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SUMMARY

Determining the crustal structure of ocean island volcanoes is important to understand the
formation and tectonic evolution of the oceanic lithosphere and tectonic swells in marine
settings, and to assess seismic hazard in the islands. The Azores Archipelago is located near
a triple junction system and is possibly under the influence of a mantle plume, being at the
locus of a wide range of geodynamic processes. However, its crustal structure is still poorly
constrained and debated due to the limited seismic coverage of the region and the peculiar
linear geometry of the islands. To address these limitations, in this study we invert teleseismic
Rayleigh wave ellipticity measurements for 1-D shear wave speed (V) crustal models of the
Azores Archipelago. Moreover, we test the reliability of these new models by using them
in independent moment tensor inversions of local seismic data and demonstrate that our
models improve the waveform fit compared to previous models. We find that data from the
westernmost seismic stations used in this study require a shallower Moho depth (~10 km)
than data from stations in the eastern part of the archipelago (~13-16 km). This apparent
increase in the Moho depth with increasing distance from the mid-Atlantic ridge (MAR) is
expected. However, the rate at which Moho deepens away from the MAR is greater than that
predicted from a half-space cooling model, suggesting that local tectonic perturbations have
modified crustal structure. The 1-D Vs models obtained beneath the westernmost seismic
stations also show higher wave speeds than for the easternmost stations, which correlates well
with the ages of the islands except Santa Maria Island. We interpret the relatively low Vg
profile found beneath Santa Maria Island as resulting from underplating, which agrees with
previous geological studies of the island. Compared to a recent receiver function study of the
region, the shallow structure (top ~2 km) in our models shows lower shear wave speed, which
may have important implications for future hazard studies of the region. More generally, the
new seismic crustal models we present in this study will be useful to better understand the
tectonics, seismicity, moment tensors and strong ground motions in the region.

Key words: Surface waves and free oscillations; Crustal imaging; Atlantic Ocean; Compo-
sition and structure of the oceanic crust.

2007). Moreover, a good knowledge of the shallow crustal structure

I INTRODUCTION of oceanic islands is crucial for reliable seismic hazard assessment,

The seismic structure of the crust beneath ocean island volcanoes notably for accurate ground motion simulations (e.g. Olsen 2000),
gives key information about the mechanical and thermal properties as well as for enhanced determinations of earthquake locations and
of the oceanic lithosphere, the potential role of magmatic underplat- focal mechanisms (e.g. Frietsch ez al. 2018).

ing and the controls of the crust on the formation of tectonic swells A wide range of active and passive seismic techniques can be
in marine settings (e.g. McKenzie e al. 2005; McNutt & Caress used to map crustal structure. Popular methods include receiver
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function analysis (e.g. Rondenay 2009), local earthquake tomog-
raphy (e.g. Thurber 1993) and surface wave tomography methods
using both earthquake and seismic ambient noise data (e.g. Shapiro
et al. 2005). Early geophysical studies of the crustal structure of the
Azores include active seismic studies (Hirn et al. 1980), which led
to a 1-D seismic model of the region that is used in seismicity analy-
sis by IPMA, the Portuguese seismic monitoring agency (e.g. IPMA
2016). Previous crustal thickness estimates beneath the archipelago
are within the range ~10-30 km (e.g. Detrick et al. 1995; Escartin
et al. 2001), which is much thicker than typical oceanic crustal
thickness (~7 km; e.g. Mutter & Mutter 1993). Possible explana-
tions for the observed thick crust include tectonic processes related
to plate motions, the building of the Azores Plateau and the pres-
ence of a mantle plume, which may lead to magmatic intrusions or
volcanic loading.

In the past two decades several temporary and permanent seismic
stations have been deployed in the region, providing opportunities to
study its seismic structure in detail. Silveira ez al. (2010) computed
receiver functions and estimated a Moho depth of 20-30 km in
the region. However, this study mainly focused on mantle structure
rather than on the region’s fine crustal structure. Dias et al. (2007)
conducted a local tomography study of the region near the Faial and
Pico Islands, but their study region only represents a small portion
of the archipelago. More recently, Spieker ez al. (2018) investigated
the crustal structure of the region using teleseismic P-wave receiver
functions. They reported a Moho depth of ~17 km throughout the
archipelago and found evidence for possible magmatic underplating
beneath the island of Sao Jorge, as well as some indications of un-
derplating beneath Sao Miguel and possibly Santa Maria. However,
the depth estimates obtained by Spieker et al. (2018) are potentially
limited by multiples due to reverberations of converted phases re-
flected at the seafloor, as well as by limited backazimuthal coverage
resulting from a relatively short recording period.

In this study, we invert teleseismic Rayleigh wave ellipticity mea-
surements (the horizontal-to-vertical ratio of fundamental mode
Rayleigh wave particle motion) for 1-D crustal shear wave ve-
locity (Vs) profiles beneath five seismic stations in the Azores
Archipelago. To the best of our knowledge, this is the first time
that Rayleigh wave ellipticity data are used to determine the crustal
structure of ocean island volcanoes. Prior to this study, the analy-
sis of teleseismic Rayleigh wave ellipticity has been used to probe
the crustal structure in continental regions (e.g. Lin et al. 2012;
Berbellini et al. 2017; Attanayake et al. 2017). This was possi-
ble due to the strong sensitivity of Rayleigh wave ellipticity to the
uppermost crustal Vs structure in the immediate vicinity of a seis-
mic station (e.g. Tanimoto & Alvizuri 2006; Ferreira & Woodhouse
2007a, b; Tanimoto & Rivera 2008; Maupin 2017). Being a single-
station measurement, Rayleigh wave ellipticity is particularly suited
for illuminating crustal structure in regions with uneven seismic sta-
tion coverage such as ocean islands, where application of seismic
tomography is difficult. We test the reliability of our new Vg models
by using them in moment tensor inversions of local seismic data
from the 2013 April 30 M,, 5.9 earthquake in the Povoagdo basin
near Sdo Miguel Island. Moreover, we also perform such indepen-
dent source inversion tests using other previous 1-D Earth models
of the region. In the next section we provide a summary of the tec-
tonic setting of the Azores, which is followed by our Rayleigh wave
ellipticity analysis and validation against local earthquake data in
Sections 3 and 4, respectively. Our results are then discussed in
Section 5. Finally, we provide our conclusions in Section 6.
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2 SEISMO-TECTONIC FEATURES OF
THE AZORES ARCHIPELAGO

The Azores Archipelago is located near a triple junction where
the Eurasian, North American and African (or Nubian) tectonic
plates meet (Fig. 1). The eastern end of the North American plate
is marked by the Mid-Atlantic ridge, while the boundary between
the African and Eurasian plates is diffuse, including several faults
and fracture zones (e.g. Miranda ez al. 2014). The archipelago com-
prises nine islands sitting on the prominent Azores volcanic Plateau
with its distinct triangular shape. Geographically, the islands are
typically divided into: (i) the western group (Flores and Corvo); (ii)
the Central Group (Sdo Jorge, Faial, Pico, Graciosa and Terceira)
and (iii) the eastern group (Sdo Miguel and Santa Maria). The
Azores Plateau has two different east and west sectors, whereby
the larger eastern sector includes the Terceira ultra-slow spreading
ridge, which includes Graciosa, Terceira and Sdo Miguel Islands.
To the east, the boundary between the Eurasian and African plates
corresponds with the Gloria fault (Fig. 1).

A deep mantle plume has been proposed to contribute to the
volcanism that led to formation of the Azores Islands (e.g. Schilling
1975; Silveira et al. 2006). It may have interacted with the mid-
Atlantic ridge, leading to the high elevation of the Azores Plateau,
which is roughly defined by a ~2000 m isobath (e.g. Schilling 1975;
Gente et al. 2003). Possible magmatic intrusions and underplating
below the oceanic crust have been suggested to affect the eastern
islands in the archipelago (e.g. Ramalho et al. 2017). Magmatic
underplating results from large igneous intrusions at the bottom
of the crust with seismic wave speeds that are higher than those
typical of the lower crust, but lower than in the mantle (e.g. Caress
et al. 1995). This has been observed in some volcanic ocean islands
in the North Atlantic, such as the Cape Verdes and Canaries (e.g.
Lodge & Helffrich 2006; Lodge et al. 2012). In the Azores, these
geological processes have been proposed to cause the recent uplift
of the easternmost island of the archipelago, Santa Maria (Fig. 1),
which is also thought to be the oldest in the region (~6 Ma; Sibrant
et al. 2015; Ramalho et al. 2017). Recently, Spieker ef al. (2018)
used receiver functions to show that underplating occurs beneath
Sao Jorge Island. They also found some indications that it may be
present beneath Sdo Miguel and Santa Maria, but additional data
and analyses are needed to confirm these findings.

In the central and eastern groups of the archipelago, the youngest
and most active islands are Pico, Faial, Terceira and Sao Miguel,
whose age estimates range from 0.27 to 0.88 Ma (e.g. Chovelon
1982; Johnson et al. 1998; Calvert et al. 2006; Hildenbrand et al.
2012; Sibrant et al. 2015). On the other hand, Sao Jorge and Graciosa
Islands, which are located to the west of these islands, are probably
older, with age estimates in the range ~1.05-1.85 Ma (e.g. Hilden-
brand et al. 2008; Larrea et al. 2014; Marques et al. 2018). Finally,
Flores and Corvo have been dated with ages ~2.2 Ma (Azevedo &
Portugal Ferreira 2006) and ~1.5-1.0 (Franga et al. 2003), respec-
tively. Hence, unlike other settings such as the Hawaiian-Emperor
seamount chain, the Azores Archipelago does not exhibit a clear
linear age trend. This highlights the complexity of the formation
and evolution of the islands, which remain poorly understood.

The Azores Archipelago has significant seismicity; over 30 de-
structive earthquakes have occurred in the region since the 15th
century (Gaspar et al. 2015). The most destructive historical earth-
quake in the Azores was the 1522 Vila Franca do Campo event in
Sdo Miguel Island (Gaspar et al. 2015), which had an intensity X
(Silveira et al. 2003) and led to over 5000 casualties. More recent
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Figure 1. Tectonic setting and geographical location of the Azores Archipelago. The tectonic boundaries between the North American, Eurasian and Nubian
plates are shown. Moreover, key tectonic features of the region are presented (e.g. Miranda et al. 2014): the Mid-Atlantic Ridge (MAR), the East Azores
Fault Zone (EAFZ), the Princess Alice Rift (PAR), the Terceira Rift (TR) and the region of the Gloria fault (GF). The location and the focal mechanism of
the 2013 April 30 My, 5.9 Povoacdo basin earthquake is also shown (Frietsch ef al. 2018) along with the seismic stations used in this study (red triangles; the
corresponding island is also written in red, with the station name given in brackets). Topography and bathymetry are from SRTM30 PLUS (Becker ez al. 2009).

significant earthquakes include the 1980 Mw 6.8 event west of Ter-
ceira Island, the 1997 M,, 5.9 earthquake SE of Terceira Island and
the 1998 M,, 6.0 event in Faial (e.g. Borges et al. 2007). In the
past decade, the largest magnitude event that occurred in the region
was the 2013 April 30 M,, 5.9 earthquake with an epicentre in the
Povoacdo basin, near Sdo Miguel Island (Fig. 1). While this event
did not produce substantial damage (USGS 2017), it was recorded
by a number of seismic stations in the region, bringing useful in-
formation about the tectonics of the archipelago. In particular, this
earthquake exhibited a substantial non-double couple component,
which is possibly due to a curved fault in the complex active fault
system of the Povoagdo basin (Weil et al. 2015; Frietsch et al.
2018).

3 TELESEISMIC RAYLEIGH WAVE
ELLIPTICITY ANALYSIS

3.1 Data

We use seismic waveforms from five permanent broadband seismic
stations in the Azores: ROSA, PGRA, PSET, CMLA and PSMN
(Fig. 1) recorded in the period between January 2009 and February
2015. Station CMLA in Sao Miguel Island is part of the Global Seis-
mographic Network (GSN), while the other stations are all run and
maintained by IPMA. We use recordings of 414 earthquakes with
M, 6.0-7.8 and with good azimuthal distribution (Fig. 2). Epicentral
distances between 50° and 120° are considered to avoid the inter-
ference of multiple orbit waves and to reduce near-source effects. A
list of these earthquakes is given in Table S1 in the Supporting In-
formation. We use the fully automated, time-domain measurement
scheme of Attanayake ef al. (2017) to measure Rayleigh wave ellip-
ticity (RWE) with central wave periods ranging from 15 to 60 s with

an interval of 5 s. With this procedure we obtain between 34 and 329
measurements per period, per station. The maximum wave period
used in this study (7 ~ 60 s) is determined by the response spectra
of the seismometers used in this study. Other seismic stations in
the region had fewer measurements (less than 30 measurements)
due to short recording period or noisy recordings; hence, they were
considered unreliable and were discarded. As explained in detail in
Attanayake et al. (2017), a number of quality control measures are
applied to ensure that fundamental mode Rayleigh wave ellipticity
measurements are properly isolated. These include: (i) the phase
shift between the vertical component and the Hilbert-transformed
radial component waveforms must be in the range between 70° and
90° (phase shifts greater than 90° are folded back into the 0°—90°
range); (ii) the cross-correlation coefficient between the two wave-
form components must exceed 0.8 and (iii) RWE measurements
outside the 0.2-2 range are cut-off to avoid unrealistically anoma-
lous subsurface velocity values. These three quality control criteria
ensure that only seismograms with highest signal-to-noise ratio
(SNR) are retained and we did not observe systematic variations of
SNR with backazimuth or distance. Fig. 3 shows the distribution
of the logarithm of the measurements for the five seismic stations
considered in this study. These are smooth and show near-Gaussian
behaviour. Fig. 4 shows the geographical distribution of the median
of the measurements as a function of wave period. RWE decreases
with increasing wave period and we observe that there is a tendency
for slightly larger RWE measurements in the eastern islands (PSET,
CMLA and PSMN) than in the western islands (ROSA and PGRA).

3.2 Inverting for 1-D shear-velocity structure

We use the inversion scheme of Berbellini ef al. (2017) and At-
tanayake et al. (2017) to invert the RWE measurements for 1-D Vs
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Figure 2. Distribution of 414 earthquakes (circles) used in this study. The size of the circles depends on the magnitude of the events (M, 6.0-7.8) and they
are colour-coded by depth. The white box shows the study region, including the five stations used in this study.

structure beneath the five seismic stations in the Azores used in
this study. The inversion uses the neighbourhood algorithm (NA;
Sambridge 1999), which is based on a fully non-linear, self-adaptive
Monte Carlo approach. The NA samples the model space efficiently,
leading to an ensemble of Earth models that are classified according
to their associated cost function value. In addition to examining the
formally best-fitting model obtained from the inversion, we also
plot all the models with data misfit values within 20 per cent of the
minimum misfit value obtained from the inversions. This enables
us to empirically assess model uncertainties (Berbellini ef al. 2017;
Attanayake et al. 2017). The 20 per cent threshold is chosen such
that it includes models that fit the RWE measurements reasonably
well. While a stricter threshold leads to a limited number of models
which are not necessarily representative, a looser threshold includes
models with poor data fits.
Our inversion scheme minimizes the cost function:

Y L))

N
= + AN, Y (VT =2+, )
(op) =

i=1

where d,, is the observed RWE measurement, g(m) is the pre-
dicted RWE value for the sampled model m, op is the variance

of the measurement, V,, is the number of measurements, ; is the
number of layers in the model parametrization, 4 is a scaling fac-
tor, and Vsj is the shear wave velocity at layer j. The first term in
eq. (1) represents the misfit between the RWE observations and the
theoretical predictions for the specific candidate model m. We fol-
low the usual assumption that the measurements have uncorrelated
Gaussian variance o 3. The second term in eq. (1) defines the sec-
ond derivative of the candidate Vs model. The inversion procedure
samples the model space with the aim of minimizing the misfit to
the observed data while favouring smooth models. This is impor-
tant to avoid unrealistic complex models that may fit the data well.
Indeed, we performed inversions with and without this second reg-
ularization term and found that it is key to stabilize the inversions,

otherwise we could obtain oscillatory, unphysical models. While by
using regularization we are potentially discarding complex models,
it is likely that the data used cannot constrain very complex models
alone. The A4 factor is chosen by trial and error; the larger the 4
factor the larger the penalty given to rough models. Having tested a
large number of 4 factors, we found that using 4 = 10~ km™' led
to relatively smooth models that fit the data well. This amount of
regularization is relatively modest and hence we are not imposing
too strong constraints on the models.

Theoretical RWE values g(m) are computed using a normal mode
formalism (Gilbert 1971) by using the software package of Her-
rmann (2013), which enables the fast and efficient calculation of
normal mode eigenfunctions and eigenvalues numerically in 1-D
layered media.

The inversion algorithm uses two tuning parameters: (i) the num-
ber of models created in each iteration, n, and (ii) the number of
best models, n,, around which the algorithm will continue to search.
After trying several values for n; and n,, we found that convergence
was achieved after trying 1500 models when using n, = 20 and
n.=>5.

Given our lack of knowledge of the detailed layered crustal struc-
ture of the Azores, we started by using the four-layer parametriza-
tion of Lin ef al. (2012) with some modifications, which was also
successfully used by Attanayake et al. (2017). Specifically, the up-
permost layer of the crust has a fixed thickness of 1.5 km and the
thickness of the second layer is fixed to 4 km. The thickness of the
two bottom layers is then given by half the difference between the
Moho depth and 5.5 km. We explored the sensitivity of the inver-
sions to Moho depth by performing several inversions whereby the
Moho depth was successively fixed to different values in the range
5.5-30 km, with steps of 5 km and then finer steps were considered
around the best-fitting models. For each station we chose the model
with the lowest cost function obtained from a stable inversion as our
favourite model. We found that the inversions for stations ROSA
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Figure 3. Distribution of the Rayleigh wave ellipticity (RWE) values measured in this study for the five seismic stations considered. Near-Gaussian distributions
of RWE are observed for all wave periods. Each diagram also shows the number of observations, the median and the uncertainty, respectively, along with the
corresponding wave period. The red vertical line indicates the median value and the blue curve shows the equivalent Gaussian distribution.

and PGRA required shallower Moho depths (~10 km) than for the
other stations. When using Moho depths larger than ~10 km, the
data fits for stations ROSA and PGRA were not only poor, but also
the inversions were unstable. Thus, for stations ROSA and PGRA
we use a three-layer parametrization with layer thicknesses of 2 km
(top layer), 3 km (middle layer) and 5 km (bottom layer). These
layer thicknesses were chosen by trial and error to stabilize the in-
versions. Table S2 in the Supporting Information summarizes the
parametrization used for each station and the range of V values
searched within each crustal layer for each station. For complete-
ness, we also carried out exploratory joint inversions for Moho depth
and for Vs in each layer. We found that while the results from the
joint inversions for Moho depth and Vg were very similar to those
obtained successively fixing the Moho depth at different values, the
former inversions were more unstable than when inverting only for
Vs. Future work combining Rayleigh wave ellipticity with, for ex-
ample receiver function data may help improve joint inversions for
Moho depth and V. Below the Moho, we fixed the structure to that
of LITHO1.0 (Pasyanos et al. 2014). We also performed inversion
experiments including an upper mantle layer, but we found that in

general it led to unstable results. Hence, despite the theoretical broad
sensitivity of RWE data to both crustal and upper mantle structure
(e.g. Lin et al. 2012; Shen & Ritzwoller 2016), we found that our
data set cannot constrain the latter.

We only invert for Vs, which is used to calculate the compres-
sional wave velocity (Vp) and density (p) applying the empirical
scaling relations of Brocher (2005) for the crust.

3.3 Results

3.3.1 Shear wave velocity models

Fig. 5 shows the results from the inversions of the Rayleigh wave
ellipticity (RWE) data for the five stations in the Azores considered
in this study, where the best-fitting model is shown in green and
the models with misfit values within 20 per cent of the minimum
misfit are shown in black (Table S3 in the Supporting Information
also presents the corresponding model values). For completeness
we also present the minimum and maximum values of the cost
functions of the models shown in black and we also present the
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Figure 4. Geographical distribution of the Rayleigh wave ellipticity (RWE) measurements obtained for the five stations considered for four illustrative wave
periods. There is a tendency of lower RWE values for the two westernmost stations (ROSA and PGRA) than for the other stations.

number of posterior models. As explained above, the range of Vs
values shown in black gives an empirical estimate of the model un-
certainties. While the errors for stations PSET, CMLA and PSMN
are generally small (~0.24-0.49 km s~'), they are larger for stations
ROSA and PGRA (~0.53-1.48 km s"). Fig. 6 illustrates the com-
parison between the measured RWE curves and the predictions from
the best-fitting models shown in Fig. 5, showing excellent fit to the
data. As explained in the previous section, we found that the RWE
data inversions required shallower Moho depths for stations ROSA
and PGRA (Moho depth ~10 km) than for stations PSET, CMLA
and PSMN, for which we obtained best-fitting Moho depths between
~13 km and ~17 km (Fig. 5). These latter stations also show the
lowest shear wave velocity values in the top layer (~1.4-1.7 km s™!
compared to ~1.7 and 2.6 km s~! for stations ROSA and PGRA,
respectively). Fig. 5 shows that at ~3 km depth, the shear wave
velocity varies in the range ~2.4-3.3 km s~!, which then increases
to ~3.1-3.9 km s! at 8 km depth. At this depth, the westernmost
stations (PGRA and ROSA) show the highest shear-wave speeds.
Finally, at 12 km depth, the stations PSET, CMLA and PSMN
show Vs values in the range ~3.6-4.0 km s~'. The maps in Fig. 7
also show clearly that overall there is a tendency for faster shear
wave speed beneath the westernmost stations ROSA and PGRA
than for the other stations. For completeness, Fig. S1 shows the

geographical distribution of the best-fitting Moho depths found in
this study.

In order to investigate potential trade-offs between Vs in the
various layers, we plot the ensemble of model parameters sampled
against each other in Fig. 8 for station CMLA (the corresponding
plots for all the other stations are shown in Figs S2-S5 in the
Supporting Information). The best-fitting model is marked by a
green cross, models with misfit values within 20 per cent of the
best-fitting model are plotted as black dots and the dots in grey
correspond to all the models sampled. If there is a trade-off between
Vs in any pair of layers, the cloud of black points should show a
diagonal distribution. This is not observed for station CMLA; the
models in black are located mostly in tight clusters around the best-
fitting solution. The same applies to the other stations, apart for
stations PGRA (Fig. S2) and ROSA (Fig. S3), which show some
trade-offs between Vs in adjacent layers.

As explained in Section 3.2, we also performed exploratory
inversions jointly inverting for Vs and for Moho depth. Fig. S6
shows the evolution of the cost function as a function of the num-
ber of models sampled for station CMLA when inverting solely
for Vs (left-hand panel) and when inverting jointly for Vg and
for Moho depth (right-hand panel), which highlights that the lat-
ter inversions were more unstable, with more high misfit mod-
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Figure 5. Vg profiles obtained from the inversion of our RWE measurements for the five seismic stations used in this study. The profile in green corresponds to
the formally best-fitting model. The models in black lead to data misfit values within 20 per cent of the best-fitting model. The models in grey are all the models
sampled in the inversion process. The preferred Moho depths found for each station are annotated in each subplot as well as the minimum and maximum values
of the cost functions of the models shown in black and the number of posterior models compared to the total number of models sampled (see main text for

details). All the best-fitting models are compared in (f).

els occurring during the inversion process. Fig. S7 shows the
corresponding models obtained from the joint inversion for Vg
and for Moho depth, which are similar to those presented in
Fig. 5(d).

3.3.2 Comparison with Rayleigh wave ellipticity predictions from
receiver function models

In order to further compare our new 1-D Vs models quantitatively
with existing 1-D models of the Azores Archipelago, we compute
the predicted RWE using the receiver function 1-D crustal models
of Silveira et al. (2010) and of Spieker et al. (2018). Fig. 9 com-
pares these RWE predictions with observations, as well as with the
predicted RWE curve for our best-fitting model for CMLA station

(see Fig. 5). While all the models fit the long-period data (7 >
45 s) within the data uncertainty range, none of the receiver func-
tion models fit the observed short-period RWE data (7' < 30 s)
well. Amongst the various receiver function models considered, the
model Spieker-M7c leads to the predictions that are closest to the
RWE observations.

4 VALIDATION AGAINST
INDEPENDENT LOCAL EARTHQUAKE
DATA

4.1 Local earthquake data

In order to independently test the reliability of the crustal models
obtained in this study from teleseismic RWE data, we examine how
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Figure 6. Comparison between our RWE observations (blue dots with error bars) and predictions for the best-fitting models shown in Fig. 5 (green). The
predicted RWE curves for the models within 20 per cent of the best-fitting models are also shown (black curves) as well as for all the models sampled in the
inversion process (grey lines). The RWE measurements (dots) and predictions for the best-fitting models (solid lines) for all five stations are compared in ().

well they explain independent seismic data that were not used to
obtain the RWE measurements. Specifically, we use our new 1-D
crustal models in moment tensor inversions of local seismic wave-
forms recorded in the Azores Archipelago following the 2013 April
30 M,, 5.9 earthquake in the Povoacdo basin (Fig. 1). As mentioned
previously, this event is the largest magnitude earthquake that oc-
curred in the Azores Archipelago in the past decade and it produced
high-quality waveforms (Frietsch et al. 2018). Having evaluated the
signal-to-noise ratio across a range of frequency bands, the local
seismic waveforms are bandpass filtered in the period range 17—
33 s to ensure good quality signals compatible with our modelling.
In order to clearly isolate the main arrivals, we cut the seismic wave-
forms with a window length of 256 s. The traces in black in Fig. 10
show the observed seismic waveforms, which are compared with
theoretical seismograms in red; the comparisons between observed
and theoretical seismograms will be discussed in Section 4.4.

4.2 Earth models

We test the five new 1-D crustal models obtained in this study
by verifying how well they explain local earthquake waveforms
recorded in the Azores compared to other existing models of the
region. In addition to the new 1-D crustal models obtained in this
study, we also use the following existing models of the region in our
modelling: (i) CRUST2.0 (Bassin et al. 2000); (ii) [IPMA, which
is used by IPMA in their routine seismicity and moment tensor in-
versions (adapted from Hirn ez al. 1980); (iii) PREM (Dziewonski
& Anderson 1981); (iv) P-S CMLA and P-S CMLAc (Silveira
et al. 2010), which are based on P and S receiver functions com-
puted for station CMLA, where the ‘c’ in the model name means
that the receiver function inversion included traveltime corrections;
(v) P-S COSEAa and P-S COSEAc, which were obtained from P
and S receiver functions from stations from the temporary seismic
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Figure 7. Geographical distribution of the Vg values obtained in this study (triangles) as well as their uncertainties (diamonds) for depths of 1, 4, 8 and 12 km.
There is a tendency for slightly larger Vs values for the westernmost stations, notably for station PGRA. Note that the best-fitting Moho depth for stations
ROSA and PGRA is ~10 km; hence, there is no crustal Vg value for these two stations at 12 km depth.

network COSEA that included five stations in Santa Maria, Gra-
ciosa, Terceira, Pico and Corvo Islands (Silveira et al. 2010); (vi)
P-SKS CMLAa and P-SKS CMLAc based on P and SKS receiver
function inversion (Silveira et al. 2010) and (vii) Spieker-M7a and
Spieker-M7¢ obtained by Spieker ef al. (2018) from the analysis
of teleseismic P-wave receiver functions for stations CMLA and
ROSA using more and higher frequency data than Silveira et al.
(2010). Thus, in total, we perform seismic moment tensor inver-
sions using sixteen different 1-D earth models of the Azores region.
Fig. 9 (left-hand panel) compares these various 1-D Vg models.

4.3 Moment tensor inversions

We use the software package ISOLA (Sokos & Zahradnik 2008,
2013) to carry out moment tensor inversions of the 30 April 2013
M,, 5.9 Povoagdo earthquake using the earth models described in
the previous section.

The ISOLA package is an efficient and user-friendly code that
simulates full body and surface waveforms using Green’s func-
tions computed for a 1-D layered medium based on the discrete
wavenumber method of Bouchon (1981). Least-squares inversions
are performed in the time domain, which minimize the L,-norm
misfit difference (m,) between the observed (d) and synthetic (s)

waveforms:

T
(s d;rfis d) @

The inversions are carried out for multiple realizations of the
space—time centroid location (including the source depth) using a
grid-search scheme. In this study we compute seismic waveforms
with a maximum frequency of 0.1 Hz for the M, 5.9 Povoacdo
earthquake recorded in the seismic stations in the Azores, which
are located at epicentral distances between 61 km (CMLA station)
and 322 km (ROSA station). The synthetic seismograms are filtered
exactly in the same way as the real data (see Section 4.1).

2 _
my =

4.4 Results

Fig. 11 shows the focal mechanisms and the associated variance
reductions (V, = 1 — my, where my is the L,-norm misfit in eq. (2))
obtained from the moment tensor inversions of the M,, 5.9 Povoacdo
earthquake for the majority of 1-D earth models considered (see
Table S4 in the Supporting Information for a list of the source
parameters and variance reductions obtained for all 16 models). All
the inversions lead to normal faulting focal mechanisms consistent
with the solutions obtained by Frietsch et al. (2018). Fig. 11 shows
that while all the 1-D earth models show relatively high variance
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Figure 8. Scatter plots and distributions of all the Vs parameters in the four layers used in the RWE inversions for station CMLA. The best-fitting solution is
marked by green crosses and vertical green lines. The parameters that correspond to solutions within 20 per cent of the best-fitting model are shown in black;
all the other model parameters shown are in grey. Trade-offs between parameters would appear as diagonal features in the scatter plots.

reductions (larger than 78 per cent in all cases), the models P—S
CMLAc and CRUST2.0 (VR = 78-80 per cent) produce the poorest
data fits. On the other hand, the 1-D crustal Vs models CMLA _ell,
PSET_ell and PSMN_ell that were obtained in this study perform
best (VR = 85-87 per cent). Fig. 10 shows an illustrative example of
waveform comparisons between the observations and the theoretical
waveforms computed for the best-fitting source model obtained
using our new 1-D Vs profile for station CMLA (CMLA _ell), which
highlights the excellent data fit achieved. Thus, these tests show
that our new 1-D crustal models of the Azores are reliable and
useful for investigating the region’s seismicity (e.g. hypocentral
locations, moment tensors, etc.). Given that all the retrieved source
models are very similar, the improved data fit obtained for our
new 1-D models is likely due to the resulting enhanced Green’s
functions. Table S4 in the Supporting Information shows that the
fault geometry parameters retrieved from the various inversions
have a variability in fault strike of ~34°, ~8° in fault dip angle,
~47° in rake, 10 km in depth, 1.4 s in centroid time and ~26 per
cent in double-couple component. This is similar to the variability in
source parameters in the region reported by Frietsch ez al. (2018) and
is also compatible with the typical uncertainties in moment tensor
solutions in seismic catalogues (e.g. Weston ef al. 2011, 2012).

5 DISCUSSION

5.1 Crustal Vg structure

We found that the stations located in the westernmost islands con-
sidered in this study (station PGRA in Graciosa Island and station
ROSA in Sao Jorge Island, which are ~41 km apart) in the Azores
Archipelago show the fastest 1-D Vg profiles (e.g. Fig. 7). As it
was mentioned previously, Graciosa and Sao Jorge Islands are the
oldest islands in the archipelago considered in this study after Santa
Maria and, thus, in principle have been cooling for longer than
other islands. On the other hand, stations CMLA and PSET (lo-
cated in Sao Miguel Island) and PSMN (located in Santa Maria)
show slower Vg profiles than PGRA and ROSA, with Santa Maria
Island showing the lowest Vs values in the uppermost 12 km of
the crust. While this may seem at odds with the estimated older
age of Santa Maria than other islands, it is consistent with recent
suggestions of substantial magmatic intrusions driving island up-
lift (Ramalho et al. 2017). Alternatively, geomechanical processes
such as porosity development and thermal stressing can reduce the
strength of volcanic rocks and thus Vs (Loaiza et al. 2012; Kendrick
et al. 2013). As expected, the 1-D Vs profiles for stations CMLA
and PSET are quite similar, notably in the top ~10 km, since they
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Figure 9. Left-hand panel: comparison between the various 1-D earth models used in our source inversions. ‘This study’ refers to the CMLA _ell model
obtained in this study; the various models starting with ‘Silveira’ are from Silveira et al. (2010) and the two models starting with ‘Spieker’ are from Spieker
et al. (2018). Right-hand panel: comparison between our RWE observations for station CMLA (blue dots with error bars) and the predicted RWE curves for

the 1-D models shown on the left.

are located in the same island (Sao Miguel) being ~18.5 km apart.
Stations PGRA and ROSA show the largest uncertainties in Vs and
parameter trade-offs. Since the RWE data uncertainties for PGRA
and ROSA are among the lowest along with CMLA and we have
processed the data using a uniform and consistent workflow, this
suggests that the true Vs profiles below PGRA and ROSA are more
complex than can be captured by our simple four-layer parametriza-
tion of the crust. This should not be a surprise given that Azores is
undergoing constant modification through magma injection as ex-
plained previously. Further investigation is required to resolve this
issue in the future considering models of complex crustal structure
resulting from magma injections and using complementary imaging
methods.

Comparing our new 1-D Vg models with the two preferred 1-
D crustal models obtained from receiver function data by Spieker
et al. (2018) (model Spieker-M7c¢ for station ROSA and Spieker-
M7a for station CMLA), we find that the top layer in our 1-D
profiles tends to be slower than in Spieker et al.’s models (Fig. 9,
left-hand panel). This shallow lower Vs layer, where RWE sensitiv-
ity is optimum, is a robust feature required to fit the short-period
RWE data (Fig. 9, right-hand panel). This discrepancy may be at
least partly due to limitations in constructing receiver functions to
probe the crust beneath ocean islands. For example, the signals can
be contaminated by shallow reverberations of converted phases be-
neath the island that can be reflected at the seafloor surrounding
the island, leading to multiples. Future work using RWE measure-
ments from seismic ambient noise data going down to shorter wave
periods should enable us to obtain further detailed models of the

shallow crust in the region (e.g. Hobiger ef al. 2013; Berbellini
et al. 2019), which are important to improve seismic hazard
assessments.

The RWE predictions from models Spieker-M7¢ and Spieker-
M7a fit the observations from station CMLA at 7 > 45 s well. These
long-period RWE measurements are sensitive to deeper crustal
structure (e.g. Berbellini ef al. 2019) and, thus, the good agree-
ment of RWE predictions based on different types of models gives
confidence on the robustness of the deeper crustal structure ob-
tained from our RWE inversions. The model Spieker-M7c fits the
CMLA data slightly better than Spieker-M7a, which is somewhat
surprising, given that it was built using data from station ROSA in
Sao Jorge Island rather than from CMLA in Sdo Miguel. This may
be due to the fact that P-wave receiver functions typically constrain
Vp better than Vs, whereas RWE has strong sensitivity to V. On the
other hand, in the top 15 km, the models of Silveira et al. (2010)
show substantial discrepancies to our models as well as to those of
Spieker et al. (2018), displaying larger Vs values (Fig. 9). These dis-
crepancies are not very surprising given that Silveira et al’s models
were built primarily to constrain mantle structure rather than crustal
structure.

5.2 Moho depth

Our results show that the Moho depths beneath the two westernmost
stations used in this study (ROSA and PGRA) are shallower than for
the other stations (~10 km compared to ~13-17 km for the stations
further east). Note that the five stations we use here are located
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Figure 10. Local three-component waveform examples for the 30 April 2013 My, 5.9 Povoagdo basin earthquake. Comparison of theoretical seismograms (red)
with observed waveforms (black) for six three-component stations in the Azores. The synthetic seismograms are computed for source parameters obtained in
this study using our best-fitting 1-D Vs model beneath station CMLA. The blue numbers correspond to the variance reduction V. (V- = 1 — my, where my is the
Ly-norm misfit in eq. (2); see the main text). Traces in grey are not used in the source inversions due to their negative or low variance reduction. We note that
station PMAN, which is located in Sao Jorge Island, was not used in the Rayleigh wave ellipticity analysis because it did not provide long enough recordings

for the analysis.

between ~150 km (ROSA) and ~490 km (PSMN) from the Mid-
Atlantic ridge, with the stations closest to the plate boundary hav-
ing shallower Moho depths. Thus, the deepening trend of the Moho
away from the plate boundary appears to be consistent with expec-
tations from plate cooling models (e.g. Parsons & Sclater 1977;
Stein & Stein 1992). Combining Stein & Stein (1992)’s GDH1
half-space equivalent plate model and Miiller et al. (2008) seafloor
ages, we estimate that the seafloor depth should increase by about
1 km from ROSA (west-end) to PSMN (east-end, see Supporting
Information). If the seafloor depth varies linearly with Moho depth,
this suggests that our models overestimate Moho depth variation
away from the plate boundary. Such differences between theoreti-
cal predictions and empirical estimates are not surprising and can
partly be attributed to local perturbations to the ambient thermal
structure of the plate (e.g. Rychert & Harmon 2018). Our results
suggest that perturbations to crustal thickness are accentuated near
ocean islands, where significant magmatic activity takes place (e.g.
Meétrich et al. 2014; Zanon 2015; Ramalho et al. 2017). This has
been suggested also for the Cape Verde archipelago in the Atlantic
(see Ramalho ez al. 2010a, b).

The best-fitting Moho depths found in this study broadly agree
with estimates of 8-12 km from active seismic surveys, gravity
and local earthquake tomography (e.g. Searle 1976; Escartin ef al.
2001; Luis & Neves 2006; Dias et al. 2007) as well as with the more

recent estimates of ~15—17 km by Spieker et al. (2018). On the other
hand, as pointed out by Spieker et al. (2018), Silveira et al. (2010)
estimated larger Moho depths of ~20-30 km for the region, which
are not compatible with the Rayleigh wave ellipticity data obtained
in this study. The deeper Moho depths obtained by Silveira et al.
(2010) are probably due to the dominant lower frequency content
of their data compared with Spieker et al. (2018).

5.3 Underplating

As explained in the introduction, crustal underplating has been sug-
gested to explain the significant recent uplift of Santa Maria Island
(Ramalho et al. 2017; Spieker et al. 2018). This process has been
suggested to also occur in other oceanic volcano islands, such as the
Cape Verde Islands (e.g. Lodge & Helffrich 2006; Ramalho et al.
2010a, b; Madeira et al. 2010), the Canaries (Lodge et al. 2012)
and others (e.g. Gupta et al. 2010; Leahy et al. 2010; Fontaine et al.
2015). Yet, underplating does not seem to be an ubiquitous process
associated with hotspots, since several oceanic islands located close
to ridges do not exhibit it, such as Iceland and Ascension Island (e.g.
Staples et al. 1997; Evangelidis et al. 2004). Spieker et al. (2018)
interpreted a ~7-km-thick layer in the lower crust at depths of ~10—
17 km in their models as evidence of magmatic underplating. We
tested the sensitivity of our RWE data to such underplated layer by
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Figure 11. Comparison of the variance reduction and beachballs obtained from moment tensor inversions of local seismic data in the Azores for the various
1-D earth models considered: CRUST1.0 (Bassin et al. 2000); IPMA (adapted from Hirn ez al. 1980); PREM (Dziewonski & Anderson 1981); P-S CMLAc,
PS-COSEAa from Silveira et al. (2010); CMLA _ell, PGRA _ell, PSET _ell, PSMN_ell and ROSA _ell determined in this study; Spieker_-M7a and Spieker-M7¢c
from Spieker et al. (2018). Table S4 in the Supporting Information lists the parameters obtained in all the source inversions.

calculating the predicted RWE for 1-D Vs models with and without
it. Fig. S8 in the Supporting Information shows that the presence
of the underplated layer has a small effect on the RWE curve, only
flattening it very slightly. The differences between the predicted
RWE curves with and without underplating seem to be smaller than
typical errors in RWE data (e.g. Fig. 6). Hence, it may be difficult
to detect underplated layers with RWE measurements alone. In or-
der to further test this, we performed inversions of RWE data from
stations ROSA and CMLA using the same layer parametrization
as in models Spieker-M7c and Spieker-M7a, respectively, that is,
imposing the presence of underplated layers. Fig. S9 in the Support-
ing Information shows that this led to unstable inversions (e.g. for
station ROSA) and/or to unrealistic model features (e.g. unlikely
oscillations in Vs as a function of depth for both CMLA and ROSA,
notably negative changes in Vs from crust to mantle across the
Moho). Thus, teleseismic RWE data are not able to resolve thin un-
derplated layers in the lower crust such as those reported by Spieker
et al. (2018). On the other hand, the low Vs values obtained for
station PSMN in Santa Maria compared to the other stations sug-
gest that underplating due to magmatic intrusions may be possible
beneath this island.

5.4 Outlook

In this study, we obtained median RWE by averaging the measure-
ments for many earthquakes with a good azimuthal distribution. By
computing full wave sensitivity kernels, Bao & Shen (2018) showed
that RWE can resolve lateral structure in addition to that in the ra-
dial direction up to a distance of a wavelength from the receiver. On
the one hand, this is a compelling prediction as it means that RWE
can be inverted for 3-D structure in a volume tightly bound around
the receiver. On the other hand, sensitivity to lateral structure can
complicate the interpretation of 1-D depth inversions, which was

also highlighted by Maupin (2017). Additionally, finite frequency
effects can also affect measured RWEs. For instance, long-period
(T ~ 150 s) teleseismic RWE measured by Ferreira & Woodhouse
(2007b) deviated from expected values, which they interpreted as
being due to finite frequency eftects associated with small-scale het-
erogeneity in the mantle. Inverting multiperiod RWE for structure as
we have done here can mitigate undesirable effects stemming from
lateral sensitivity and finite frequency effects. Furthermore, future
joint inversions of different types of data (e.g. RWE, receiver func-
tions, surface wave dispersion) in the Azores can further minimize
these potential issues.

Our independent moment tensor inversions of local waveforms
using the new Vs models obtained in this study showed that they
lead to stable moment tensor solutions. Compared to other 1-D earth
models available for the study region, our Vs profiles produced some
of the best data fits to the local data. Hence, the new 1-D Vg models
should help better constrain seismic moment tensor solutions and
the local seismicity of the Azores region. More generally, our study
highlights the potential of Rayleigh wave ellipticity analyses to
investigate the crustal structure of oceanic island volcanoes. Future
events in the region may help to further validate our results, notably
local events to the northwest of the archipelago, which may yield
better fits of data from stations ROSA and PGRA.

The current paucity of stations precludes a more detailed analysis
of the subsurface structure and geodynamic processes active in the
Azores Archipelago. In particular, the lack of seismic stations in
the westernmost islands of the archipelago—Flores and Corvo—
limits our understanding of the evolution of the region as a whole.
This can be overcome if a denser seismic network is installed cov-
ering other regions of the archipelago, notably by deploying ocean
bottom seismometers around the islands. Long-term deployment of
such networks will ensure the necessary density of data required to
conduct future higher resolution imaging studies.
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6 CONCLUSIONS

In this study we inverted teleseismic RWE measurements for 1-D
Vs structure beneath five seismic stations located in the Azores
Archipelago. RWE analyses are particularly suitable for oceanic
islands such as the Azores because they are a single station, lo-
cal observable and hence are not affected by uneven station dis-
tribution nor by along-path averaging and smearing effects that
affect tomography studies. We tested the reliability of our 1-D
crustal models by using them in moment tensor inversions of in-
dependent local seismic data. Compared to other existing crustal
models of the region, we found that our models led to some of
the best data fits, suggesting that they capture fine-scale crustal
structure well. The shallow Vg structure in our new models (top
~5 km), which is likely within the volcanic edifice (Spieker
et al. 2018), is slower than in previous crustal models of the re-
gion. This has potential implications for future seismic hazard
assessment, notably for ground motion predictions in the Azores
Archipelago.

We find that the Moho depth beneath the westernmost is-
lands considered in this study (Sao Jorge and Graciosa) is shal-
lower (~10 km) than beneath the Terceira, Sdo Miguel and
Santa Maria Islands (~13-16 km) in the eastern part of the
archipelago. Thus, the Moho depth appears to increase away from
the Mid-Atlantic ridge as expected. However, the rate at which
Moho depth increases seems to be higher than that predicted
from a half-space plate cooling model, suggesting that local per-
turbations such as magmatic activity have modified lithospheric
structure.

The Vs models appear to be positively correlated with the age of
the islands (oldest volcanoes exhibiting fastest V) except for Santa
Maria, the oldest island in the archipelago. The reduction in Vs of
the easternmost islands also agrees well with substantial ongoing
magmatic intrusions suggested to be driving uplift of that part of the
archipelago. The relatively lower crustal Vs that we observe beneath
Santa Maria, despite it being the oldest island, supports previous
suggestions of underplating (Ramalho et al. 2017; Spieker et al.
2018). On the other hand, we did not find compelling evidence of
underplating beneath other islands, but this may be due to the limited
sensitivity of RWE to thin layers in the lower crust. Future joint
inversions of different types of data (e.g. RWE, receiver functions,
surface wave dispersion) from denser seismic deployments in the
region will help refine our models.
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SUPPORTING INFORMATION

Supplementary data are available at GJI online.

Table S1. List of earthquakes used in this study (continued).

Table S2. Range of Vs values in km s~! searched within each crustal
layer for each station considered in this study and corresponding
layer depth in kilometres. For stations ROSA and PGRA only three
crustal layers are considered.

Table S3. Best-fitting Vs models obtained in this study from the
inversion of Rayleigh wave ellipticity data along with the uncer-
tainty in Vs (o). The density p and compressional wave speed Vp
are obtained from the Brocher relations (Brocher 2005).

Table S4. Source parameters from moment tensor inversions for
the Povoagdo earthquake for all the sixteen 1-D crustal models
considered in this study (see the main text for details). The solutions
for the two fault planes determined in the inversions are shown. VR
is the variance reduction, CTime is the time difference to IPMA’s
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hypocentre, Lat, Lon, Depth are from IPMA’s catalogue; DC is the
double-couple component.

Figure S1. Geographical distribution of the optimal Moho depths
determined in this study for the stations considered. The data from
the westernmost seismic stations used in this study require a shal-
lower Moho depth (~10 km) than data from stations in the eastern
part of the archipelago (~13—-16 km).

Figure S2. Scatter plots and distributions of all the Vs parameters in
the three layers used in the RWE inversions for station PGRA. The
best-fitting solution is marked by green crosses and vertical green
lines. The parameters that correspond to solutions within 20 per
cent of the best-fitting model are shown in black; all the other model
parameters shown are in grey. Trade-offs between parameters would
appear as diagonal features in the scatter plots.

Figure S3. Same as Fig. S2 but for station ROSA.

Figure S4. Same as Fig. S2 but for station PSET.

Figure S5. Same as Fig. S2 but for station PSMN.

Figure S6. Left-hand panel: evolution of inversion for station
CMLA when inverting only for Vg in each crustal layer. Right-hand
panel: evolution of inversion for station CMLA when inverting si-
multaneously for Vs in each crustal layer and for Moho depth.
Figure S7. Left-hand panel: results from the inversion of our RWE
measurements for the joint determination of Vs and Moho depth
for station CMLA. The profile in green corresponds to the formally
best-fitting model. The models in black lead to data misfit values
within 20 per cent of the best-fitting model. The models in grey are
all the models sampled in the inversion process. The minimum misfit
Moho depth is annotated. Right-hand panel: comparison between
our RWE observations (blue dots with error bars) and predictions
for the best-fitting model shown on the left. The predicted RWE
curves for the models within 20 per cent of the best-fitting models
are also shown (black curves) as well as for all the models sampled
in the inversion process (grey lines).

Figure S8. Theoretical predictions of Rayleigh wave ellipticity
(right) for a 1-D Vg model with an underplated layer (blue profile,
left-hand panel) and without an underplated layer (orange profile,
left-hand panel). The 1-D profile with an underplated layer (blue)
corresponds to the model M7c¢ of Spieker et al. (2018).

Figure S9. Same as in Fig. 5 of the main manuscript for station
CMLA but using the layered parametrization from model M7a of
Spieker et al. (2018) in the RWE data inversions (left-hand panel)
and for station ROSA using the layered parametrization from model
MT7c of Spieker et al. (2018) (right-hand panel). For reference, mod-
els M7a (left-hand panel) and M7c (right-hand panel) of Spieker
et al. (2018) are shown in red.

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 paper.
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