
errors (Tilmann et al. 2010; Sumy et al. 2013; Hauksson et al.
2014; Aderhold & Abercrombie 2015), which may deserve a future
investigation.

7 C O N C LU S I O N S

Studying oceanic earthquakes remains a challenging task due to the
limited coverage with local seismic stations. In moment tensor in-
versions of five earthquakes in the Azores archipelago, we observe
a large variability of the fault parameters of 15◦–30◦ in fault strike,
5◦–20◦ in fault dip and 20◦–60◦ in rake, depending on the differ-
ent 1-D and 3-D Earth structure models used. The 1-D modelling
emphasizes that using the velocity structure from receiver func-
tion studies can improve the seismic moment tensors solutions. The
Mw 5.9 2013 April 30 Povoação basin earthquake (SW of the São
Miguel island) shows a non-double-couple component of ∼40–60
per cent. A complex rupture in a curved fault recently mapped in the
Povoação basin may be the reason for this large non-double-couple
component, as the isotropic component of 6–13 per cent cannot be
the source of the observed complexity. Performing bootstrapping
tests to quantify uncertainties due to the data lead to a variability of
∼15◦ in the retrieved fault strike and dip angles, 25◦ in rake and 10–
15 per cent in the non-double-couple component. This is smaller
than the errors due to varying the 1-D Earth models used in the inver-
sions of this event, and much smaller than the differences between
the values reported in seismic catalogues. The earthquake’s loca-
tion influences the moment tensor inversions strongly, especially
when using local seismic data. We find that using the hypocentre
determined by IPMA – the local Portuguese seismic agency – helps
stabilize the inversions and leads to compatible solutions from local
and teleseismic data. Moreover, when using IPMA’s location, the
joint inversion of local and teleseismic data helps reduce source
parameter trade-offs and the variability of the solutions, compared
to inversions of local data alone. This study shows that provided
that an accurate location is used in the modelling, teleseismic data
can provide constraints on mid-ocean earthquakes coherent with
those from local data, and the joint analysis of teleseismic and local
data further tightens the solutions. In the absence of local data, it
may be possible to obtain constraints on the earthquake location
using bathymetry information, macroseismic data and geological
information.
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Figure 14. Top: aftershock distribution of the Mw 5.9 Povoação basin earthquake on 2013 April 30, based on the IPMA catalogue with earthquakes Mw > 2
occurring within 14 d after the event (IPMA 2016). The main shock is marked by a yellow star. All other events are marked by circles, which are colour-coded
according to depth. The white lines are faults, and the red lines illustrate volcanic lineaments (after Weiß et al. 2015). The dashed red rectangle is the rupture area
projected to the surface. The fault length and width are estimated from scaling relations (Blaser et al. 2010). Bottom: 3-D view of the aftershock distribution.
The aftershocks are marked by green circles, the main shock with a yellow star, the projected surface breakout of the fault is in red and the rupture surface is
coloured in dark red for dimensions obtained using scaling relations from Blaser et al. (2010).

8 DATA A N D R E S O U RC E S

Software: ISOLA (Sokos & Zahradnı́k 2008), MATLAB,
SPECFEM3D GLOBE, version 7.0.0 (Komatitsch & Tromp 1999,
2002a,b).

Scientific python: ObsPy (Beyreuther et al. 2010) in version 1.0.3
(The ObsPy Development Team 2017), matplotlib (Hunter 2007),
numpy (van der Walt et al. 2011), pandas (McKinney 2010).

GMT (Wessel et al. 2013), Inversion code of Clarke/Wright with
Powell-Downhill (Powell 1964).

Data: local data from Azores islands and mainland Portugal were
provided by IPMA,

teleseismic data were retrieved from the IRIS data centre:

The facilities of IRIS Data Services, and specifically the IRIS
Data Management Center, were used for access to waveform, meta-
data or products required in this study. The IRIS DS is funded
through the National Science Foundation and specifically the GEO
Directorate through the Instrumentation and Facilities Program of
the National Science Foundation under Cooperative Agreement
EAR-1063471. Some activities of are supported by the National
Science Foundation EarthScope Program under Cooperative Agree-
ments EAR-0733069 and EAR-1261681.

Networks used: GSN: IU (Albuquerque Seismological Lab-
oratory/USGS 1988), IRIS IDA II (Scripps Institution Of
Oceanography 1986), Caribbean CU (Albuquerque Seismological
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S U P P O RT I N G I N F O R M AT I O N

Supplementary data are available at GJI online.
Figure S1. Top: P-wave speed Vp shown up to a depth of 50 km
for the following 1-D earth models: IPMA (Portuguese local seis-
mic agency), PREM, CRUST2.0 extended with PREM at 80 km
depth and the different receiver function models from Silveira et al.
(2010). Bottom: density ρ profiles for the different models.
Figure S2. Top: quality factor Qκ shown up to a depth of 50 km
for the following 1-D earth models: IPMA (Portuguese local seis-
mic agency), PREM, CRUST2.0 extended with PREM at 80 km
depth and the different receiver function models from Silveira et al.
(2010). Bottom: quality factor Qμ for the different models. The qual-
ity factors for the CRUST2.0 model and the Earth models based on
the receiver functions are taken from PREM.
Figure S3. Comparison of the 1-D local data inversion results for
the five earthquakes studied and the nine earth models considered
for: the centroid depth (top), the centroid time-shift (time-shift of
centroid time to the epicentral time) (bottom left) and the seismic

moment (bottom right). The source parameter solutions are colour-
coded according to their variance reduction and marked by different
symbols according to the earth model used in the inversion.
Figure S4. Comparison of the moment tensor solutions obtained
from inversions of different single data sets for the Povoação basin
earthquake with Mw 5.9 on 2013 April 30. The results of the local 1-
D modelling inversions are marked by different symbols according
to the 1-D earth model used. The 3-D modelling results are marked
by different symbols according to the mantle model used in the
inversion. The source parameters are shown for four different data
types: using local data, teleseismic P waves, teleseimic S waves and
surface waves. The source parameters are shown for fault strike (top
left), fault dip (top right), fault rake (bottom left) and double-couple
component (bottom right). The two different colours denote the two
different locations used: blue for IPMA and red for GCMT.
Figure S5. Comparison of the seismic moment values reported
in seismic catalogues for the Mw 5.9 Povoação basin earthquake
on 2013 April 30 with those obtained in this study using differ-
ent data and modelling approaches. The results of the local 1-D
modelling (‘1-D Local’) are marked by different symbols repre-
senting the various 1-D earth models used in the inversions. ‘1-D
Local BS’ labels the results from the bootstrapping test for the 1-D
modelling, performed with the best fitting receiver function model
P-S RF COSEAa. ‘3-D Local BS’ is the corresponding labelling
for the bootstrapping test for the 3-D modelling using the mantle
model S362ANI combined with the crustal model CRUST2.0. In
the subsequent two columns, 3-D modelling results are reported
for inversions using local data alone and jointly with teleseismic
P, S and surface waves. The different symbols correspond to the
three mantle models used in the inversion. Finally, circles illustrate
the moment tensor solutions reported by various seismic agencies
(see the main text for an explanation of the agencies used). The
two different colours denote the two different locations used in the
inversions: blue for IPMA and red for GCMT.
Figure S6. Parameter trade-off plots and histograms for the lo-
cal data set inversions using the 3-D mantle model S362ANI and
the IPMA location, shown for the 40 best-fitting inversion results
colour-coded by the misfit. The best-fitting solution is marked by a
white star. The inversion bounds for each source parameter are illus-
trated by red lines. The compensated linear vector dipole component
reported follows the convention of Tape & Tape (2015).
Figure S7. Parameter trade-off plots and histograms for the joint
data set inversions using the 3-D mantle model S362ANI and
the IPMA location, shown for the 40 best-fitting inversion results
colour-coded by the misfit. The best-fitting solution is marked by a
white star. The inversion bounds for each source parameter are illus-
trated by red lines. The compensated linear vector dipole component
reported follows the convention of Tape & Tape (2015).
Figure S8. Histograms showing the source parameter distributions
obtained in the bootstrapping inversion tests for: fault strike (top
left), fault dip (top right), double-couple component (middle left),
fault rake (middle right), volumetric component (bottom left) and
seismic moment (bottom right). The distributions obtained from
1-D inversions are shown in blue and those obtained from 3-D
inversions are shown in orange. The median value for the respective
source parameter (x̃) is given in the legend. The median is marked
with a dotted line in black for the 1-D results and in red for the 3-D
results.The bootstrapping results follow Gaussian distributions for
the different source parameters. The median value of the distribution
is in accordance to the source parameters obtained in the inversion
using all the available local data.
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Table S1. Stations in the Azores archipelago used in the source
inversions. Station name, location, seismometer manufacturer, cor-
ner period of the sensorand date of installation for each station are
shown. Please note the change of the sensor for the station BART
in 2016.
Table S2. Moment tensor solutions from the bootstrapping tests
with the 1-D modelling approach for the Mw 5.9 Povoação basin
earthquake on 2013 April 30, using the IPMA centroid location and

the 1-D model P-S RF COSEAa. The seismic station and compo-
nent which are not used in each of the inversions are given at the
beginning of each line of the table. The unit of the seismic moment
is in N m.
Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the article.
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