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A B S T R A C T

Cape Verde is an intraplate archipelago located in the Atlantic Ocean about 560 km west of Senegal, on an ∼
130 Ma old oceanic lithosphere. The upper-mantle structure beneath the islands was poorly known, until re-
cently, in large part due to the lack of broadband seismic stations. In this study we used data from two temporary
deployments across the archipelago, measuring the phase velocities of Rayleigh-waves fundamental-modes in a
broad period range (8–250 s), by cross-correlating teleseismic earthquake data between pairs of stations. We
derived a robust average, phase-velocity curve for the Cape Verde region, and inverted it for a shear-wave
velocity profile. Our results show significantly low velocities of ∼ 4.2 km/s in the asthenosphere, indicating the
presence of anomalously high temperatures and, eventually, partial melting. The temperature anomaly is
probably responsible for the thermal rejuvenation of the lithosphere to an effective age as young as about 30 Ma,
which we infer from the comparison of seismic velocities beneath Cape Verde archipelago and those re-
presentative of different ages in the Central Atlantic. The anomalously high temperature in the asthenosphere,
together with previously published evidence on low seismic velocities in the lower mantle and relatively He-
unradiogenic isotopic ratios, suggests a hot plume, rooted deep in the lower mantle, as the origin of the Cape
Verde hotspot.

1. Introduction

Most of the mass transfer between the Earth’s mantle and crust
occurs at plate boundaries. A conspicuous exception, albeit with much
smaller volumes, is the intraplate basaltic magmatism, often associated
with significant swells, as in the case of the Hawaii and Cape Verde
archipelagos (e.g. Phipps Morgan et al., 1995; Crough, 1982; Laske
et al., 2011). This intraplate magmatism has been attributed to hotspots
in the upper asthenosphere, as first proposed by Wilson (1963), and
then ascribed in their origin to hot mantle plumes (Morgan, 1971).
Alternative models for such magmatism include the existence in the
asthenosphere of wet spots, as hypothesized for the specific case of the
Azores (e.g. Bonatti, 1990; Asimow et al., 2004), or the passive re-
sponse of the asthenosphere to lithospheric breakup (e.g. Anderson,
2000; Lustrino and Anderson, 2015).

The Cape Verde intraplate archipelago is located on the Nubian

Plate in the eastern Central Atlantic, approximately 560 km away from
the African coast (Fig. 1a), where the age of the oceanic crust ranges
between 115 and 140 Ma. The last eruption occurred in 2014–2015 at
Fogo volcano, the latest in a period of ca 26 Ma of sub-aerial or shallow
water volcanism, responsible for the emergence of the islands (e.g.
Mata et al., 2017 and references therein). The archipelago is composed
of nine inhabited islands and some islets, situated on top of a large
topographic anomaly known as the Cape Verde Rise (∼ 1200 km in
diameter; up to ∼ 2000 m high), considered the largest oceanic in-
traplate bathymetric anomaly (e.g. Parsons and Sclater, 1977;
Monnereau and Cazenave, 1990).

Cape Verde has been included in most hotspot catalogues (e.g.
Courtillot et al., 2003; Boschi et al., 2007; King and Adam, 2014).
Large-scale tomographic studies have shown low-velocity anomalies in
the lower mantle consistent with the Cape Verde magmatism being the
result of a mantle plume anchored in the deep mantle (e.g. Montelli
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et al., 2006; Forte et al., 2010; Liu and Zhao, 2014; French and
Romanowicz, 2015). However, the lack of resolution of such studies at
local and regional scales, in particular at upper-mantle depths, has left
the existence of a plume beneath Cape Verde still in doubt. The origin of
magmatism in Cape Verde is debated and models invoking mantle
plumes (e.g. Montelli et al., 2006; Liu and Zhao, 2014) and, alter-
natively, edge-driven convection (e.g. King and Ritsema, 2000; King,
2007) have been proposed. Regional shear-wave velocity (Vs) models
obtained from global observations of surface and shear waves (Fig. 1b)
display low asthenospheric velocities beneath the Cape Verde region
(e.g. Schaeffer and Lebedev, 2015; Celli et al., 2019) suggesting an
anomalously hot asthenosphere compatible with both the above-men-
tioned models. However, the amplitude and depth extent of the
anomaly remains uncertain. In an alternative interpretation, Patriat and
Labails (2006) argued that the continuous morphological basement
ridge between the archipelagos of Canary and Cape Verde and the si-
multaneous geological events, at both, may indicate a causal link be-
tween lithospheric deformation events and the origin of magmatism.

Before the XXI Century, the seismic-station coverage in Cape Verde
was poor, with only one permanent station belonging to the Global
Seismographic Network (GSN) installed at the island of Santiago
(SACV). A network of seven broadband stations was then deployed from
2002 to 2004 (Lodge and Hellfrich, 2006). More recently, in 2007,
another temporary network of 38 stations was deployed for ten months.
The 2002–2004 data from the seven stations network has already been
used in receiver functions studies (Lodge and Hellfrich, 2006; Hellfrich
et al., 2010) and P and S wave tomography (Liu and Zhao, 2014).
Vinnik et al. (2012) presented the results obtained through the joint
analysis of PS and SP receiver functions using both networks. However,
there is still no agreement on the inferences from these studies.

In order to better constrain the Earth’s lithosphere and sublitho-
spheric mantle beneath Cape Verde, we measured Rayleigh-wave phase
velocities using an elaborate implementation of the two-station method
that can produce measurements in very broad period ranges (Meier
et al., 2004). This method overcomes some limitations ascribed to
traditional passive methods (e.g.: source-receiver geometry and/or
sparse and irregular seismicity distribution) and allows imaging the
local lithospheric structure underneath Cape Verde. We then inverted

the average regional phase velocities for the Vs distribution with depth
using a non-linear gradient-search algorithm. The Vs profile con-
strained by our broadband dispersion data provides valuable new in-
sights on the structure of the lithosphere and asthenosphere beneath
Cape Verde.

2. Seismic data and phase-velocity measurements

2.1. Seismic network and pre-processing

We processed data records from seven temporary broadband Guralp
3 Ts (120 s) stations deployed from 2002 to 2004 (Lodge and Hellfrich,
2006) and 38 stations equipped with Earth Data PR6-24 data loggers
and Guralp CMG-3ESP (60 s) seismometers (Vinnik et al., 2012;
Carvalho et al., 2019), recording continuously from December 2007 to
September 2008 (Fig. 2).

The challenges presented by our data included: 1) the high level of
ambient noise, which limited the number of successful measurements;
2) remoteness of Cape Verde from the seismically active areas (Vales
et al., 2014); and 3) the unevenness of the station-to-station path cov-
erage, due to the distribution of the islands and the absence of ocean
bottom seismometers (Fig. 2). In order to perform accurate phase-ve-
locity measurements and obtain a robust average phase-velocity curve
for Cape Verde, while meeting these challenges, we applied processing
steps developed explicitly for our dataset. For each station pair, we
chose teleseismic earthquakes with less than ten-degree angles between
station-station and the event-station great circle paths. Subject to this
criterion, all the events from the global CMT catalogue (Ekström et al.,
2012) with moment magnitudes higher than 4.2 were considered.

2.2. Phase-velocity measurements

Phase velocities were measured through a recent implementation of
the two-station method (Meier et al., 2004; Soomro et al., 2015). For
each station pair, the teleseismic earthquake recordings were cross-
correlated, and the dispersion curves of fundamental-mode Rayleigh
waves were calculated from the phase of the cross-correlation functions
weighted in the time-frequency plane. To overcome the effect of other

Fig. 1. (a) Topographic map of the Central Atlantic region. A red circle marks the location of Cape Verde, 560 km west of Africa. (b) Shear wave speed anomalies at
150 km depth beneath the region, according to the waveform tomography of Celli et al. (2019). A strong low velocity (Vs) anomaly can be observed beneath the Cape
Verde region (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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signals, such as higher-modes and scattered fundamental-mode arrivals,
the cross-correlation function was filtered with a frequency-dependent
Gaussian band-pass filter and windowed in the time domain, enhancing
the signal-to-noise ratio (Meier et al., 2004).

The selection of the dispersion curves was performed manually, in
an interactive procedure based on some criteria including the
smoothness and length of the dispersion curve and its deviation from a
reference one (Soomro et al., 2015). The number of measurements for
each frequency is also important whereby a minimum of two mea-
surements was established. However, for some station pairs, even this
number was not achieved, given the relatively short operation time of
most of the stations (9A network). We thus computed more robust,
"inter-island" dispersion curves, by gathering all the station-station
paths between the same two islands and computing the average of all
the phase-velocity measurements at each frequency. For the purpose of
this study, each island is now represented by a single virtual station,
located at a geographical midpoint. Fig. 3 represents the final ray

distribution as well as each virtual station.
To remove the 2π ambiguity of the arctangent function and to

eliminate outliers, a reference dispersion curve was required. We tested
AK135 as a reference curve (Kennett et al., 1995) but a more accurate
and regional model was needed. The automated phase-velocity mea-
surement routine of Soomro et al. (2015) allowed us to obtain a pre-
liminary selection of all possible phase-velocity curves in the entire
period range, applying loose selection criteria and discarding only the
curves from seismograms dominated by noise. The selected measure-
ments were stacked together in the broad period range, resulting in a
density distribution plot (Fig. 4a). From the maximum values of the
distribution at each period, a dispersion curve was then extracted and
used as reference curve in the following definitive, interactive selection
of measurements (Bonadio et al., 2018).

We measured the inter-station phase velocities in a broad period
range (8–250 s). Long-period measurements were obtained only with
data from true-broadband sensors (YW network). To constrain the li-
thosphere and upper-mantle structure beneath the Cape Verde area, we
performed a strict selection of the most accurate measurements from all
the station pairs and computed the average dispersion curve for entire
Cape Verde region. Only a small number of measurements were suc-
cessfully measured with cross-correlation at periods longer than 120 s.
We thus complemented them with phase velocities measured using
waveform inversion (e.g. Lebedev et al., 2006) and merged the mea-
surements of both types to obtain our average curve. The curves from
the cross-correlation and waveform-inversion measurements are in very
good agreement for the intermediate range of periods, indicating that
merging them is a robust procedure (Lebedev et al., 2006) (Fig. 4b).
Fig. 5 shows the final average dispersion curve (red line), plotted to-
gether with the individual dispersion curves (dark grey).

The average dispersion measurements from "inter-island" pairs were
also inverted to phase-velocity maps at different periods. We used the
LSQR algorithm (Paige and Saunders, 1982) with lateral smoothing and
slight norm damping, as described by Lebedev and Van Der Hilst
(2008). We performed several inversion tests using different para-
metrization and regularization coefficients, in order to identify the
optimal achievable resolution for the maps. We also applied an outlier
removal procedure to the data, removing the 15% of the data with
largest misfits (Lebedev and Van Der Hilst, 2008; Endrun et al., 2011),
likely presenting the largest measurement errors. The phase-velocity
maps (Supplementary material Fig. A1) show weak regional-scale

Fig. 2. Left: Seismic network (red triangles - 9A network (2007–2008); yellow triangles - YW network (2002–2004)) and station-to-station path coverage (black
lines). Right: Seismic network and seafloor age isochrons (Müller et al., 2008) (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.).

Fig. 3. Virtual seismic stations (red triangles) and final ray path distribution
(black lines) (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.).
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heterogeneities across the area. This shows that an inversion of a re-
gion-average, phase-velocity curve should produce a meaningful, re-
gion-average Vs profile characterizing the upper mantle structure be-
neath Cape Verde.

We compared our results with the Atlantic Rayleigh-wave phase
velocities averaged for different lithospheric ages (James et al., 2014).
The comparison, displayed in Fig. 6, reveals that the Cape Verde phase-
velocities at periods longer than 40 s (frequencies lower than ∼
0.025 Hz, sampling the lithosphere and asthenosphere) are lower than
the Atlantic average for a lithosphere older than 20 Ma. This suggests
that the lithosphere was effectively reset to a younger age and the
asthenosphere beneath the Cape Verde region is hotter than average.

3. Average shear-wave velocity structure

We inverted the average, fundamental-mode, Rayleigh-wave dis-
persion curve to obtain a 1D Vsv (vertically polarized shear wave
speed) profile using a non-linear, Levenberg-Marquardt (damped least-
squares), gradient-search algorithm (e.g. Meier et al., 2004; Agius and
Lebedev, 2014) . Our initial model is similar to that used by Bonadio
et al. (2018): a four-layered model for the crust, taken from CRUST 2.0
(Bassin et al., 2000), followed in the mantle by a modified version of
AK135 (Kennett et al., 1995). The chosen reference model is char-
acterized by constant shear-wave velocities (4.45 km/s) from the Moho
down to 220 km depth and with linearly increasing shear-wave velo-
cities below that depth. The shear Q profile is from AK135. The in-
version is parameterized, from the surface to the uppermost lower
mantle, using boxcar basis functions for the crustal layers and triangle
basis functions for the mantle. The Moho discontinuity depth is also an
inversion parameter, allowed to vary during the inversion computation,
in order to avoid constraining too much the upper mantle, and ob-
taining unreliable velocities, as consequence. We present the inversion
result in Fig. 7a. The observed and synthetic phase-velocities, as well as
the relative data-synthetic misfit, are presented in Fig. 7b and c, re-
spectively.

Considering that we used only the fundamental mode Rayleigh
waves, it is important to understand how well our data can resolve the
low-velocity anomaly at the asthenospheric depths. Fig. A2 of the
supplementary material presents the sensitivity kernels calculated for
different periods, using our initial model. Our model should be well
constrained down to at least 300 km depth.

The most striking feature of our inversion result is a low-velocity
zone, from ∼ 60 to∼ 210 km depth, with a minimum velocity of about
4.2 km/s. At 280–350 km, S-wave velocity is indistinguishable from
that in the reference model.

4. Discussion

4.1. Vs evidence of a rejuvenated lithosphere

An average S-wave velocity profile, for the region of the Cape Verde
archipelago is shown on Fig. 7a, depicting a Vs decrease from ∼
4.6 km/s to about 4.2 km/s. The asthenosphere extends down to about
210 km.

The seafloor depth is normally determined by the isostatic equili-
brium of the oceanic plate. It depends on the plate's density and
thickness, which usually increase with the plate's age, the oceanic li-
thosphere getting colder and thicker with time. The lithosphere-asthe-
nosphere boundary (LAB) can be defined by an isotherm, which dee-
pens as the plate ages and moves away from the mid-ocean ridge. The

Fig. 4. a) Density distribution plot for the stack of automated preliminary
measurements, normalized to the maximum at each period. The regional re-
ference curve is substantially different from the global reference curves AK135
(yellow dashed line) (Kennett et al., 1995) and PREM (green dashed line)
(Dziewonski and Anderson, 1981), and also from the PA5 model for the Pacific
(blue dashed line) (Gaherty et al., 1996). b) Dispersion curves obtained from all
the station pairs, evincing the good match between short-period (grey) and
long-period (black) measurements. The green curve represents the average
curve calculated through the waveform inversion, complementing the cross-
correlation measurements (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.).

Fig. 5. Average phase-velocity curve (red line) obtained from the smoother
dispersion curves (dark grey), used for the 1D inversion for Vs profile in depth.
A loose selection is represented in pale grey (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.).

Fig. 6. Comparison of Cape Verde-region average dispersion curve (black line)
with the Atlantic Rayleigh-wave phase velocities averaged for different litho-
spheric ages (James et al., 2014) (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.).
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thickening becomes approximately asymptotic for ages above ap-
proximately 70 Ma according to most of lithospheric cooling models
(see Stein and Stein, 1992; Mckenzie et al., 2005; Hamza and Vieira,
2012). In the presence of anomalously high temperatures in the asth-
enosphere beneath the plate (e.g., due to asthenospheric flow, small-
scale convection, or hotspots; Artemieva, 2011, and references therein),
the plate will be re-heated and acquire a geotherm normally char-
acteristic of a younger lithospheric age, the process referred to as
thermal rejuvenation (Menard and McNutt, 1982).

We compared our profile, derived from the phase-velocity inversion,
with average Vs profiles of different lithospheric ages for the Central
Atlantic Ocean from waveform tomography (Celli et al., 2019) and from
the global model SL2013sv of Schaeffer and Lebedev (2015) (Fig. 8).
Both methods present similar results with slightly lower velocities using
the SL2013sv model, especially for the 30 Ma age profile. The Cape
Verde profile is clearly different from what would be expected for a

region with the age of the ocean crust ranging from 115 to 140 Ma,
showing anomalously low velocities. This is confirmed by a different
independent study (James et al., 2014) revealing Rayleigh-wave phase
velocities slower than the Atlantic averages (see Fig. 6). This feature,
observed both at the lithospheric and asthenospheric depths, suggests
anomalously hot mantle beneath the Cape Verde archipelago, con-
sistent with the anomalous heat flow characterizing the Cape Verde
Rise, which at its centre presents a thermal anomaly of 16 ± 4 mW/m²
above the expected value of 45.5 ± 3.4 mW/m² stipulated for the
crustal age of the Cape Verde region (Courtney and White, 1986). These
authors considered such anomaly as indicative of lithospheric reset to a
thermal age of ∼ 59 Ma. However, the Cape Verde shear velocity is
even lower than that estimated for a 59 Ma old lithosphere, being in-
stead indicative of a lithospheric thermal age of about 30 Ma.

While the Cape Verde Vs profile for the lithosphere matches the one
of 30 Ma for the Central Atlantic, it must be emphasized that at asth-
enospheric depths the velocity beneath Cape Verde is still lower than
that determined for the normal Atlantic asthenosphere in regions of 30
Ma old crust. This indicates that the cause for the rejuvenated character
of the Cape Verde lithosphere is an anomalously hot asthenosphere, i.e.,
the existence of a hotspot (Wilson, 1963). This view is supported when
using a geophysical-petrological approach. Bonadio et al. (2018) used
petrological modeling and, alternatively, published Vs-T relationships
(Goes et al., 2012) to estimate the lithospheric geotherm, and the
mantle potential temperature beneath the Tristan da Cunha hotspot,
based on their phase-velocity data and Vs models. Using the same ap-
proach, we estimate Tp of 1400–1420 °C for Cape Verde, higher than in
the average ambient mantle (1337 ± 35 °C (Katsura et al., 2010)),
indicating excess temperatures beneath Cape Verde. Shear Q at asthe-
nospheric depths in the multi-parameter petrological models for Tristan
da Cunha (Bonadio et al., 2018) is lower than according to AK135, and
this is accounted for in their Tp estimate. Because the Vs structure we
observe is very similar to that beneath Tristan (Fig. 9a), we could use
the results of the petrological modeling of Bonadio et al (2018), making
sure our Tp estimate is not biased by overestimated Q values. The same
conclusion was obtained by Putirka (2008), using olivine-melt equili-
brium. He estimated, for Cape Verde, a mantle potential temperature of
1511 °C, well above the estimation, using the same methodology, for
the ambient upper mantle sampled by the MORB (1396 °C).

4.2. The role of the rejuvenation of lithosphere on the origin of Cape Verde
Rise

The Cape Verde islands rise atop the largest intraplate swell, with a

Fig. 7. Results of the inversion. (a) Inversion
result (red line) and the modified AK135 (black
line) as a reference model (Kennett et al.,
1995). (b) Measured dispersion curve (blue
line) and the synthetic phase-velocities (red
line). (c) The relative data-synthetic misfit (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.).

Fig. 8. Comparison of Cape Verde average profile (black line) with different
lithospheric ages profiles for the Central Atlantic Ocean from (Celli et al.,
2019). (a) 30 Ma (red) and 60 Ma (purple) age profiles (b) 110 Ma (blue) and
140 Ma (green) age profiles. Dashed lines correspond to the same lithospheric
ages calculated from the SL2013sv model (Schaeffer and Lebedev, 2015) (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.).
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depth anomaly of about 2000 m. The origin of ocean floor swells has
been debated and several types of models can be considered (e.g.
Menard and McNutt, 1982; Sleep, 1990; Ali et al., 2003): 1) thermal
rejuvenation of the lithosphere by the occurrence of sublithospheric hot
mantle material; 2) dynamic support by the upwelling sublithospheric
material; 3) underplating with less dense residual material after melt
extraction.

Lodge and Helfrich (2006) considered the existence of a depleted/
refractory root beneath Cape Verde to be the main cause of the
bathymetric anomaly. This residue of melting generation processes
would be Mg-enriched/Fe-depleted and, owing its relatively low den-
sity, would constitute a positively buoyant body underplating the li-
thosphere and causing the observed uplift (see also Phipps Morgan
et al., 1995). For Cape Verde, this model was discarded by Pim et al.
(2008) based on gravimetric data and by Wilson et al. (2010) using
seismic and gravimetric arguments.

According to the thermal rejuvenation model, the oceanic litho-
sphere is heated and thinned when it passes over a hotspot with the
consequent isostatic readjustment and uplift. The evidence shown
above for the existence of a temperature anomaly beneath Cape Verde
is consistent with the thermal rejuvenation, which is also supported by
high heat flow on top of the Cape Verde Rise (Courtney and White,
1986). Using a value 20 mW/m² for the heat flux anomaly, Sleep (1990)
considered the occurrence of a reset to a thermal age of ∼ 59 Ma, to
which should correspond a bathymetric anomaly of only 1200 m in-
stead of the about 2000 m observed, leaving space to complementary
cause(s) for the origin of swell.

Some authors attributed at least a large part of the swell to the
dynamic role of ascending sublithospheric material (Courtney and
White, 1986; Sleep, 1990; Wilson et al., 2010, 2013). However, our
results, pointing to a thermal age of 30 Ma, allows considering a more
important role of thermal rejuvenation on the origin of the Cape Verde
Rise that inferred from the measured heat flow and bathymetric
anomaly. The significant role of thermal rejuvenation of the lithosphere
on the swell origin is in line with the recent results of Lodhia et al.
(2018), based on the calculated sub-lithospheric temperature excess.
Nevertheless, it does not completely rule out the complementary role of

other mechanisms, such as dynamic support by upwelling mantle ma-
terial, a combination proposed, for example, by Wilson et al. (2013)
using a multidisciplinary approach.

4.3. On the origin of Cape Verde hotspot

Lithospheric, age-dependent profiles for the Central Atlantic show
that S-wave velocities for different plate ages tend to converge at a
depth of ∼200 km (Fig. 8). The Vs profile of the Cape Verde region is
distinctly different: down to 300 km, it shows Vs values lower than
typical for the Central Atlantic. This behaviour is consistent with a deep
(> 300 km) origin for the hotspot, which would be compatible with a
mantle plume or, alternatively, with the existence of mantle upwelling
caused by edge-driven or other regional small-scale convection pattern.
This small-scale convection would have been developed in the upper
mantle at the transition between cratonic and thinner oceanic litho-
sphere and would explain some magmatic provinces like Cape Verde
(King, 2007). Our study does not allow the distinction between these
two hypotheses, but this subject may be discussed based on other
geophysical arguments and, also, from a geochemical point of view.

If Cape Verde is originated from a mantle plume anchored in the
lower mantle, the mantle transition zone (MTZ) beneath it should be
anomalously hot. As a consequence, it would be expected a perturba-
tion on the thickness of the MTZ, i.e., between the discontinuities at ∼
410 km and ∼ 660 km. These discontinuities are due to pressure-in-
duced phase transitions from α-olivine to β-spinel (wadsleyite), at ∼
410 km and from γ-spinel (ringwoodite) to perovskite and magnesio-
wustite (∼ 660 km). Those phase transitions are characterized by po-
sitive and negative Clayperon slopes, respectively (e.g. Lebedev et al.,
2003). Consequently, the thickness of the MTZ responds to temperature
variation by thickening when cooled (e.g. by a subducting slab), or by
thinning in the presence of an ascending hot mantle plume.

Several seismic studies performed at different spatial scales and
using different approaches, have assessed the thickness of the MTZ
beneath Cape Verde, with surprisingly different results (c.f. Deuss,
2007; Gu et al., 2009; Hellfrich et al., 2010; Vinnik et al., 2012; Saki
et al., 2015). Deuss (2007) and Gu et al. (2009) both used SS precursors,
Deuss (2007) reporting no MTZ thinning and Gu et al. (2009) sig-
nificant MTZ thinning, as much as beneath Hawaii. Saki et al. (2015)
used precursor arrivals to PP and SS seismic phases and also inferred an
anomalously thin MTZ, in agreement with the result obtained by Gu
et al. (2009). Hellfrich et al. (2010) measured the arrival time of the Ps
waves converted at 410 and 660 km discontinuities and inferred a
standard, global-average MTZ thickness. However, their data would not
be inconsistent with anomalously thin MTZ if the anomaly extended
over less than 250 km laterally. Vinnik et al. (2012), reported a pro-
nounced thinning of the MTZ, using both PS and SP receiver functions.
The evidence on the temperature in the MTZ beneath Cape Verde from
converted and reflected body waves thus remains overall inconclusive.

Noble gas isotopic geochemistry is considered an important tool to
assess the nature of contributions of distinct mantle reservoirs to
magma sources (e.g. Moreira, 2013; Jackson et al., 2014). Noble gas
studies on the Cape Verde rocks have evinced the occurrence of He
isotope signatures clearly more unradiogenic than the canonical value
of 8 ± 1 Ra of the N-MORB or the mean MORB value of 8.8 ± 2.1
(Graham, 2002). Indeed, for Cape Verde ³He/⁴He ratios up to 15.7
(Doucelance et al., 2003) and 15.5 (Mata et al., 2010) Ra has been
described for silicate rocks and carbonatites, respectively. Such values
suggest that relatively unradiogenic signatures preserved in the lower
mantle could have contributed to the Cape Verde origin. The possibility
of the preservation in the deepest mantle of such unfractionated do-
mains for periods as long as 4.5 Ga was made possible by the inefficacy
of chemical diffusion and mixing in the highly-viscous lower mantle
(Jackson et al., 2010).

Moreover, for Cape Verde 206Pb/204Pb ratios up to 20.251 (Mourão
et al., 2012) and 20.238 (Hoernle et al., 2002) has been measured for

Fig. 9. (a) Vs profiles for Tristan da Cunha (red line) (Bonadio et al., 2018) and
Cape Verde (black line). (b) Cape Verde (black line) and Vs profiles for three
different regions in Hawaii (see Fig. 11 of Laske et al., 2011) (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.).
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silicate and carbonatite rocks, respectively. These values are evidence,
albeit indirect, for an origin related to a deep rooted plume. Indeed, a
recent study showed that hotspots with a strong contribution of the
HIMU (high time-integrated U/Pb mantle component), as is the case of
Cape Verde, are more likely to be associated with deeply anchored
mantle plumes (Jackson et al., 2018).

In conclusion, several kinds of geochemical arguments are strongly
suggestive of an origin of the Cape Verde hotspot related with a mantle
plume rooted in the lowest levels of the mantle, in agreement with
global scale tomographic studies (e.g. Montelli et al., 2006; Forte et al.,
2010; French and Romanowicz, 2015).

4.4. Comparison with other hotspots

In addition to the comparison with both fundamental-mode
Rayleigh-wave phase velocities (Fig. 6) and 1D shear-wave velocity
profiles for different lithospheric ages of the Atlantic Ocean (Fig. 8), we
also compared our profile with those beneath other hotspots. In Fig. 9
we compare the Cape Verde Vs profile with the results for two other
intraplate hotspots, Tristan da Cunha (Bonadio et al., 2018) and Hawaii
(Laske et al., 2011).

Fig. 9 reveals that the Cape Verde and Tristan da Cunha regions are
characterized by similar Vs profiles, nevertheless with higher velocities
than that beneath the active volcanoes of Hawaii (Laske et al., 2011).
This is consistent with Hawaii being characterized by significantly
higher mantle potential temperatures (Tp = 1687 °C) than Cape Verde
(Tp = 1511 °C) and Tristan da Cunha (Tp = 1573 °C) as determined by
Putirka (2008). The slightly higher Vs characterizing Cape Verde, as
compared with Tristan da Cunha (see Fig. 9), is in agreement with its
lower mantle potential temperature as calculated by Putirka (2008) or
when using the Bonadio et al. (2018) approach (Tristan da Cunha
Tp = 1410–1430 °C; Cape Verde T = 1400–1420 °C).

We also made a comparison with hotspots located on, or close to,
the Mid Atlantic Ridge - Iceland, Azores and Ascension (Gaherty and
Dunn, 2007), for which local Vsv models are available (Fig. 10). When
the Cape Verde profile is compared with the profiles obtained for these
hotspots, it is noticeable that Vs at depths down to 150 km is higher
beneath Cape Verde than beneath Iceland, Azores and Ascension (with
exception of the 15–20 Ma profile which presents velocities similar to

Cape Verde), suggesting a thicker lithosphere beneath Cape Verde when
compared with the "near-ridge" archipelagos. This explains the very low
degrees of partial melting inferred from the highly SiO2-unsaturated
composition of the Cape Verde rocks. Such low extent of melting se-
verely limited the ability for compositional homogenization of the
source heterogeneities, which is reflected, for example, in the hetero-
geneous character of the Cape Verde lavas erupted in the last 60 years
from volcanic vents located less than 2 km away (Mata et al., 2017).

5. Conclusions

In a local-scale study of the Cape Verde region, we measured fun-
damental-mode Rayleigh-wave dispersion curves in a broad period
range, yielding an accurate and definitive local Vs profile than available
previously. Our data reveals a low-velocity zone reaching a minimum
Vs of ∼ 4.2 km/s at 170 km depth, suggestive of a temperature
anomaly. This temperature anomaly is likely to have been the cause for
a significant thermal rejuvenation of the oceanic lithosphere beneath
Cape Verde to an apparent age of approximately 30 Ma, which we infer
from comparisons of the Cape Verde Vs profile and normal Central
Atlantic lithosphere for different ages. This rejuvenated age is much
lower than the previously proposed value of 59 Ma (Sleep, 1990) re-
ducing the need to invoke a significant role of dynamic support of the
Cape Verde swell. The minimum value of Vs at the Cape Verde asthe-
nosphere is higher than the one reported for under the active volcanoes
of Hawaii but similar to that for Tristan da Cunha, consistent with
higher potential temperatures for Hawaii compared to Cape Verde and
Tristan da Cunha. Our results, interpreted together with the published
evidence on the relatively He-unradiogenic signatures and low-seismic-
velocity anomalies in the lower mantle, strongly suggest an origin of the
Cape Verde hotspot related to a deeply anchored mantle plume.

Data availability

Data from the YW network were obtained from Incorporated
Research Institutions for Seismology (IRIS) Data Management Center at
http://ds.iris.edu/mda, code YW. Data from the 9A network can be
downloaded from the GFZ Seismological Data Archive at geofon.gfz-
potsdam.de/waveform/archive.

Fig. 10. Vs profiles for Iceland (blue lines),
Azores (green lines) and Ascension (red lines)
hotspots (Gaherty and Dunn, 2007). Cape
Verde Vs profile is represented by a black line.
The several lines of the same color for each
hotspot represent different oceanic lithosphere
ages (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.).
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