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Ocean island volcanism provides a unique window into the nature of mantle composition, dynamics and evolution. The four Macaronesian archipelagos–Cape Verde, the Canaries, Madeira and the Azores–are the main magmatic systems of the Central-East Atlantic Ocean with volcanic activity that in some islands poses significant risk for the population. The recent development of regional seismic networks in these settings has provided an important step forward in mapping the underlying mantle. However, difficulties in resolving the small-scale structure with geophysical techniques persist leading to discrepancies in the interpretation of the mechanisms responsible for volcanism. Here we review results from a number of studies on the seismic mantle structure beneath the Macaronesian archipelagos including seismic tomography, receiver functions, precursors and shear-wave splitting. Several regional models show low-velocity features in the asthenosphere below the islands, a relatively thinned transition zone and complex anisotropic patterns and attribute the volcanism to mantle plumes. This inference is supported by whole-mantle tomography models, which find broad low-velocity anomalies in the lower mantle below the Central-East Atlantic. Other models call for alternative mechanisms associated with shallower mantle upwellings and purely plate tectonism. Thus, there is still no generally accepted mechanism that explains volcanism in the Macaronesia region. Future research requires improvements in the resolving power of seismic techniques to better illuminate the velocity structure at a much higher resolution than the currently achieved and ultimately define the mechanisms controlling the ocean island volcanism.
Keywords: Macaronesia region, mantle structure and dynamics, seismic imaging, ocean island volcanism, Cape Verde islands, Canary and Madeira islands, Azores islands
1 INTRODUCTION
Oceanic island volcanism provides important insights regarding mantle composition, magma formation processes and evolution. Originally, a hot columnar plume rising from the lower mantle has been proposed to support the generation of magma in Hawaii and then applied to other volcanic islands (Morgan, 1972). The surface expression of this type of upwelling, i.e., ‘hotspot volcanism’, can explain many observations such as topographic swells, long-lived linear age-progressive volcanism and distinct radiogenic isotope characteristics of the rocks.
Nevertheless, several cases of ‘non-hotspot volcanism’ exist (e.g., Batiza, 1982; McNutt, 1998; Anderson, 2000). For example, some archipelagos display non-linear age-distance relationships or short-lived volcano chains and call for alternative mechanisms including small-scale convection (Raddick et al., 2002; Ballmer et al., 2007; Manjón-Cabeza Córdoba and Ballmer, 2020), shear-driven upwelling (Conrad et al., 2010; Ballmer et al., 2013), tensional fractures (Anderson, 2000; Stuart et al., 2007) and vertical motion of the lithosphere (e.g., Slater et al., 1998; Bianco et al., 2005).
One key challenge in distinguishing between these mechanisms is to image in high resolution the seismic structure below the volcanic islands. To achieve this, a wide and dense coverage of seismic stations and high-quality recordings (not much contaminated by noise) are needed. However, these requirements are difficult to attain in oceanic environments due to the configuration of the islands, the non-ideal source-receiver geometry and the effect of the water layer on the signal (e.g., Lees, 2007; Spieker et al., 2018; Carvalho et al., 2022).
The Central-East Atlantic Ocean hosts several volcanic islands and seamounts that interrupt the regular seafloor, such as Cape Verde, Canary, Madeira, and Azores archipelagos (Figure 1). These four archipelagos are commonly known as Macaronesian islands, coming from the Greek for ‘islands of the fortunate’. Recent improvements in seismic imaging and computing resources have supported new concepts for the origin of these islands marking significant advances in our understanding of geodynamic mechanisms that sustain such ocean island volcanism. However, many unanswered questions still exist: a) are the lithospheric processes controlling the location of the Central-East Atlantic volcanism or is this volcanism fed by mantle upwellings which are independent of the lithosphere?; b) where do the specific mechanisms that sustain the volcanically active Macaronesian islands lie at depth?; and c) do Cape Verde-Canaries-Madeira-Azores represent a single system, i.e., a plume rising from deep mantle which splits into different branches or are they unrelated to each other?
[image: Figure 1]FIGURE 1 | (A) Topographic map with LIP contours (from Johansson et al., 2018) overlaid in red. Macaronesian hotspots are shown as yellow diamonds: CV: Cape Verde; CA: Canaries; MD: Madeira; AZ: Azores. Each LIP province with the names of the islands indicated is shown at the bottom in panels ((A)a–d). AGFZ: Azores-Gibraltar Fracture Zone; MAR: Mid-Atlantic Ridge. Another prominent The New England LIP is located south of the Azores, but it is not discussed in the text. (B) Age of the oceanic lithosphere derived from magnetic and other geophysical data (Müller et al., 2008). (C) Residual ocean basement depth relative to the plate model PS77 (Parsons and Sclater, 1977).
This work describes the state of our knowledge concerning the mantle structure beneath the Macaronesian archipelagos and discusses the challenges and future directions in improving the seismic spatial resolution. Our aim is to summarize for those who do not primarily specialize in seismology the main seismic models of the mantle beneath the Macaronesia region, which provide critical information on the geodynamic mechanisms feeding the ocean island volcanism.
2 GEODYNAMIC FRAMEWORK
The Macaronesian archipelagos are widely considered to represent hotspots and have many features typically associated with the presence of deep-seated mantle plumes. The Azores are characterized by elevated topography (Adam et al., 2013) and pronounced negative Bouguer anomaly (Thibaud et al., 1998; Gente et al., 2003). Similar, but volumetrically less significant anomalies are observed in Madeira, the Canary Islands, and Cape Verde (e.g., Canales and Dañobeitia, 1998; Grevemeyer, 1999; Carracedo et al., 2015). The Macaronesian rocks show also a common ‘Ocean Island Basalt (OIB)’-type composition, characterized by higher alkalinity at similar SiO2 than standard tholeiitic ‘Mid-Ocean Ridge Basalt (MORB)’-type lavas (Graham, 2002).
However, the geodynamic framework of the four archipelagos is different. The Azores are located close to the Mid-Atlantic Ridge (MAR) and do not show age progression (Supplementary Figure S1). Yet, the seismicity is intense with high-magnitude earthquakes associated primarily with active fracture zones (Storch et al., 2020). In contrast, the Madeira, Canary, and Cape Verde archipelagos are in proximity to the African coast, show a general SW-NE progression of increasing volcanism age consistent with the direction of the African plate and are marked by a generally low-magnitude volcano-related seismicity (Carracedo and Troll, 2021). This has sparked the debate about whether such volcanic archipelagos form by melting of buoyantly upwelling mantle plumes, or simply the result of tectonically-driven melt extraction (Courtillot et al., 2003; Anderson et al., 2005).
3 LARGE-SCALE MANTLE STRUCTURE OF THE CENTRAL ATLANTIC OCEAN
Many seismic imaging studies illuminated the mantle structure beneath the Central Atlantic Ocean mainly through tomography using different seismic wave types as body waves (Montelli et al., 2004; 2006; Zhao, 2007; Simmons et al., 2012), surface waves (e.g., Mocquet and Romanowicz, 1990; Silveira and Stutzmann, 2002; Pilidou et al., 2004; James et al., 2014; Celli et al., 2020a) or a combination of both (e.g, Honda and Tanimoto, 1987; French et al., 2013; Zhu and Tromp, 2013; French and Romanowicz, 2014).
Using surface waves, Celli et al. (2020a) imaged broad but separated low-velocity anomalies in the upper mantle below the Azores, Cape Verde, Canary and Madeira islands. The finite-frequency tomography images of Montelli et al. (2004, 2006) show that these signatures connect at 1,000–1,400 km depth and reach the bottom of the mantle beneath western Africa.
Figure 2 illustrates four whole-mantle P- and S-wave tomography models (Amaru, 2007; Ritsema et al., 2011; Simmons et al., 2012; French and Romanowicz, 2014), which map isolated upper-mantle low-velocity anomalies merging in a single body at ∼1,200 km depth. This broad feature has been interpreted as a dome-like instability–the so-called Central-East Atlantic Anomaly (CEAA)– connected to the African Large Low Shear-Velocity Province (LLSVP, Davaille and Romanowicz, 2020; Civiero et al., 2021).
[image: Figure 2]FIGURE 2 | Map views taken from the following whole-mantle tomography models beneath the Central-East Atlantic Ocean: the P-wave model UU-P07 (Amaru, 2007) in the first column; the P-wave model LLNL (Simmons et al., 2012) in the second column; the S-wave model SEMUCB-WM1 (French and Romanowicz, 2014) in the third column; and the S-wave model S40RTS (Ritsema et al., 2011) in the fourth column. CEAA: Central-East Atlantic Anomaly.
PP and SS precursors and receiver functions (RFs) on the mantle transition zone (MTZ) discontinuities at ∼410- and 660-km depth provide independent information on the mantle structure. These discontinuities are caused by pressure-induced mineral phase transformations. The depth at which the phase transformations occur depends mainly on the pressure-temperature conditions at the boundaries. Consequently, the variation of the discontinuities’ topography is commonly seen as a signature of the lateral variation in the thermal structure of the MTZ. Cold downwelling material (e.g., subducting slab) would warp the 410-km discontinuity up and the 660-km discontinuity down, while hot upwelling material (e.g., plume rising from the lower mantle) would result in a depression of the 410-km discontinuity and uplift of the 660-km discontinuity (Bina and Helffrich, 1994). The global SS precursors studies of Flanagan and Shearer (1998) and Houser et al. (2008) find a close-to-normal MTZ thickness in the Central-East Atlantic Ocean. Gu et al. (2009) report a slightly thinned MTZ in the same region, in agreement with other global studies using RFs and sensitivity kernels (Lawrence and Shearer, 2006; 2008). Saki et al. (2015) reveal large depressions of the 410-km discontinuity beneath all the archipelagos and a raised 660-km discontinuity close to the MAR and propose that a large hot plume reaches the base of the MTZ in the central-south Atlantic without penetrating it. This is in line with the tomographic models shown in Figure 2 that image broad low-velocity bodies in the uppermost lower mantle beneath all the archipelagos suggesting plume material accumulation right underneath the MTZ.
Several studies of shear-wave splitting, travel times and phase velocities detecting large-scale anisotropy features in central-north Atlantic have been published (Kuo et al., 1987; Sheehan and Solomon, 1991; Yang and Fischer, 1994; Tanimoto and Anderson, 2000; Silveira and Stutzmann, 2002; Pilidou et al., 2005; Zhu and Tromp, 2013). The anisotropy tomography of Silveira and Stutzmann (2002) find a striking azimuthal anisotropy signature beneath many Atlantic Ocean archipelagos where fast S-wave velocity direction diverges radially from the hotspots. Pilidou et al. (2004, 2005) show that while the plate motion dominates the upper-mantle flow beneath the North Atlantic, this pattern is disrupted around and below Iceland and they speculate that this could occur when an additional flow type due to rising plumes is introduced.
4 REGIONAL MANTLE IMAGING STUDIES ON THE MACARONESIAN ISLANDS: STATE OF THE ART
The seismic coverage in the Macaronesia region has been greatly improved, adding broadband recordings from land-based stations accumulated over the last 20 years (e.g., Lodge and Helffrich, 2006; Silveira et al., 2010; Vinnik et al., 2012; Hannemann et al., 2013; Matos et al., 2015). Despite a few past efforts (e.g., Grevemeyer et al., 2010; Crawford et al., 2017), seismic data from Ocean Bottom Seismometers (OBSs) around the archipelagos are still not available. Below we will provide a short review of the regional seismic studies that help image the mantle structure below the islands and distinguish the geodynamic mechanisms driving ocean island volcanism. A summary of the geophysical observations and the mechanisms proposed for each archipelago is shown in the Supplementary Table S1. Most tomography studies illuminate only the upper mantle and at an insufficiently fine resolution to resolve the small-scale (<100 km) features, especially narrow conduits that would indicate mantle plumes.
4.1 Cape Verde
The Cape Verde archipelago is composed of nine islands and overlies a topographic anomaly known as the Cape Verde Rise (up to ∼2000 m high), considered one of the largest oceanic intraplate bathymetric anomalies (Monnereau and Cazenave, 1990) (Figure 1Aa).
Upper-mantle regional tomography models (Liu and Zhao, 2014; 2021; Lodhia et al., 2018) display low asthenospheric velocities beneath the archipelago, suggesting an anomalously hot upper mantle. Carvalho et al. (2019) using dispersion data image a low-velocity zone from ∼60 to ∼210 km depth. The recent VS model of Liu and Zhao (2021) shows two low-velocity anomalies (100–200 km wide), which merge into a single low-Vs column down to the base of the MTZ, interpreted as the seismic signature of a hot, volatile- and melt-rich plume. This agrees with geochemical data that find HIMU-type and lower-mantle materials in the Cape Verde lava, which are considered to have been carried to the upper mantle by a plume rooted at the base of the mantle (e.g., Hoernle et al., 2002; Mourão et al., 2012; Jackson et al., 2018). Numerical modelling results propose edge-driven flow triggered by the African cratonic root as an alternative mechanism to explain this low-velocity anomaly (King and Ritsema, 2000).
Shear-wave splitting analyses suggest that low-density material produced by upwelling melts spreads from separate melting loci below the islands with a non-radial pattern (Lodge and Helffrich, 2006) confirming the plume hypothesis. The existence of hot mantle upwellings is more debated at deeper depths, especially within the MTZ. Indeed, seismic observations on the MTZ discontinuities found surprisingly different results: a normal MTZ thickness was reported by Deuss (2007) and Helffrich et al. (2010) in contrast with Gu et al. (2009), Vinnik et al. (2012) and Saki et al. (2015) who observe a significant MTZ thinning up to ∼30 km less than average. Evidence of temperature and compositional anomalies in the MTZ remains thus inconclusive, as well as its nature.
4.2 Canaries
The Canary archipelago comprises seven volcanic islands and several seamounts located on the oldest lithosphere in the ocean basins (>170 Ma; Figures 1Ab) with its eastern edge only 100 km from the NW African coast (Geldmacher et al., 2005).
To explain the distribution of the volcanism in the islands, Anguita and Hernán (2000) suggest a model where an upper-mantle residue from a fossil plume interacts with a lithospheric fracture propagating from the Canary Islands to the Atlas Mountains in Morocco. Later, similar unified scenarios invoking a mantle plume interacting with a complex lithospheric architecture have been proposed by Geldmacher et al. (2005); Duggen et al. (2009); Manjón-Cabeza Córdoba and Ballmer, (2022) for this area and applied to other regions on Earth (e.g.; Celli et al., 2020b; Civiero et al., 2022). Currently, the debate is focused on whether the volcanism is due to a deep plume or shallower upper-mantle upwellings (e.g., Hoernle et al., 1995; Piromallo et al., 2008; García-Yeguas et al., 2014; Miller et al., 2015; Saki et al., 2015; Long et al., 2020). Recently, an integrated analysis using tomography and paleo-reconstruction models proposed that upper-mantle plumelets (∼150–200 km wide) at various times and locations since at least 90 Ma may exist below the volcanic chain (Civiero et al., 2021).
Previous RFs and precursors studies (e.g., Deuss, 2007; Martinez-Arevalo et al., 2013; Saki et al., 2015) find an overall thinned MTZ (∼15–20 km less than normal) beneath the Canaries indicating that it is likely crossed by hot mantle material. The presence of a plume beneath the archipelago is also supported by new shear-wave splitting measurements (Schlaphorst et al., 2022), which show a small-scale complexity of the mantle flow pattern in the Canary Islands and suggest that it may be perturbed by a rising upwelling.
4.3 Madeira
Madeira archipelago is located 450 km to the north of the Canary Islands and is considered the current location of the >70 Ma old hotspot which formed a line of seamounts and islands extending from NE to SW (Geldmacher and Hoernle, 2000) (Figures 1Ac).
The upper-mantle structure underneath Madeira is still poorly studied tomographically. The most recent travel-time tomography models of Civiero et al. (2018, 2019) image a low-velocity body below Madeira extending only down to ∼300 km depth, which has been interpreted as a blob-like mantle upwelling (∼100-km wide), apparently disconnected from the MTZ. The upper-mantle structure is partially identified in the previous body-wave tomography of Bonnin et al. (2014) and shows much more complexity than the large-scale low-velocity anomaly detected by global models (e.g.; Hoernle et al., 1995; Montelli et al., 2006; Simmons et al., 2012).
Although Madeira and Canary hotspots are only separated by ∼400–500 km, the geochemistry of their respective magmatic provinces is clearly distinct (Geldmacher et al., 2005); however, their arrays converge to a composition close to the C component (Geldmacher et al., 2011). This common C component has been suggested to reside on a lower-mantle thermochemical source, which may feed all the hotspots in the Central Atlantic Ocean (Hoernle et al., 1995; Mata et al., 1998; Widom et al., 1999).
Shear-wave splitting results (Schlaphorst et al., 2022) find perturbed, small-scale heterogeneous orientation patterns below Madeira ad global RFs whereas precursors studies (e.g., Houser et al., 2008; Lawrence and Shearer, 2008; Deuss, 2009) detect a slightly thinned or close-to-average MTZ thickness, supporting the plume theory. However, more detailed information about the MTZ topography is missing in the literature.
4.4 Azores
The Azores mark the triple junction between the North American, Eurasian, and African plates and consist of nine islands volcanically active from 7 Ma to the present (Gente et al., 2003) (Figures 1Ad). Due to the lack of a consistent age progression of the volcanism, the presence of a mantle plume is more debated here compared to the other archipelagos (see Kueppers and Beier, 2018). Besides, many regional fracture systems caused by its vicinity to the MAR lead many geoscientists to prefer tectonic-type or other passive, plate-driven upwellings to explain the nature of Azores volcanism (e.g., Bourdon et al., 1996; King, 2005; Luis and Neves, 2006).
Regional tomography studies in support of the plume theory image a round low-velocity anomaly (200–500 km in diameter) confined in the asthenosphere, which would have formed the Azores Plateau (Montagner and Ritsema, 2001; Silveira and Stutzmann, 2002; Pilidou et al., 2004; Silveira et al., 2006; Yang et al., 2006). To explain the extension of the slow seismic anomalies further to the south they also propose a hotspot-ridge interaction in which the plume conduit is deflected to the southwest in the shallow mantle by asthenospheric flow and plate motion. Rock geochemistry finds incompatible trace element enrichment coupled with high radiogenic isotope ratios and suggests the existence of a common and compositionally heterogeneous mantle source beneath the Azores (França et al., 2006; Beier et al., 2012; Genske et al., 2016).
The RFs study of Silveira et al. (2010) found a normal MTZ thickness in a large region of the Atlantic around the Azores plateau in agreement with the observations of Li et al. (2003), which used one station deployed in São Miguel. These observations are in line with recent active-source seismic results of Beier et al. (2022) and suggest that the low-velocity anomaly is the seismic expression of a mantle plume with no tail, which may be in its dying phase. However, the only two seismic anisotropy studies published did not find any anisotropy signal in the upper mantle beneath the Azores (Kuo and Forsyth, 1992; Silveira et al., 2010).
5 RECENT ADVANCES AND FUTURE DIRECTIONS
Recently, Civiero et al. (2021) proposed a unified scenario where several upper-mantle upwellings are connected to the CEAA, which is ponded below the 660-km discontinuity. This new geodynamic framework offers a challenge for the geophysical community to improve the resolution of the mantle in the Central-East Atlantic, namely by collecting new land- and offshore-based data in and around the archipelagos.
To date, the instrumentation gaps put critical limits on the resolving power of seismological imaging but the growing number and quality of seismic data in the target areas will allow for more high-resolution studies revealing the smallest details of the mantle structure. Special focus has been currently placed in the less explored archipelago of Madeira (Bonatto et al., 2022; Schlaphorst et al., 2022), where the topography of the MTZ discontinuities and the anisotropy signature are still poorly known. Significant advancements in the knowledge of mantle structure in other Earth’s hotspots using recently collected high-resolution data have been successfully carried out, for example, in Hawaii (Agius et al., 2017), Réunion (Scholz et al., 2018; Tsekhmistrenko et al., 2021) and Iceland (Celli et al., 2021).
Until now, most of the methods described above have been used independently of one another. Combining the different analysis methods and using them in conjunction with other results will be fundamental to compensate for simplifying assumptions inherent to every single technique and region of study.
To undertake this challenge, the ongoing project UPFLOW (https://upflow-eu.github.io) has recently deployed 50 OBSs on the seafloor of the Central-East Atlantic Ocean. Applying cutting-edge imaging techniques to these data and integrating them with other Earth Science information will open the possibility to image the fine-scale mantle structure beneath the Macaronesia region and thereby address the open questions about the origin of ocean island volcanism.
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