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1 Processing to compute receiver functions

We compute RFs using the processing methods outlined in Bonatto et al. (2015, 2020). Here, we
provide a comprehensive review of the process. The processing workflow is illustrated in Figure 2a.

Step 1: We apply an initial quality control to keep the traces with strong signal in the vertical
component, i.e. first arrival with large amplitude. To do this, we implement an energy-based event
detection technique known as the STA/LTA algorithm (Allen, 1978) which is based on observing
the changes in the amplitudes of a single seismic trace within moving time windows. We apply
a low-pass filter of 0.12 Hz to the Z component and use STA and LTA values of 10 s and 100 s,
respectively. We keep the waveforms with an STA/LTA ratio larger than 2.7.

Step 2: To compute the RFs, we rotate the Z,N,E components into the (Z,R, T ) system and
cut them around the theoretical arrival time of the P phase (120 s before to 220 s after). Then,
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we apply standard pre-processing steps to the waveforms. First, we remove the mean and the
trend. Then, we band-pass filtered the three rotated components between 0.02 Hz and 0.12 Hz.
Ultimately, we downsample the traces to 20 samples per second.

Step 3: We define a pilot trace (PZ) from the Z component for deconvolution. The Z waveform
is windowed from 25 before to 75 s after the onset of the P -phase. To minimize signal processing
artifacts in later stages, a 5-second cosine taper is applied outside the P-phase window. We perform
the deconvolution of the PZ from the R component in the spectral domain, which implies a spectral
division (PR(ω)P̄R(ω)/PZ(ω)P̄Z(ω)). To stabilize the spectral division, we use the water-level
deconvolution (Clayton and Wiggins, 1976) with a water-level parameter of 0.01.

Step 4: Then, deconvolved traces are shifted to center the P-phase pulse at zero time. Finally,
the RF is the deconvolved radial component.

Three quality controls are applied on individual RFs: an automatic quality control and two
visual quality controls. The automatic quality control is based on the signal-to-noise ratio (SNR).
For this, we calculate the rms of the background signal 35 and 5 s before the P -phase (noise),
and the rms of the main signal 5 s before and 25 s after the P -phase (signal). We keep the RFs
that meet the following criteria: SNR > 1.4. The first visual quality control is performed over the
three deconvolved components (Z, R, and T). We visually inspect the deconvolved components and
check that they meet the following criteria:

1. Low noise level before the first arrival in the RF (deconvolver R waveform); unstable decon-
volution often results in large amplitude prior to the initial P -wave peak.

2. A clear peak at t = 0 s in the deconvolved Z component with small side-lobes. For larger
times, the trace should have small amplitudes. This is because all converted phases and
multiples are expected with amplitudes smaller than 10 per cent of the P -phase amplitude.
Therefore, large amplitude signals at t > 0 s correspond to other main phases such as PP ,
PcP , etc., which for certain distances have similar arrival times to that of the converted
phases at upper-mantle discontinuities between 200 km and 700 km.

3. Very small amplitudes in the deconvolved T component. This is because for teleseismic
earthquakes (i.e., vertical incidence angles), this component only records SH phases and
converted SH energy is only expected in cases of strong discontinuity topography or strong
anisotropy above the discontinuities.

Lastly, we conduct a visual inspection of the RFs plotted against their back-azimuths at each
seismic station and discard traces that yield low-quality outcomes, specifically those that do not
visually resemble the selected subset. This final step guarantees the retention of only those traces
that exhibit similarity.

Step 5: Ultimately, using raw ZRT triplets associated with RFs that have passed all quality
controls in the lower frequency band, we compute new RFs with a lower cut-off frequency at f1 =
0.02 Hz and higher cut-off frequencies at f2 = 0.20, 0.32, 0.48, and 0.64 Hz. The cut-off frequencies
for the filters are selected arbitrarily. However, the gradual increase in these frequencies for each
filter aims to include finer details in the waveforms. This approach helps us distinguish genuine
waveform features in the converted phase from mere noise since the introduction of noise typically
tends to reduce the similarity and consequently the signal amplitude in the deconvolved radial trace
(the RF). The frequency analysis of amplitudes is useful to evaluate the seismic visibility of the
discontinuity (see sections 3.5 and 4.2).
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Table S1: Geographical coordinates of seismic stations, number of teleseismic records per stations
and number of good quality receiver functions.

Network.Station latitude [◦] longitude [◦] N◦ of Records N◦ of RFs

Stations in the Canary Islands
ES.CBOL 28.3144 -16.8306 64 0
ES.CCAL 27.7128 -18.1472 59 3
ES.CCAN 28.2217 -16.6050 330 6
ES.CCUM 27.7459 -18.0301 636 6
ES.CFUE 28.6468 -13.9359 1142 224
ES.CGIN 28.2054 -14.0823 307 8
ES.CGUI 28.3222 -16.4425 456 4
ES.CJUL 27.7296 -18.0823 67 0
ES.CLOB 28.7649 -13.8149 293 16
ES.CNAO 27.6470 -17.9883 87 0
ES.CNOR 28.3135 -16.6600 73 0
ES.CRAJ 28.2649 -16.5969 1203 57
ES.CTAB 27.7494 -18.0850 653 32
ES.CTAN 27.7544 -18.0543 688 17
ES.CTIG 27.7882 -17.9221 882 68
ES.CVIL 28.1593 -16.6425 72 0
ES.EBAJ 28.5399 -16.3434 1131 18
ES.EFAM 29.1275 -13.5295 1214 110
ES.EGOM 28.1594 -17.2096 1135 105
ES.EHIG 28.5567 -17.8062 1217 130
ES.EOSO 28.0718 -15.5525 801 78
ES.GGC 28.1197 -15.6367 319 11
IU.MACI 28.2502 -16.5082 480 56
ES.TBT 28.6794 -17.9145 269 0

Total 13578 948

Stations in Madeira
Y7.DOC-01 32.7184 -16.9729 203 13
Y7.DOC-02 32.7651 -16.9235 171 8
Y7.DOC-05 32.6838 -16.9495 198 19
Y7.DOC-06 32.8090 -16.9099 202 7
Y7.DOC-07 32.7896 -17.1095 200 11
Y7.DOC-08 32.6984 -17.0832 199 13
Y7.DOC-09 32.7371 -17.1538 203 13
Y7.DOC-10 32.8248 -16.9900 203 12
Y7.DOC-11 32.7484 -16.7954 202 7
Y7.DOC-12 32.5145 -16.5094 198 9
Y7.DOC-13 32.7459 -16.9626 198 9
Y7.DOC-16 32.7536 -17.0156 202 14
Y7.DOC-21 32.7234 -16.8292 200 7
Y7.DOC-22 32.8092 -17.1405 202 8
Y7.DOC-23 32.7973 -16.9714 197 7
Y7.DOC-24 32.7943 -16.8819 201 8
PM.PMOZ 32.8230 -17.1972 1772 80
PM.PMPST 33.0788 -16.3333 1524 75

Total 6475 320

ES: Spanish Digital Seismic Network ; IU: Global Seismograph Network; Y7: Deep OCean Test
ARray experiment (DOCTAR); PM: Portuguese National Seismic Network
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2 Quality control of vespagrams for P300s

128

129

140

141

0.02-0.12 Hz

0.02-0.12 Hz

0.02-0.12 Hz

0.02-0.12 Hz

P300s - Q1

Figure S1: Examples of quality 1 stacks for P300s in the Canaries. Each subplot displays vespa-
grams on the left and stacks with fixed estimated slowness on the right. The latter stacks represent
different frequency bands, ordered from bottom to top as follows: 0.02-0.12 Hz, 0.02-0.2 Hz, 0.02-
0.32 Hz, 0.02-0.48 Hz, and 0.02-0.64 Hz. The amplitudes of these stacks are color-coded based on
their significance. Here, significance is determined by the blue shaded area between zero amplitude
and the lower boundary of two standard errors. Discarded stacks and the reasons for their exclusion
are highlighted in red. The number in the upper left corner of each panel corresponds to the id of
the CCP (refer to Table S2 for detailed information on each CCP bin).
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Figure S2: Examples of quality 1 stacks for P300s in the Canaries. Further details in caption of
figure S1.
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Figure S3: Examples of quality 1 stacks for P300s in the Canaries. Further details in caption of
figure S1.
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Figure S4: Examples of quality 2 stacks in the Canaries for P300s. Further details in caption of
figure S1.
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202 215
Slowness > 0.0

Figure S5: Examples of quality 1 stacks in the Canaries for P300s. Further details in caption of
figure S1.
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Figure S6: Examples of quality 2 stacks in the Canaries for P300s. Further details in caption of
figure S1.
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Figure S7: Examples of quality 2 stacks in the Canaries for P300s. Further details in caption of
figure S1.
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Figure S8: Examples of quality 2 stacks in the Canaries for P300s. Further details in caption of
figure S1.
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Figure S9: Examples of quality 2 stacks in the Canaries for P300s. Further details in caption of
figure S1.
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0.02-0.12 HzP300s - Q1

0.02-0.12 Hz0.02-0.12 Hz Slowness > 0.0

Figure S10: Examples of quality 1 stacks in Madeira for P300s. Further details in caption of figure
S1.
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P300s - Q3 (only four examples out of 11)

Figure S11: Examples of quality 3 stacks for P300s. Further details in caption of figure S1.
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Table S2: Details for CCP stacking, where each bin represents a CCP area. The last column
displays the slowness used in the moveout correction.

Bin id bin size (◦) bin lat bin long N◦ of RFs Stack quality slowness (s/◦)

128 0.75 26.9 -19.0 54 1 -0.15
129 0.5 27.6 -19.0 59 1 -0.15
140 0.5 26.9 -18.3 39 1 -0.15
141 0.5 27.6 -18.3 100 1 -0.15
143 0.5 29.0 -18.3 29 1 -0.05
154 0.5 28.3 -17.6 85 1 0.0
164 1.0 26.9 -16.9 59 1 0.0
165 0.5 27.6 -16.9 64 1 0.0
166 0.5 28.3 -16.9 77 1 -0.15
176 1.0 26.9 -16.2 46 1 -0.15
177 0.5 27.6 -16.2 48 1 -0.15
178 0.5 28.3 -16.2 56 1 0.0
179 0.75 29.0 -16.2 42 1 -0.05
189 0.75 27.6 -15.5 36 1 -0.05
191 0.75 29.0 -15.5 32 1 0.0
201 0.75 27.6 -14.8 78 1 0.1
202 0.5 28.3 -14.8 168 1 0.0
215 0.5 29.0 -14.1 103 1 -0.05
20 1.0 32.1 -18.6 89 1 0.15
29 0.5 32.8 -17.9 129 1 -0.05
117 1.0 27.6 -19.7 33 2 -0.1
131 0.75 29.0 -19.0 39 2 0.05
142 0.5 28.3 -18.3 128 2 0.05
143 0.5 29.0 -18.3 29 2 -0.05
152 1.0 26.9 -17.6 93 2 0.05
153 0.5 27.6 -17.6 84 2 0.1
156 1.0 29.7 -17.6 21 2 0.0
168 1.0 29.7 -16.9 24 2 0.0
188 1.0 26.9 -15.5 27 2 -0.1
190 0.75 28.3 -15.5 52 2 0.05
203 0.5 29.0 -14.8 70 2 0.25
214 0.5 28.3 -14.1 151 2 0.1
228 0.75 29.7 -13.4 44 2 0.0
238 1.0 28.3 -12.7 47 2 0.05
239 0.75 29.0 -12.7 44 2 0.05
240 1.0 29.7 -12.7 41 2 -0.15
118 1.0 28.3 -19.7 15 3 -
130 0.5 28.3 -19.0 42 3 -
144 1.0 29.7 -18.3 14 3 -
155 0.75 29.0 -17.6 62 3 -
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3 Amplitude-frequency analysis for the individual bins
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Figure S12: Amplitude-frequency analysis for the individual bins. Amplitudes are the average
amplitude from bootstrap analysis with 100 repetitions and error bars are two times the standard
error. It can be seen that almost all amplitudes (except the zero amplitude at two bins) meet the
95 confidence criterion, meaning that all amplitudes are statistically significant.
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4 Robustness analysis

The absolute depth of discontinuities is determined by the velocity model used to correct the
observed times. Underestimation of anomalies in tomography models is a significant concern when
making corrections as it can lead to underestimation of time corrections. To overcome this issue,
we doubled the value of the velocity anomalies in both tomography models, IBEM-P18/-S19 and
MIT-P08. Incorrect determination of time corrections could lead to an inaccurate estimation of
the depth of discontinuities. Therefore, when assessing the accuracy of time-to-depth conversions,
it is a common procedure to examine the correlation between the topography of the 410 and 660
discontinuities (e.g. Dueker and Sheehan, 1998; Bonatto et al., 2020; Boyce and Cottaar, 2021).
To do so, the topography of the 410 and 660 is assumed to be influenced by the temperature of the
MTZ. In hot/cold MTZ where olivine is the dominant mineral, the correlation of the topography
is expected to be negative due to the opposite sign of the Clapeyron slopes for the 410 and 660.
These scenarios are illustrated in quadrants II and IV of Fig. S13. Conversely, positive correlation
values between the depths of the 410 and 660 are indicative of underestimates or overestimates
of the time corrections. However, if the dominant mineral in the TZ is garnet, the Clapeyron
slopes of the 410 and 660 are positive, resulting in a positive depth correlation. These scenarios
are illustrated in quadrants I and III in Fig. S13, where only the hot mantle case is considered, as
expected in hot spots. Furthermore, if the MTZ is normal, no correlation is expected. Similarly,
if a temperature anomaly only affects one of the discontinuities, zero correlation is also expected.
The velocity models that yield the most accurate time-to-depth conversions are those that tend to
reduce the correlation value. These models best explain the velocity structure of the upper mantle.

4.1 Time corrections

In our case, the time corrections using the IBEM-P18/S19 model result in stronger negative values
than the ones observed for the whole investigated area (Fig. S14). Unlike MIT-P08, which is
a global P-wave velocity anomaly model, IBEM-P18/S19 is a regional model that provides both
P-wave and S-wave velocity anomalies and has a higher resolution in the region of interest. This
is reflected by the magnitude and spatial distribution of the time corrections obtained with both
models. The time corrections obtained with the IBEM-P18/S19 model have larger absolute values
and are more localized, while the corrections obtained with MIT-P08 due to its lower resolution
are smaller and more homogeneously distributed throughout the region.

In particular, for the P410s and P660s phases, the corrections provided by both models seem
to disagree more for Madeira (Fig. S15), where IBEM-P18/S19 provides negative corrections with
much larger absolute values than those supplied by MIT-P08.

MIT-P08 likely underestimates the time corrections, consequently the real depth values are
probably shallower than the estimated ones, especially for Madeira, where the discrepancy with the
corrections provided by IBEM-P18/S19 is larger. Due to its higher resolution, we expect the time
corrections obtained with IBEM-P18/S19 to be more reliable. However, this model does not cover
the whole study region (the western boundary is at a longitude of -19 degrees) and therefore we
do not use it to obtain the depths. Still, we can use it to evaluate the robustness of the estimated
depth values that we obtain with MIT08.

4.2 Correlation analysis

Fig. S16 illustrates the correlation between the topography of the 410 and 660 discontinuities as
obtained from the ak135, MIT-P08, and IBEM-P18/S19 models. It should be noted that only the
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depth values corresponding to the points within the zone covered by the three velocity models were
considered. To conduct this statistical analysis, we use interpolated depth values, and we employed
the Pearson correlation coefficient as a measure of linear correlation.

For the Canaries, we find that the three models show similar small values for the Pearson
correlation coefficient (∼0.3). This means that changes in the depth values of the 410 Nevertheless,
depth values with the three models show a similar trend: the 410 is deeper, and the 660 is shallower.
Upon comparing the plots of ak135 and MIT-P08 or ak135 and IBEM-18/19, it is noteworthy that
the time corrections provided by MIT-P08 and IBEM-18/19 result in a slight elevation of the 660
discontinuity. This aligns with the expected effect of the negative sign of the time corrections
associated with these models. Beneath the Canary Islands, IBEM-P18/S19 exhibits a negative
(hot) anomaly extending from the surface to below the transition zone. The negative correlation
observed between the depths of the 410 and 660 discontinuities beneath the Canary Islands confirms
that the polymorphs olivine and ringwoodite are the dominant minerals influencing the topography
of both discontinuities. The sharpness analysis provides additional support to this conclusion, as
it reveals clear and well-defined 660 discontinuity features, which is in contrast to a broad 660
that would arise due to garnet being the dominant mineral. Regarding the estimated depths in
the results section using MIT-P08, we should take into account that the time corrections are likely
underestimated since Pearson’s r value is slightly positive (quadrant I in Fig. S13). However, the
overall finding remains unchanged, on average the 410 is deeper than the reference value, and the
660 is shallower.

Regarding Madeira, the correlation analysis also reveals no strong linear correlation in disconti-
nuity topography. Our observations show that while the 660 is close to the reference value, the 410
is found at greater depths. The IBEM-P18/S19 model exhibits a negative (hot) anomaly extending
from the surface to approximately 300 km depth. If this anomaly also affects the upper part of the
transition zone, it would explain the deeper 410 discontinuity, the 660 discontinuity close to the
reference value, and the lack of correlation in the topography.
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Figure S13: Possible scenarios resulting from the relative topography of the 410 and 660. Variable
rp corresponds to the correlation coefficient.

14



Figure S14: Maps showing the spatial distribution of time corrections obtained with tomography
models.MIT08 (on the left) and IBEM-P18/S-19 (on the right).
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Figure S15: Histograms of time corrections obtained with tomography models.
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Figure S16: Correlation analysis of 410 and 660 topography. Pearson’s coefficient on the top right
(pearsonr).
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Table S3: Clapeyron slopes (γ) of the olivine and ringwoodite phase transitions.

Discontinuity phase transitiona dP/dT (MPa/K) Reference

410 ol→wd +3.1 (Akaogi et al., 2007)
+4.0 (Katsura et al., 2004; Y. Yu et al., 2008)

660 rw → brg + fp -2.6 (Akaogi et al., 2007)
-2.0 (Litasov et al., 2005; Y. G. Yu et al., 2011)

a ol: olivine, wd: wadsleyite, rw: ringwoodite, brg: bridgmanite, and fp: ferropericlase.

17



Table S4: Possible mechanisms for 300-km discontinuity or X

Mechanism Description Reference

Formation of hydrous phase A
in subduction zones

The formation of hydrous phase A occurs at rel-
atively low mantle temperatures in subduction
zones and is not stable at elevated mantle temper-
atures, such as those expected beneath hotspots
(Revenaugh and Jordan, 1991).

Akaogi and Aki-
moto, 1980; Reve-
naugh and Jordan,
1991

Orthorhombic to monoclinic
phase transition in pyroxene
(or pyroxene transition)

The crystallographic transition in pyroxene from
an orthorhombic to high-pressure monoclinic
phase transition occurs near 300 km depth
(Woodland, 1998). However, the impedance con-
trast (∼ 0.7%; Woodland, 1998) is too low to ex-
plain the observed amplitudes of PXs between
∼2-8% of the direct P-wave (Kemp et al., 2019;
Pugh et al., 2021; Schmerr, 2015).

Woodland, 1998

Transformation of forsterite
and periclase to anhydrous
phase B

The transformation of forsterite and periclase to
anhydrous phase B is possible between 275-345
km, according to mineral physics experiments
(Ganguly and Frost, 2006). However, this trans-
formation requires the presence of fluid or hydrous
melt and is therefore limited to subcontinental
or subduction zone settings (Ganguly and Frost,
2006). Furthermore, it has a weak impedance con-
trast similar to the pyroxene transition (Chen et
al., 2015).

Ganguly and Frost,
2006

Coesite to stishovite phase
transition (PT) in eclogite

Stishovite formation requires the presence of
eclogite (unequilibrate basalt), suggesting a lo-
cal enrichment of this mineral in the upper man-
tle. (Liu et al., 1996). First-principles calcula-
tions indicate that the coesite to stishovite PT
can take place in a mechanical mixture of basalt
and harzburgite that is in disequilibrium. (Xu
et al., 2008). It has been demonstrated that by
varying the proportion of basalt in the mechani-
cal mixture, the coesite to stishovite phase transi-
tion can be seismically observed when the basalt
component exceeds 40%. (Kemp et al., 2019).
In addition, mineral physics experiments confirm
the dependence of P and S-wave velocity contrast
with SiO2 content (Chen et al., 2015).

Williams and Reve-
naugh, 2005
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