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S U M M A R Y

The Azores Archipelago is located near the Mid-Atlantic Ridge (MAR) and consists of nine

islands, resting on both sides of the ridge. Various methods including seismic reflection,

gravity and passive seismic imaging have previously been used to investigate the crustal thick-

ness beneath the islands. They have yielded thickness estimates that range between roughly

10 and 30 km, but until now models of the more fine-scale crustal structure have been lack-

ing. Pending questions include the thickness of the volcanic edifice beneath the islands and

whether crustal intrusions or even underplating can be observed beneath any island. In this

study, we use data from nine seismic stations located on the Azores Islands to investigate

the crustal structure with teleseismic P-wave receiver functions. Our results indicate that the

base of the volcanic edifice is located approximately 1 to 4 km depth beneath the different

islands and that the crust–mantle boundary has an average depth of ∼17 km. There is strong

evidence for magmatic underplating beneath the island of São Jorge, and indications that the

underplating is also present beneath São Miguel and possibly Santa Maria. Additionally, the

seismological lithosphere–asthenosphere boundary, defined as a seismic velocity drop in the

uppermost mantle, seems to deepen with increasing distance from the MAR. It has a depth of

∼45 km beneath the islands close to the MAR, compared to depths >70 km beneath the more

distal islands.

Key words: Composition and structure of the oceanic crust; Atlantic Ocean; Crustal imaging;

Crustal structure.

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

The Azores Archipelago consists of nine volcanic islands located

on both sides of the Mid-Atlantic Ridge (MAR). The islands can

be divided into the Western Group comprising Flores and Corvo;

the Central Group comprising São Jorge, Faial, Pico, Graciosa and

Terceira; and the Eastern Group comprising São Miguel and Santa

Maria. Three tectonic plates segment the Azores island region and

form a triple junction: the North American plate, the Eurasian plate

and the Nubian plate (Fig. 1). Whilst the Western Group is located

to the west of the MAR, the remaining islands straddle the diffuse

plate boundary between the Eurasian and Nubian plates (Madeira

& Ribeiro 1990; Luis et al. 1994; Marques et al. 2013).

The Azores Islands rest on a wide triangular-shaped bathymetric

anomaly—the Azores Plateau—roughly outlined by the −2000 m

isobath (Searle 1980; Lourenço et al. 1998; Gente et al. 2003). This

area of elevated seafloor corresponds to a massive volcanic plateau,

interpreted as the result of the interaction of a mantle plume with

the MAR (e.g. Schilling 1975; Gente et al. 2003). The development

of the plateau is inferred to have occurred mainly between 20 and

7 Ma, and was followed by significant post-volcanic tectonic rifting

(Gente et al. 2003; Luis & Miranda 2008). Whilst being stretched

along the MAR, the plateau has been split into a smaller western

and larger eastern sector. The incipient Princess Alice Rift and the

later, more developed Terceira ultra-slow spreading ridge cut across

the eastern sector (Luis & Miranda 2008; Miranda et al. 2015). In

the past, the Terceira Ridge migrated northwards and its movement

might be related to the relative motion of the plates with regard to a

mantle plume (e.g. Luis et al. 1994) or to small changes in the rela-

tive motion of the three plates (e.g. Adam et al. 2013). Low seismic
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Figure 1. Setting of the Azores Islands with location of 10 seismic stations (names in brackets). The oldest radiometric age for each island are indicated

(Chovelon 1982; Johnson et al. 1998; Azevedo & Ferreira 2006; Calvert et al. 2006; França et al. 2006; Hildenbrand et al. 2008; Hildenbrand et al. 2012;

Sibrant et al. 2015a,b; Ramalho et al. 2017). TR, Terceira Ridge; MAR, Middle Atlantic Ridge; PAR, Princess Alice Ridge; EAFZ, East Azores Fracture

Zone; GF, Glória Fault; Eu, Eurasian Plate; Nu, Nubian Plate; NA, North American Plate. Bathymetric data extracted from the EMODNET web portal

(http://portal.emodnet-bathymetry.eu); −2000 m isobath shown in black.

velocity anomalies suggest that the plume may today be centred

beneath the central island group (Schilling 1975; Ito & Lin 1995),

with a possible second branch extending beneath the area surround-

ing Terceira and São Miguel (e.g. Silveira et al. 2006; Adam et al.

2013). The islands west of the MAR presumably were formed by

a different process than the other islands, on account of different

geochemical characteristics (Genske et al. 2016) and a different lo-

cal tectonic setting. The youngest and most active islands are Faial,

Terceira and Pico of the Central Group, and São Miguel located in

the eastern part of the plateau. The easternmost island, Santa Maria,

shows no sign of recent activity and hosts the oldest rocks of the

Archipelago, with a maximum radiometric age of 6 Ma (Sibrant

et al. 2015a; Ramalho et al. 2017). Owing to slow gradual subsi-

dence of aging oceanic crust (and volcanic loading in the case of the

younger islands), one would expect the islands to subside (Sclater

et al. 1971) which is true for most islands on the plateau. However,

Santa Maria experienced recent significant uplift that started 3.5 Ma

ago and which is most likely not related to flexural loading or ero-

sion. Instead, magmatic intrusions/underplating below the oceanic

crust is a more probable cause for the uplift (Ramalho et al. 2017).

Underplating is defined as large igneous intrusions at the base

of the crust, which exhibit seismic velocities that are unusually

high for the lower crust (e.g. P-wave velocities can exceed 7.6 km

s−1), but are still slower than the velocities in the mantle (see, e.g.

Caress et al. 1995). Magmatic underplating seems to be a com-

mon but not universal feature of hot-spot volcanism (e.g. Lodge

& Helffrich 2006; Leahy et al. 2010; Lodge et al. 2012; Fontaine

et al. 2015). It has mostly been found beneath oceanic volcanic

structures emplaced in strong and old lithosphere. In contrast to

oceanic islands based on old lithosphere, studies of near-ridge

hot-spot volcanism suggest crustal thickening without underplating

(e.g. Staples et al. 1997; Evangelidis et al. 2004).

Silveira et al. (2010) investigated the Azores using receiver func-

tions (RFs) and estimated a Moho depth of 20–30 km. However, this

study focused mainly on mantle structure by using low-passed fil-

tered RFs that significantly reduce the resolution of fine-scale crustal

structure. To date, studies of the islands’ seismic structure have only

been carried out in limited areas and do not cover the whole Azores

Archipelago (e.g. Dias et al. 2007). In general, crustal thickness

estimates beneath the islands have been in the 10–30 km range (e.g.

Detrick et al. 1995; Escartin et al. 2001), which is much thicker

than normal oceanic crust of ∼7 km (e.g. Mutter & Mutter 1993).

The thick crust might be related to the influence of a plume, to the

building of the Azores Plateau, or to tectonic processes related to

the plate movements.

The fine-scale crustal structure beneath the Azores Islands is

therefore still poorly known, especially on the western side of the

MAR. Here, we use data from nine seismic stations located across

the Azores Islands to investigate in detail the crustal structure of

the region with teleseismic P-wave RFs. We investigated P-wave

RFs for signals associated with the volcanic edifice, the crust–

mantle boundary, a potential underplated layer, and the lithosphere–

asthenosphere boundary (LAB) beneath the various islands. Our

resulting crustal models can provide new constraints on the for-

mation process of the Azores Plateau, and yield general insight

into the dynamics of plume-ridge interaction as well as the tec-

tonics of triple junctions. Accordingly, we focus on the general

lithospheric structure beneath the Azores Islands and address the

following questions: (1) How thick is the volcanic edifice and the

underlying crust, and do the estimated thicknesses reflect the age

of the plate, the influence of a plume, or that of tectonic processes

along the diffuse plate boundary between Eurasia and Nubia (and

particularly along the Terceira Ridge)? (2) Is the crustal structure

beneath the islands similar on both sides of the MAR? (3) Is mag-

matic underplating present beneath ocean islands close to a ridge?

(4) Can we observe the LAB beneath the islands and is this fea-

ture affected by the plume or the tectonics of the Eurasia-Nubia

boundary?
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Table 1. Three component broad-band seismic stations from the Azores Islands used in this study.

Station Location Latitude (deg) Longitude (deg) Elevation (m) Recording period (available data) Number of events

CMLA São Miguel 37.764 −25.524 429 Since 03/1996 43

COV2 Corvo 39.677 −31.113 194 05/2001–09/2002 5

PSMA Santa Maria 36.995 −25.131 123 12/2000–09/2002 9

ROSA São Jorge 38.721 −28.247 310 Since 03/2008 30

PSPRB Santa Maria 36.940 −25.040 290 06/2011–07/2012 14

PSJO Pico 38.422 −28.303 0 (n/a) 12/2000–09/2002 6

PSCM Terceira 38.701 −27.117 360 12/2000–09/2002 6

CDRO Faial 38.629 −28.699 195 Since 07/2001 (07/2000–05/2004) 6

Figure 2. Distribution of earthquakes (red stars) used in this study. The map

is centred on the Azores Islands (37.5◦N, −28.0◦W). The grid indicates the

epicentral distances at 30◦ intervals.

2 DATA

We analysed teleseismic waveforms that were recorded at nine seis-

mic broad-band stations located on the islands of Corvo, Faial,

Pico, São Jorge, Terceira, São Miguel and Santa Maria (Fig. 1

and Table 1). Two of these stations are permanent stations CMLA

(GSN/IRIS) and ROSA (Portuguese National Seismic Network) de-

ployed in 1996 and 2008, respectively. Moreover, we used record-

ings from four temporary stations deployed between December

2000 and September 2002 (COV2, PSCM, PSJO, PSMA), and one

station (CDRO) that recorded data from 2001 to 2004. An additional

three-component broad-band station was deployed from June 2011

to July 2012 on Santa Maria (PSPRB). Two other stations (including

one on Flores) were deployed during the same time period but they

did not yield sufficient data for processing. As in most standard

P-wave RF studies (see, e.g. Rondenay et al. 2017), we restricted

our dataset to high signal-to-noise ratio signals from teleseismic

earthquakes of magnitude Mw ≥ 5.5 that occurred at 30◦ to 95◦

epicentral distance from the stations (Fig. 2).

3 M E T H O D

We employed P-wave RF to resolve the crustal structure beneath the

Azores Islands. In this section, we describe the various processing

steps used to generate and analyse our RFs. These steps include

filtering, to reduce the noise and to control the vertical resolution

afforded by the signals, and stacking, to further reduce noise and

obtain robust RF pulses for interpretation. In terms of analyses, we

first used the Hk-stacking method of Zhu & Kanamori (2000), to

estimate the number of layers within the crust. We then used forward

modelling to obtain a crustal model for the Azores. Both analysis

methods rely on direct conversions and reverberations of the crustal

layers.

3.1 Receiver function processing

We computed our P-wave RFs (e.g. Langston 1979) by rotating the

seismic components into the LQT coordinate system (Vinnik 1977)

and equalizing the traces using the multi-taper cross-correlation

method (Park & Levin 2000; Helffrich 2006; Lekic & Fischer

2014). An advantage of this frequency-domain deconvolution is that

frequency-dependent variance weighting can be used when stacking

RFs, that is, less weight is given to the portions of the signal most

affected by noise (see, e.g. Park & Levin 2016).

After deconvolution, we produced three sets of RFs that high-

light different frequency bands of the original deconvolved signal:

(i) unfiltered signal—noisy but highest resolution, (ii) bandpass fil-

tered signal with cut-offs at 0.03–1.0 Hz—less noisy and fine scale

resolution, and (iii) bandpass filtered signal with cut-offs at 0.03–

0.3 Hz—low noise and broad scale resolution. The vertical resolu-

tion of the RFs was estimated by taking half of the S-wavelength

(e.g. Rychert et al. 2007) and amounts to ∼1.6 km or ∼5.6 km in the

crust using an S-wave velocity of 3.36 km s−1 (PEM-O; Dziewonski

et al. 1975) for high cut-offs of 1.0 and 0.3 Hz, respectively. Note,

that we based the resolution estimates on the velocity model PEM-O

because it is the model that best resembles the average crustal and

mantle structure beneath oceans.

The next processing step was stacking of the RFs, which enhances

the signal amplitude and reduces the noise. We stacked all RFs

obtained at individual stations to obtain a general overview of the

crustal structure beneath the stations. However, the travel times of

converted phases and their multiples can be affected by short-scale

lateral variations in crustal structure, which results in an incoherent

sum when the RFs are stacked over the whole epicentral distance

range. Therefore, we also generated stacks of RFs that are binned

in epicentral distance ranges of 15◦ (substacks). For each station,

we obtained several RF substacks, which we used to estimate the

robustness of the pulses contained in the signal. If a pulse was

present in all or most of the substacks, it was deemed to be a more

robust feature than a pulse that was only present in one substack.

Similar to these epicentral distance substacks, we stacked RFs

in backazimuthal bins with a size of 15◦ and an overlap of 5◦, an

example can be seen in Supporting Information Fig. S6 for the

station CMLA, which has the most RFs and in general a good
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Figure 3. Stacked P receiver functions at the Azores seismic stations, fil-

tered with bandpass filters of (a) 0.03 to 1 Hz and (b) 0.03 to 0.3 Hz. The

dashed grey lines and grey shaded area indicate the interquartile range as

a measure of the spread for all the RFs contributing to a given stack. The

receiver functions are sorted by longitude from West to East. The dashed

lines in panel (a) mark the signals interpreted to be from the LAB.

backazimuthal coverage. The backazimuthal substacks were cre-

ated to assess whether events from different directions sample very

different structures, something that can happen in a highly heteroge-

neous ocean island environment. Unfortunately, the backazimuthal

coverage is limited for most stations (see Supporting Information

Fig. S1) such that often there were not enough RFs within a 15◦ back-

azimuthal range for stacking. For some stations, even backazimuthal

bin widths of over 30◦ were not enough to produce substacks. There-

fore, we were not able to include a meaningful analysis of possi-

ble backazimuthal heterogeneity beneath nearly all of the Azores

Islands.

The variability of the individual traces used in the stacks and

substacks is expressed via the interquartile range (dashed grey lines

and grey shaded area, Fig. 3). In some cases, the two lines marking

the interquartile range are not far apart showing that the spread is

small. Moreover, the stacks can lie close to the outer range of the

interquartile range. Both these observations are more common in

the stacks where a long-periodic filter was used.

3.2 Hk-stacking

The first analysis applied to the pre-processed data was the

Hk-stacking method of Zhu & Kanamori (2000), which is generally

used to estimate the average crustal thickness and the Vp/Vs-ratio.

Here we employed it to estimate the number of layers and the depth

of interfaces within a multi-layer crust, as has been done in previous

RF studies of ocean islands (e.g. Leahy & Park 2005; Leahy et al.

2010). An example of this application to a synthetic dataset is pre-

sented in the supplementary material (Supporting Information Fig.

S2). In our application to real data from the Azores, we assumed an

average P-wave velocity of Vp = 4.8 km s−1 beneath all stations—

a value based on global velocity estimates for the volcanic edifice

(Mutter & Mutter 1993).

It should be noted, however, that the results of the Hk-stacking

method are affected by the chosen input P-velocity and by the com-

plexity of crustal structure. Wölbern & Rümpker (2017) showed

that the method can produce ambiguous results and that, in general,

the resulting Vp/Vs ratios are less reliable than the depths estimates.

It has been further demonstrated that departures from an assumed

1-D horizontally layered model can yield flawed Hk-stacking re-

sult (Julià 2007; Lombardi et al. 2008). Ocean islands pose addi-

tional problems: reverberations of converted phases beneath an is-

land might be reflected at the seafloor surrounding the island. This

produces multiples that have a shorter travel path than expected and

thus arrive earlier than accounted for in the Hk-stacking (e.g. Leahy

et al. 2010). In light of these limitations, we use the Hk-stacking

results only as an initial estimate of the possible conversion depths.

Due to the limited recording period of most stations, the backaz-

imuthal coverage was not sufficient to investigate any dipping and/or

anisotropic effects in the conversions (Supporting Information

Fig. S1; cf. Jones & Phinney 1998; Savage 1998). Therefore,

our interpretations were restricted to the assumption of horizon-

tal, isotropic layers (Supporting Information Fig. S3).

3.3 Receiver function modelling

The second approach we used was forward modelling to estimate the

seismic velocity structure beneath the stations and obtain a crustal

model for the Azores Islands. Synthetic RFs were calculated for a

range of possible models using the RAYSUM code (Frederiksen &

Bostock 2000) and were qualitatively compared with the observed

RFs. Due to the lack of backazimuthal coverage, we choose to

keep the number of free parameters at a minimum by limiting our

modelling to horizontal layers that are laterally continuous. We

also limited this comparison to stations that afford sufficient event

coverage to produce robust RF stacks. As we will see below, these

conditions are met for the two permanent stations, CMLA and

ROSA, which have operated for the longest time period (Table 1).

The 1-D velocity models used in the forward modelling can be

found in Supporting Information Table S1 and are based on dif-

ferent published velocity models relevant to the Azores: PEM-O, a

reference model beneath oceans (Dziewonski et al. 1975) that we

complemented with a 5 km-thick volcanic edifice layer at the sur-

face (M1); the Crust1.0 model beneath CMLA and ROSA (Laske

et al. 2013), also complemented with a volcanic layer (M3a,b); and

a three-layer ocean island model with or without magmatic under-

plating based on RF results from Hawaii (Leahy et al. 2010; M2a),

where M2b and M2c are variations of M2a without underplating.

The velocity models M4 to M10 are based on the first three models

and the Hk-stacking results (Supporting Information Table S2), and

are built to fit the pulses observed in the stacked RF by forward

modelling. To steer clear of implausible models, we used estimates

from active seismic and gravity studies as guidelines for the layer

depths (crustal layer at roughly 3 km), velocities (∼7.6 km s−1 at

about >12 km) and densities (∼2850 g cm−3 in the crust) (Steinmetz

et al. 1977; Montesinos et al. 2003; Nunes et al. 2006; Dias et al.

2007). In general, the models can be divided into two classes, those

with magmatic intrusions beneath the oceanic crust (underplated

layer) (M2a, M6, M7a–c, M10) and those with a simple oceanic

crust (M1, M2b,c, M3a,b, M4, M5, M8, M9). All models contain

an upper crustal layer corresponding to a volcanic edifice of 1–5 km

thickness.
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Our modelling strategy consisted of building up models first for

crustal structure and then expanding into the mantle. We started by

matching pulses in the 0–4 s range with crustal interfaces and a

Moho. We then investigated whether the addition of a LAB (5 per

cent Vs drop) in the 40–90 km depth range, as has been suggested

by Silveira et al. (2010), is required to reproduce the RF signal

between 4 and 10 s.

4 R E S U LT S

We calculated individual RFs at each station for signals from all

events within the prescribed magnitude/epicentral distance ranges

(cf. Section 2) and retained those which exhibit a stable behaviour

(i.e. low ‘ringyness’ and limited acausal signal; see Supporting

Information Fig. S4 for example). This process led to a variable

number of usable RFs at each station (Table 1). The first analysis

step consisted of investigating RF stacks and substacks with a focus

on the arrival times of prominent phases, as these will serve as a

basis for the subsequent forward modelling. Our identification of

robust phases was aided by results from the Hk-stacking method

(cf. Supporting Information Table S2). We then concentrated our

modelling efforts on finding the crustal/upper mantle structure that

best matched the data from the two permanent stations, CMLA and

ROSA. Lastly, our preferred models for the permanent stations were

used to qualitatively assess the structure below stations that have

more limited coverage.

4.1 Robust signals

We started by analysing stacked RFs and focused our attention on

peaks that could be identified robustly across all epicentral distance

substacks. The full RF stacks for each station are shown in Fig. 3, for

two distinct frequency bands. The substack sections, computed with

epicentral distance bins that are on average 15◦ wide and overlap

by 5◦, are shown in Fig. 4 and Supporting Information Fig. S5. An

example of substacks using backazimuthal binning are shown in

Supporting Information Fig. S6. Upon initial inspection, we found

that the most prominent phases arrive within the first 5 s of the

RFs, which suggests a thin-layer structure beneath the islands. Most

stacked traces show prominent signals at approximately 0.5, 1 and

∼2.5 to 3 s delay time relative to the P-phase (Figs 3 and 4), with

the first two signals sometimes joined into a wider pulse. Positive

signals indicate an increase in velocity with depth (e.g. the Moho or

an underplated layer), whereas negative signals indicate a decrease

in velocity. Using background velocities based on the PEM-O model

(Dziewonski et al. 1975) with the first 5 km modified to fit ocean

island velocities, we can convert delay times of 0.5, 1 and 2.5 s into

conversion depths of approximately 3, 7, and 18 km, respectively.

The Hk-stacking yields similar results with a maximum conversion

depth at 13–17 km and a shallow interface at 1–3.5 km depth beneath

most islands (Supporting Information Figs S7 and S8, Table S2).

These results also suggest the existence of at least one more interface

in the 5–13 km depth range beneath the different islands. Departures

from a predominantly two to three-layer structure are observed at

station PSPRB, with no phases before 1 s and a strong negative

arrival at 3 s delay time. Despite PSPRB and PSMA being located on

the same island, their stacked RFs differ from one another, especially

in the first 1–2 s delay time.

We now consider prominent RF pulses that arrive after 5 s delay

time. Based on our modified PEM-O velocity model, such pulses

with arrival times of >5 s correspond either to conversions at

Figure 4. P receiver functions at the Azores seismic stations with the most

data, stacked in epicentral bins with an average size of 15◦ and with an

overlap of 5 per cent, and filtered with a bandpass filter with cut-offs at

0.03–1.00 Hz (the numbers of RFs in each stack in indicated above each

trace, to the left). See also Supporting Information Fig. S5 for epicentral

stacks of the other stations. The grey dashed lines and the grey shaded area

indicate the interquartile range for each stack. The red and blue lines on

CMLA and ROSA sections show the phases modelled in the synthetics.

uppermost mantle depths (>50 km) or to multiples from crustal

interfaces. The stations can be subdivided into three classes based

on their RF response at delay time >5 s (see Figs 3 and 4): (i)

those closest to the MAR (COV2, CDRO, PSJO, ROSA) exhibit a

prominent negative phase arriving at 5 to 6.5 s delay time; (ii) those

located on the Terceira Ridge (PSCM, CMLA) exhibit a prominent

negative phase at ∼9 s delay time; and lastly (iii) those located to

the east on the island Santa Maria (PSMA, PSPRB) exhibit smaller

but relatively coherent pairs of negative phases that arrive at 5–6
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Figure 5. Comparison of stacked receiver function at station CMLA with six stacked synthetic receiver functions. In the upper section, the RFs are bandpass

filtered between 0.03 and 1.00 Hz, whereas in the lower section they are bandbass filtered between 0.03 and 0.30 Hz. The synthetic RFs are calculated based

on the distribution of earthquakes recorded at CMLA and they are processed in the same manner as the real data. The grey colour band shows the models

containing an underplated layer. M2a is based on the velocities derived by Leahy et al. (2010) with an underplated layer; layer depths are inferred from literature

(Searle 1976; Detrick et al. 1995; Luis & Neves 2006; Nunes et al. 2006; Dias et al. 2007). M3a is based on the Crust 1.0 velocity model at the location

of CMLA (Laske et al. 2013). M7a includes an underplated layer from ∼10 to 17 km depth, and a 5 per cent reduction of velocities at a depth of 70 km

(representing a potential LAB). M8 has a standard two-layer crust extending to 12 km depth and a velocity reduction at a depth of 90 km. M9 has a standard

two-layer crust extending to 17 km depth and a velocity reduction at a depth of 45 km. M10 is our preferred model, with an underplated layer from 10 to 17 km

and a velocity reduction in the mantle at 70 km depth. The arrows and dashed lines show the phases modelled in the synthetics.

and 8–9 s delay times. If they represent two primary conversions,

the signals at 5 to 6 s would correspond to conversion depths of ∼45

to 55 km, whereas those at 9 s would denote a conversion depth of

∼85 km. The source of these signals will be better constrained with

the aid of synthetic models.

4.2 Velocity models

The next stage of the analysis aimed to find the velocity models

that can best reproduce converted signals observed in the RF stacks

of stations CMLA and ROSA. To do so, we compared qualitatively

the synthetic RFs from a range of velocity models (Supporting

Information Table S1, see also Section 3) to the RFs from these

stations, with a focus on the most robust signals (blue and red lines

in Fig. 4). Since the main converted phases arrive within a few

seconds delay time, we improved the characterization of the results

by modelling the multiples that arrive after the main conversions.

The main modelling results are shown in the Figs 5 and 6, and

additional model outputs and data comparisons are included in the

Supporting Information (Figs S9 and S10).

We first considered the forward modelling results for station

CMLA. Fig. 5 shows the comparison of synthetic data to the stacked

RFs at that station. We have found that the presence of at least two

crustal layers, including a thin (∼1–4 km) superficial layer, is nec-

essary to produce the wide positive pulse at 0.8 s and the sequence

of positive/negative pulses in the 2.5–9 s time range (compare M2a,

M3, M7a versus M8, M9, M10). The addition of a lower crustal,

high-velocity layer further helps fine-tune the match to the observed

multiples. With this, we found that models M9 and M10 are those

which best reproduce the amplitude and arrival time of the conver-

sions and reverberations that were highlighted in Fig. 5. However,

most models (including M9) produce an extraneous positive signal

in the ∼2–3 s range resulting in a double peak that is not observed in

the data. This lack of a double peak in the CMLA stack may be due

to the existence of dipping or laterally discontinuous layers that are

not accounted for in our models, which only assume horizontally

stratification. Such dipping/discontinuous layers would affect the

arrival time of the pulses arriving within the first few seconds of

the RFs, potentially causing double peaks with variable offsets to

interfere and coalesce into a single peak around 0.8 s in the stack.

Considering the results of the epicentral distance and backazimuthal

stacks of CMLA (Supporting Information Figs S4 and S6), which

show evidence of double peaks in the 0.0–2.9 s range within some of

the bins, we believe that the models M9 and M10 describe well the

structure beneath the station. Model M9 has a normal crustal struc-

ture with a LAB at 45 km depth, while M10 includes an additional

lower crustal layer with high seismic wave velocities (Vp = 7.6 km

s−1, Vs = 4.0 km s−1) and a LAB at 70 km depth. Velocity models

that do not include a velocity reduction in the uppermost mantle

(i.e. a LAB) fail to adequately reproduce the amplitude and arrival

time of phases arriving after 5 s delay time.

For station ROSA we tried to model amplitude and arrival time of

the phases marked in Fig. 4 with the various models shown in Fig. 6

(see also Supporting Information Fig. S9). We focused especially on

reproducing the prominent positive double peak visible at between
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Figure 6. Comparison of stacked receiver function at station ROSA with four stacked synthetic receiver functions. In the upper section, the RFs are bandpass

filtered between 0.03 and 1.00 Hz, whereas in the lower section they are bandbass filtered between 0.03 and 0.30 Hz. The synthetic RFs are calculated based

on the distribution of earthquakes recorded at ROSA and they are processed in the same manner as the real data. The velocity model M3b is based on the

Crust1.0 velocity model at the location of ROSA (Laske et al. 2013). The velocity model M7b includes an underplated layer and a 5 per cent velocity reduction

at a depth of 48 km (representing a potential LAB). Our preferred model, M7c, has an additional lower crustal layer and a velocity reduction in 50 km. M9 has

standard two-layer crust extending to 17 km depth and a velocity reduction in 45 km depth. The grey colour band shows the models containing an underplated

layer. The arrows and dashed lines show the phases modelled in the synthetics.

7 and 10 s. Due to its delay time >5 s, the double peak is most

probably related to reverberations of two crustal layer boundaries

that are close in depth. These multiples were best matched by the

output of velocity model M7c (Supporting Information Table S1),

which comprises four crustal layers including a lower crustal layer

with high seismic wave velocities (Vp = 7.6 km s−1, Vs = 4.0 km

s−1). However, we note that there is a time offset of ∼1 s between

the first two peaks in the synthetic RFs and those in the real RFs.

As in the case of the double pulse in CMLA, we believe that this

offset is likely due to the limitations of our models, which assume a

horizontal stratification and thus do not take into account dipping of

laterally variable interfaces (something that one may expect beneath

the islands). Considering these limitations of our models we believe

that the preferred models describe sufficiently well the structure

beneath the station. A similar double peak is visible in the RF

stacks of stations COV2, PSJO and PSMA, which may indicate the

existence of a similar lower-crustal high-velocity layer beneath these

stations. As with station CMLA, the inclusion of a velocity reduction

in the mantle at 45 km is necessary adequately to reproduce the

amplitude of the negative pulse observed at 5–6 s in the RFs from

ROSA (compare models M3b and M7b,c in Supporting Information

Fig. S10).

5 D I S C U S S I O N

Combining the results of the RF stacks and the forward modelling,

we interpret our RFs based on simple 1-D isotropic models of the

crust with two to three layers, as the limited resolution afforded

by the signals precludes consideration of more complex models

(e.g. anisotropy, dipping layers). The discussion focuses on con-

straints that our results can place on the thickness of the volcanic

edifice and the depth of the Moho beneath each island. We also

address the existence of a potential third layer in the lower crust,

which could represent mafic underplated material, and variations in

LAB depth across the region. Our preferred interpretation for the

structure beneath each island, which we shall discuss in more detail

below, is summarized in Fig. 7.

5.1 Base of the volcanic edifice

The interface at a depth of around 1–4 km is interpreted as the base of

the volcanic edifice (Fig. 7). The island of Corvo (west of the MAR)

and the islands of São Jorge and Santa Maria (east of the MAR)

show evidence for a slightly thicker volcanic layer than the other is-

lands. The depth to the base of the edifice varies from island to island

owing to the difference in elevation between the different seismic

station (Table 1) and to the total volume of the volcanic material that

makes up each island (i.e. function of volcanic activity and eruption

area). The seafloor around the Azores Islands varies from approx-

imately −1300 m in between the central islands (Faial, Pico, São

Jorge) to −3000 m close to the eastern islands (São Miguel, Santa

Maria; EMODnet, http://portal.emodnet-bathymetry.eu/), establish-

ing a minimum submerged island edifice height—if we ignore any

possible island pedestals buried by seafloor sediment. This mini-

mum height and the elevation of the stations (Table 1) indicate that

the base of the volcanic edifice beneath the islands is at approxi-

mately 1.5 to 3.5 km depth, which is consistent with our RF results.

These observations are also consistent with interfaces found by
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Figure 7. Schematic conversion depths beneath the Azores Islands. The

depth is relative to the station elevation (Table 1). The estimated base of

the volcanic edifice and the Moho are indicated. The proposed underplated

layer is based on the forward modelling results for ROSA and CMLA, as

well as the Hk-stacking results (Supporting Information Table S2).

local earthquake tomography at ∼3 km depth beneath the islands of

Faial and Pico (e.g. Dias et al. 2007), and with the depth to the base

of the edifice beneath other volcanic islands such as Hawaii (e.g.

Leahy et al. 2010).

5.2 Moho

The deeper interface at approximately 17 km depth (∼2.5 s delay

time) corresponds most likely to the Moho discontinuity, marking

the putative crust–mantle boundary. Subtracting the thickness of the

volcanic edifices (1–4 km) from this Moho depth leads to crustal

thicknesses in the 13–16 km range for the archipelago. This is a

slightly thicker crust than the estimates of 8–12 km from previous

studies such as active seismic, gravity, and local earthquake tomog-

raphy (e.g. Searle 1976; Escartin et al. 2001; Luis & Neves 2006;

Dias et al. 2007). But our Moho depth is in better agreement with

these aforementioned studies than with the depth of ∼30 km esti-

mated in a previous RF study (Silveira et al. 2010). The difference

in the Moho depth between this RF study and that of Silveira et al.

(2010) can be explained by the low-pass filter used in Silveira et al.

(2010), which results in a resolution loss for crustal structure. Using

such a long-period filter limits the resolution because it produces

interference between the separate crustal phases. In the case of the

Azores, the phases that may combine include converted signals from

the Moho signal, the volcanic edifice, and other crustal layers, as

well as multiples. This can result in a broad positive peak that has

its maximum shifted to greater depths than the actual Moho depth.

It seems that the crust–mantle boundary is relatively constant

beneath all the islands (Fig. 7), indicating that there is low or no

correlation between crustal age and Moho depth. However, there is

some evidence that the Moho depth is shallowest beneath the islands

of the Central Group, especially Faial and Pico (∼15–16 km depth

compared to >16 km elsewhere, cf. Fig. 7). This might be related

to the younger age of the crust compared to the islands further

east since evolving crust experiences a slow gradual subsidence

(e.g. Sclater et al. 1971). It could also be that the younger sites

of magmatism in the Central Group islands experienced smaller

degrees of crustal thickening by intrusions than elsewhere in the

archipelago. The crustal thickness beneath the islands located on

the Terceira Ridge (Terceira and São Miguel) is comparable to the

crust beneath the other islands. Therefore, it seems that the rift

and the tectonic stresses in this region have no significant effect on

the crustal thickness. We also cannot find significant differences in

Moho depths between the islands located west or east of the MAR.

5.3 Underplating

Magmatic underplating has been found beneath many hot-spot re-

lated ocean islands (e.g. Leahy et al. 2010; Lodge et al. 2012;

Fontaine et al. 2015), but previous studies of hot-spot related is-

lands in the vicinity of an ocean ridge found no evidence for under-

plating (e.g. Staples et al. 1997; Evangelidis et al. 2004). Here, we

will show that we can resolve magmatic underplating beneath some

of the Azores Islands, which are located close to the Mid-Atlantic

ridge.

The RFs at station ROSA show a clear double peak between 7

and 10 s which is best explained by crustal multiples in our for-

ward modelling study (Fig. 6). The results suggest that there are

two interfaces in the lower crust, the Moho and an additional, shal-

lower interface. These interfaces form a ∼5 km-thick lower-crustal

layer which appears to have seismic velocities of Vp = 7.6 km s−1

and Vs = 4.0 km s−1 (cf. preferred model M7c, Supporting Infor-

mation Table S2). These velocities appear to lie halfway between

values of typical crustal and mantle assemblages, and yield a high

Vp/Vs ratio indicative of mafic/ultramafic materials with a pos-

sible hydrous alteration component (see, e.g. Christensen 1996).

Our preferred value of Vp is in agreement with results from local

tomography studies in the vicinity of Faial, which return P-wave

velocities of approximately 7.6 km s−1 for the uppermost mantle

just below the crust (Dias et al. 2007). Such velocities of 7.6 km

s−1 are consistent with those usually attributed to magmatic un-

derplating (see, e.g. Watts et al. 1985; Caress et al. 1995). Thus,

along with the location of the layer at the base of the crust, the

velocities point to the existence of a zone of magmatic underplat-

ing beneath the island of São Jorge. The origin of this inferred

underplated layer must lie in the magmatic processes that have

affected the island over time. Given the island’s proximity to a pu-

tative plume, one such process could be that invoked by Jones et al.

(2015) for the Sierra Leone Rise. In this model, a strongly sheared

lithosphere (owing to the triple junction in the Azores case) passing

over a mantle plume offers enhanced pathways for melt circulation,

leading to accrued melt infiltration and ponding at the base of the

crust.

The forward modelling results for the island São Miguel are

more ambiguous than those of São Jorge as to whether there is an

underplated layer below the oceanic crust or not. When considering

broad-spectrum RFs from CMLA (upper section of Fig. 5), we can

argue that velocity models that include a high-velocity layer in the

lower crust (e.g. M7a, M10) provide a better fit to the positive

reverberations at 4 and 7 s delay times than those without such a

layer (e.g. M8, M9). We can further designate M10 (underplated

layer) as the preferred model as it is the only one that does not

produce an extraneous positive peak at ∼2 s. When considering

the longer period signals (lower section of Fig. 5), on the other

hand, it appears that models M9 (no underplated layer) and M7a

(underplated layer) provide the best fits to the positive reverberation

at 7 s and the negative one at 9 s. Though model M9 cannot be

rejected, the models that contain a high-velocity layer in the lower

crust provide good fits in both frequency bands and we can therefore
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conclude that an underplated layer is likely present beneath São

Miguel.

Due to the very limited data coverage, the RFs of the other

islands cannot be used to constrain robustly the existence or the

characteristics of an underplated layer beneath them. Nevertheless,

there is a trend in the station stacks of Santa Maria (PSMA) and Pico

(PSJO) and those of CMLA and ROSA, especially in the first 5 s of

the RFs, which could point to underplating beneath these islands as

well. Underplating beneath Pico and Santa Maria may be plausible

for two reasons: (1) Since the Island Pico is in close proximity to

São Jorge, it may be likely that the underplated layer is extending

from São Jorge to Pico. (2) The presence of an underplated layer

beneath Santa Maria may explain the uplift trend of this island over

the last 3.5 Ma years (Ramalho et al. 2017). Similar arguments

have been made to explain the uplift and evolved volcanism of

some of the Canary Islands under which magmatic underplating is

seismically observed (Schmincke et al. 1997; Klügel et al. 2005;

Lodge et al. 2012). The islands São Miguel and Santa Maria lie on

the oldest lithosphere of the Azores Plateau, which could be a factor

for accumulation of an underplated layer. Moreover, Santa Maria is

the oldest island of the Azores and is located at the southern edge

of the 140 km wide shear zone of oblique extensional deformation

associated with a diffuse plate boundary, being largely unaffected by

active tectonics when compared to the other islands of the Eastern

and Central groups (Hipolito et al. 2013; Marques et al. 2013).

Underplating beneath the Canary Islands and Cape Verde shows a

loose correlation with age, that is, older islands are more likely to

exhibit evidence of underplating (Lodge & Helffrich 2006; Lodge

et al. 2012).

The existence of an underplated layer at the base of the oceanic

crust requires us to reassess what we have defined until now as

the Moho. Indeed, our original depth estimate of 17 km for the

crust–mantle boundary would in fact correspond to the base of the

underplated layer. Based on this, we obtain an estimate of the ‘orig-

inal’ oceanic crust beneath the Azores. Let’s consider, for example,

model M7c, which has a 5 km-thick underplated layer. If we subtract

the thickness of the underplated layer and the thickness of the vol-

canic edifice (1 to 4 km) from our Moho depth estimate, we obtain

an original crustal thickness of approximately 8–11 km beneath the

underplated islands. This is in very good agreement with previous

studies that found 8 to 12 km of crustal thickness in local studies

around some islands (e.g. Searle 1976; Escartin et al. 2001; Luis &

Neves 2006; Dias et al. 2007).

5.4 Lithosphere–asthenosphere boundary

A prominent negative phase that is observed in all RFs at delay times

of 5–9 s (see Fig. 3b) is best modelled by a velocity decrease with

depth occurring 45–85 km beneath the stations. Though we have

already formally referred to this structure as the LAB, we can now

test the validity of our interpretation by calculating the expected

thickness of the lithosphere as a function of age and comparing it to

the inferred LAB depth beneath each station. The lithosphere has

an average age of ∼10 Ma near the islands of Faial, Pico, São Jorge

and Corvo (Azevedo et al. 1991; Cannat et al. 1999) and ∼45 Ma in

the vicinity of Santa Maria (Luis & Miranda 2008). This results in

expected LAB depths of approximately 35 and 76 km, respectively,

when using the 1300 ◦C isotherm in the plate cooling models of Stein

& Stein (1992). These values are consistent with our observations

and thus support our interpretation (see Fig. 3), that is, the depth of

the interface is generally shallower beneath the islands closer to the

MAR (35–55 km, 5–6.5 s delay time) and deepens with increasing

distance to the MAR (∼85 km, ∼9 s delay time). Our results also

agree with previous geophysical and geochemical studies which

estimated the LAB depth to deepen from ∼35–40 km under the

Western and Central Islands to ∼70–80 km under São Miguel and

Santa Maria (Gente et al. 2003; Silveira et al. 2010; Genske et al.

2012). There are, however, some ambiguous results at the islands

of Terceira and Santa Maria that warrant closer inspection.

Our results suggest that the LAB beneath Terceira has a depth of

∼80 km which is similar to that beneath São Miguel, even though

Terceira is closer to the islands showing a LAB depth of ∼40 km.

These results would imply that the LAB deepens by up to 40 km over

a lateral distance of less than 100 km (distance between São Jorge

and Terceira). Such a steep lateral gradient cannot be explained by

simple plate cooling models and would thus require localized mantle

processes (e.g. small-scale convection) that can alter the thickness of

the lithosphere over short scale lengths. One such process could be

mantle upwelling associated with a mantle plume centred beneath

the islands of Faial, Pico, and São Jorge, as has been proposed by

Shorttle et al. (2010). A mantle plume rising beneath the Central

Islands could erode the lithosphere locally, which could explain a

steep gradient in lithospheric thickness. Another possible process

could be lithospheric thinning at a spreading centre, but this would

produce the opposite of what is seen at Terceira and São Miguel.

Both islands are located on the Terceira spreading ridge but show

evidence for a thicker lithosphere than beneath and close to the

MAR; a thicker lithosphere beneath the Terceira Ridge compared

to other spreading ridges was also previously predicted due to the

ultra-slow spreading of this ridge that does not result in a thinning

of the lithosphere (e.g. Vogt & Jung 2004).

The interpretation of LAB signals beneath Santa Maria is some-

what ambiguous due to the contrasting depth estimates obtained

at the two stations that sample the island. Indeed, the long-period

stacked RF at stations PSMA and PSPRB suggest LAB depths of

∼45 and 85 km, respectively (see negative signals at 5 and 9 s in

Fig. 3b). Though once again there are too few RFs to compare the

robustness of these two results, we note that there appears to be

a stronger LAB signal in the high-frequency RFs of PSPRB com-

pared to PSMA (see Fig. 3a, and negative pulses at 8–10 s in PSPRB

section of Fig. 4). Moreover, considering the age of the lithosphere

close to Santa Maria (∼45 Ma) and the lack of recent volcanic

eruptions at the surface of the island, it is likely that the LAB depth

estimate of ∼85 km obtained at PSPRB is the most realistic of the

two. This would give an LAB depth beneath Santa Maria that is

comparable to the LAB depth beneath São Miguel and Terceira.

6 C O N C LU S I O N S

A new set of high-resolution RF results provides us with a clearer

view of the lithospheric structure beneath the Azores Islands than

was available before. We find that the base of the volcanic edifice is

located approximately 1–4 km depth beneath the different islands,

in agreement with the edifice height inferred from the bathymetry.

The depth of the Moho beneath the Azores islands seems to be

fairly constant at approximately 17 km depth, and does not seem to

be influenced by plate age, plume location or tectonic environment

(i.e. proximity to a ridge or a fracture zone). Furthermore, there

is no evidence for differences in crustal structure beneath islands

west or east of the MAR. We resolve a ∼5 km thick high-velocity

layer in the lower crust beneath São Jorge, which we interpret as

magmatic underplating. There is also some evidence (albeit weaker)
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for underplating beneath São Miguel. Lastly, we find a LAB at an

average depth of ∼40 km beneath the islands Corvo, Faial, Pico and

São Jorge, and at an average depth of ∼80 km beneath the islands

of Terceira, São Miguel, and Santa Maria. The lithosphere does not

seem to be affected by the spreading at the Terceira Ridge and its

thickness seems to vary across the archipelago in agreement with a

simple plate cooling model.
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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. Hk-stacking result for synthetic data based on velocity

model M10, which comprises a three-layer crust (interfaces at 2, 10

and 17 km depths) and an LAB at 70 km depth. The global and two

local maxima are indicated with a black star. The global maximum

is at 2 km depth and has a Vp/Vs ratio of 1.81. The local maxima

are at 8 and 11.5 km depth with Vp/Vs ratios of 1.60 and 1.90,

respectively. The global maximum is consistent with the top layer

of the input velocity model. The local maxima, on the other hand,

deviate by ∼2 and ∼5.5 km in depth with the lower boundaries,

which is potentially caused by the fixed P-wave input velocity of

4.8 km s−1. Nevertheless, these results suggest that the Hk-stacking

can identify the presence of three layers, as has been argued by

Leahy et al. (2010).
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Figure S2. Example of backazimuthal coverage at the two perma-

nent stations CMLA and ROSA, as well as station PSCM located

on Terceira.

Figure S3. Tangential P receiver functions at station CMLA band-

pass filtered between 0.03 and 1 Hz. The individual receiver func-

tions are sorted by backazimuth.

Figure S4. Individual P receiver functions at station CMLA, band-

passed filtered between 0.03 and 1.00 Hz. The receiver functions

are sorted by epicentral distance.

Figure S5. P receiver functions at the Azores seismic stations,

stacked in epicentral bins with an average size of 15◦ and with

an overlap of 5 per cent, and filtered with a bandpass filter with

cut-offs at 0.03–1.00 Hz (the numbers of RFs in each stack in

indicated above each trace, to the left). See also Fig. 4 for epi-

central stacks of the other stations. The grey dashed lines and

the grey shaded area indicate the interquartile range for each

stack.

Figure S6. P receiver functions at station CMLA (unfiltered)

stacked in backazimuthal bins with a size of 15◦ and with 5◦ over-

lap. The grey dashed lines and the grey shaded area indicate the

interquartile range.

Figure S7. Hk-stacking results for station CMLA. The global and

the first two local maxima are indicated with black stars. The global

maximum is at 5.5 km depth and has a Vp/Vs ratio of 1.7. The other

maxima are at 1.5 and 13 km depths with Vp/Vs ratios of 1.96 and

1.69, respectively.

Figure S8. Hk-stacking result for station CDRO. The global and

three local maxima are indicated with black stars. The global max-

imum is at 4.5 km depth and has a Vp/Vs ratio of 1.96. The other

maxima are at 1.5, 9.5 and 15.5 km depths with Vp/Vs ratios of

1.97, 1.81 and 1.72, respectively.

Figure S9. Comparison of stacked receiver function at station

CMLA with nine stacked synthetic receiver functions. In the upper

section, the RFs are bandpass filtered between 0.03 and 1.00 Hz,

whereas in the lower section they are bandbass filtered between 0.03

and 0.30 Hz. The synthetic RFs are calculated based on the distri-

bution of earthquakes recorded at CMLA and they are processed

in the same manner as the real data. Velocity model M1 is based

on PEM-O (Dziewonski et al. 1975). M2a and M2b are based on

the velocities derived by Leahy et al. (2010) with an underplated

layer and without underplating, respectively; the layer depths are

inferred from the literature (Searle 1976; Detrick et al. 1995; Luis

& Neves 2006; Nunes et al. 2006; Dias et al. 2007). M3 is based

on the Crust1.0 velocity model at the location of CMLA (Laske

et al. 2013). M4 uses the same velocities as M2a but the interface

depths are inferred from Hk-stacking. M5, M6 and M7a are velocity

models that are built around a basic three-layer crustal model (M6)

that includes an underplated layer between ∼9.5 and 17 km depth.

M5 comprises an additional thin sediment layer (0.1 km) at the top,

and M7a has a 5 per cent reduction of velocities at a depth of 70 km

that represents the LAB (grey line) beneath CMLA. An underplated

layer is marked with a grey band in the velocity-depth diagrams.

Figure S10. Comparison of stacked receiver function at station

ROSA with two stacked synthetic receiver functions; In the upper

section, the RFs are bandpass filtered between 0.03 and 1.00 Hz,

whereas in the lower section they are bandbass filtered between 0.03

and 0.30 Hz. The synthetic RFs are calculated based on the distri-

bution of earthquakes recorded at ROSA and they are processed

in the same manner as the real data. Velocity model M2b, which

does not include underplating, is the same as in Fig. 5. M2c re-

sembles M2b but includes a 5 per cent reduction of velocities at a

depth of 50 km that represents the LAB beneath ROSA (grey line).

Model M3b is based on the Crust1.0 velocity model at the location

of ROSA (Laske et al. 2013). Model M7b includes an underplated

layer (grey band) and a 5 per cent reduction of velocities at a depth of

48 km. M7c has an additional layer in the lower crust and a velocity

reduction (LAB) at 50 km depth.

Table S1. Velocity models used for synthetic modelling. The models

M1 to M3 are based on the PEM-O velocity model (Dziewonski

et al. 1975), the velocity model in Leahy et al. (2010) and Crust1.0

(Laske et al. 2013), respectively. The velocity models M4 to M10

are based on the first three models and the Hk-stacking results

to fit the pulses in the stacked RF by forward modelling. To not

use models with implausible data, we used estimates from active

seismic and gravity studies as guidelines for the layer depths (crustal

layer at roughly 3 km), velocities (∼7.6 km s−1 at about >12 km)

and densities (∼2850 g cm−3 in the crust) (Steinmetz et al. 1977;

Montesinos et al. 2003; Nunes et al. 2006; Dias et al. 2007).

Table S2. Results of the Hk-stacking.
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