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The Cameroon Volcanic Line (CVL) of west Africa poses many challenges to common models of mantle processes and volcanic system genesis. Although the CVL superficially resembles the hot-spot trace of a mantle plume, there is no evidence for age progression of initiation or cessation of volcanic activity, making the CVL one of several hot-lines observed on Earth, which exhibit asynchronous volcanism along each line. This unusual form of volcanic system, together with the complexity of the surrounding geology, which includes a Mesozoic rift, an Archean Craton, a Proterozoic mobile belt, and a major continental-scale shear zone, have fueled numerous geophysical investigations of the crust and upper mantle structure within the region. This review highlights major findings from geophysical studies, including controlled source and passive source seismic studies and gravimetric modeling, conducted in the late 20th and early 21st centuries. Potential geodynamic models for the formation of the CVL are examined and evaluated based on the body of geophysical evidence. Finally, several key outstanding questions about the structure and formation of the CVL are highlighted, potentially guiding future studies of this region.
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INTRODUCTION
The Cameroon Volcanic Line (CVL) in west Africa is a geologic enigma that challenges many current models for mantle dynamics, tectonics, and volcanism. The CVL consists of an 1800 km long linear chain of active volcanoes and plutonic structures. It is comprised of two sections of roughly equal lengths—an onshore section within the Adamawa Plateau of Cameroon, and an offshore section of volcanic islands including Annobòn (Pagalú) and Bioko as well as the island nation of São Tomé and Príncipe (Figure 1). Volcanism along the CVL dates from 66 Ma to the present, without any systematic change in the onset of volcanism or in the age of the most recent volcanic activity (Figure 2; e.g., Hedberg, 1969; Deruelle et al., 1991; Deruelle et al., 2007; Marzoli et al., 1999; Marzoli et al., 2000; Ngounouno et al., 2005; Ngounouno et al., 2006; Kamgang et al., 2010; Asaah et al., 2015).
[image: Figure 1]FIGURE 1 | Geologic map of the CVL and surrounding regions. Volcanic provinces of the CVL are shown in red, and the Congo Craton and the Benue Trough are shade in gray. Bold lines represent the CASZ, including the Foumbian Shear Zone (FSZ), Tcholliré-Banyo Shear Zone (TB), and the Sanaga Fault (SZ). White numbers and labels indicate the locations of volcanic centers dated in Figure 2. The inset shows the CVL in relation to St. Helena and nearby seamounts. The area of the primary map is shown with a black rectangle.
[image: Figure 2]FIGURE 2 | Ages of volcanic activity at volcanic centers along the continental CVL (#1–14) and the oceanic portions (by island name) of the CVL. Volcanic center locations are shown in Figure 1 (Hedberg, 1969; Grant et al., 1972; Grunau et al., 1975; Dunlap and Fitton, 1979; Cornen and Maury, 1980; Dunlap, 1983; Fitton and Dunlap, 1985; Lee et al., 1994; Ngounouno et al., 1997; Marzoli et al., 1999; 2000; Ngounouno et al., 2001; 2003; Njilah et al., 2004; Ngounouno et al., 2005; 2006), illustrating the lack of age progression for initiation or cessation of volcanism along the CVL. Reproduced with permission from Reusch et al. (2010).
The linear nature of the CVL has led many studies to describe it as a classic Wilson-Morgan hot spot trail created by a mantle plume, in which a linear chain of age-progressive volcanoes are produced (e.g., Morgan, 1972; Morgan, 1983; Van Houten, 1983; Duncan and Richards, 1991; O’Connor and Le Roex, 1992; Lee et al., 1994; Burke, 2001). The CVL, however, displays several first-order characteristics that fundamentally differ from those that define a hot spot trail, leading other studies to conclude that the CVL is inherently inconsistent with its formation by a mantle plume (e.g., Poudjom Djomani et al., 1995; Reusch et al., 2010; Adams et al., 2015).
The characteristics of a mantle plume are debated in scientific literature. The traditional Wilson-Morgan model of a mantle plume includes a narrow thermal anomaly seated in the deep mantle, which is stationary within the mantle over time (Wilson, 1963; Morgan, 1971; Morgan, 1972). Such a plume should 1) produce a linear chain of volcanos that parallels plate motion, 2) extend from an older large igneous province produced by the initial plume head, 3) show a progression in age of onset and cessation of volcanic activity along the line, and 4) produce basalts with geochemical signatures distinct from mid-ocean ridge basalts (e.g., Wilson, 1963; Morgan, 1971; Campbell, 2007; and sources therein). More recent adaptations to the plume hypothesis include plumes that are not stationary within the mantle (e.g., Molnar and Stock, 1987; Steinberger et al., 2004), plumes that originate from shallower depths of the mantle (e.g., Burke and Torsvik, 2004), plumes that lack an initial plume head forming a large igneous province (e.g., Farnetani and Samuel, 2005; Davies and Bunge, 2006), or plumes with significant geochemical overlap with mid-ocean ridge basalts (Chadwick et al., 2005; White, 2010). All theories for the existence of mantle plumes, however, concur that a plume should produce a line of volcanos with age progression and an orientation parallel to plate motion. The CVL notably does not meet these “minimum requirements”, displaying no age progression and having an orientation that is sub-perpendicular to plate motion in a hot-spot frame of reference (Gripp and Gordon, 1990). Furthermore, geochemical evidence to support or refute the presence of a mantle plume associated with the CVL is equivocal.
Numerous geophysical and geochemical studies have been conducted across the CVL since 1980 to delineate the characteristics of this volcanic line and to gain insight into the processes that formed and continue to drive it. Geochemical studies of the CVL were reviewed and analyzed by Asaah et al. (2015). In this study, I present a review of insights from geophysical studies from the last 40 years, and analyze the potential geodynamic models that may have formed the enigmatic CVL.
GEOLOGIC SETTING
The Cameroon Volcanic Line
The CVL consists of multiple volcanic and plutonic bodies arrayed a narrow line that roughly bifurcates the bend of central western Africa at the Gulf of Guinea. The onshore CVL lays atop the Adamawa Plateau, a broad topographic region with approximately 1 km of uplift and consists of seven major volcanic centers including Mt. Cameroon as well as Mts. Bambouto, Entinde, Mandara, Manengouba, and Oku (Tabod et al., 1992). The offshore CVL lays atop an asymmetrical 200 km wide crustal arch with up to 3 km of uplift, with major volcanic centers marked by the islands of Annobòn, São Tomé, Príncipe, and Bioko (Meyers and Rosendahl, 1991; Meyers et al., 1998). Igneous materials consist primarily of alkaline plutonic rings and alkaline basalts (Hedberg, 1969;Deruelle et al., 1991; Deruelle et al., 2007). Continental Precambrian crystalline basement rocks are part of the Oubanguides Belt, a zone of Neoproterozoic metamorphosed mobile belts dating to the Neoproterozoic Pan-African orogeny, and forming part of the Central African Orogenic Belt (e.g., Nzenti et al., 1988; Castaing et al., 1994; Marzoli et al., 2000).
The CVL strikes at approximately N30oE, with little apparent change in orientation within the continental and oceanic sections. Both distal ends of the CVL show divergence from the central line. In the northeast, the northern CVL splits into two distinct lines extending 300 km north and 200 km east, creating a Y-shaped terminus. Southwest of Annobòn, the CVL connects to a broad field of numerous seamounts, 700 km across, extending to St. Helena. It is notable that the long axis of this broad Annobòn-Helena seamount field roughly follows the overall orientation of the CVL (see inset of Figure 1). The apparent connection between the CVL, the Annobòn-Helena seamount field, and the island of St. Helena have led some authors to suggest that the CVL may be part of a broader mantle feature (e.g., Morgan, 1972; Morgan, 1983; Duncan and Richards, 1991; Meyers et al., 1998).
Surrounding Regions
North of the CVL and along the northern border of the Adamawa Plateau lies the Benue Trough, a linear sediment-filled dormant rift formed during the rifting of the Atlantic Ocean, 140–84 Ma (e.g., Burke et al., 1970; Fitton, 1980; Maluski et al., 1995). The Benue Trough is oriented sub-parallel to the CVL, and splits into two smaller rifts near the northeastern termination, forming a Y-shaped intersection and mirroring the shape of the northern CVL. The eastern most portions of the Benue Trough overlap with the northern most extension of the CVL in the Garoua Rift region. The Benue Trough was also volcanically active during and after rifting, with andesitic and basaltic deposits dating to 147–106 Ma in the north and 97–9 Ma in the south (e.g., Carter et al., 1963; Burke et al., 1970; Uzuakpunwa, 1974; Olade, 1978; Maluski et al., 1995). These morphologic and volcanic similarities between the Benue Trough and the CVL have led many authors to infer some dynamic relationship between the two features (e.g., Fitton 1980; Fitton et al., 1983; Fitton, 1987). For example, Fitton et al. (1983) suggested that a thermal anomaly in the upper mantle may have migrated from the Benue Trough to the CVL due to changes in mantle convection or plate motion. More recent geophysical studies, however, identify key differences between the crustal and upper mantle structures in these regions, suggesting that the two features may not share a common cause. The relationship between the two features, or even if any causal relationship exists, remains unanswered.
The CVL is roughly aligned with the Central African Shear Zone (CASZ), which locally includes the Foumbian Shear Zone, Tcholliré-Banyo Shear Zone, and the Sanaga Fault (SZ) as the Foumbian Shear Zone (Dorbath et al., 1986; Toteu et al., 2004; Nzenti et al., 2006). The CASZ in Cameroon consists of several mylonitic shear zones within the Oubanguides Belt and shows a complex series of both dextral and sinistral shear that began with the collision of multiple cratons during the formation of Gondwana (Toteu et al., 2004). This major intercontinental structure runs from northeastern Africa, through the central African continent, and along southern boundary of the CVL (Fairhead and Okereke 1987). Prior to the opening of the Atlantic Ocean during the Mesozoic, the CASZ continued into what is now the Pernambuco lineament of South America. Within the Atlantic Ocean, the previously existing CASZ may have influenced the large transform offsets observed for the Ascension Fracture Zone at the mid-Atlantic Ridge (Burke et al., 1971; Browne and Fairhead 1983).
The CASZ separates the CVL from the Congo Craton, the largest of several pre-Cambrian blocks that form the framework of the African continent. Archean to Paleoproterozoic in age, the Congo Craton occupies a substantial portion of sub-Saharan Africa, but is buried by major sedimentary basins in many locations. The Congo Craton is exposed in southern Cameroon as the Ntem Complex, which forms the northwestern boundary of the craton (Vicat et al., 1996). The northern boundary is overthrust by the Oubanguides Belt, while the western boundary is obscured by coastal sediments, making the delineation of the Congo Craton’s boundary relative to the CVL challenging in these locations (Boukeke, 1994).
Dating and Mantle “Hot Lines”
Igneous activity associated with the CVL began in the Paleocene, with the intrusion of alkaline plutonic ring complexes 66–30 Ma (Deruelle et al., 1991; Deruelle et al., 2007). Volcanic activity began 42 Ma within the continental portion of the CVL, while offshore volcanism began 30 Ma (Figure 2; e.g., Grunau et al., 1975). The initiation of offshore volcanism correlated with the formation of the offshore crustal arch, but uplift of the Adamawa Plateau began in the Miocene, after the onset of both plutonic and volcanic activity (Hedberg, 1969; Browne and Fairhead, 1983; Fitton et al., 1983; Fitton, 1987; Okereke, 1988; Meyers and Rosendahl, 1991; Meyers et al., 1998).
Volcanism continues to the present across both the oceanic and the continental CVL. No clear age progression along the line is observed either for age of onset or for the most recent volcanic activity, nor is any consistent pattern seen in the duration of active volcanism (Figure 2; e.g., Hedberg, 1969; Grant et al., 1972; Grunau et al., 1975; Dunlap and Fitton, 1979; Cornen and Maury, 1980; Dunlap, 1983; Fitton and Dunlap, 1985; Lee et al., 1994; Ngounouno et al., 1997; Marzoli et al., 1999, Marzoli et al., 2000; Ngounouno et al., 2001, Ngounouno et al., 2003; Njilah et al., 2004; Ngounouno et al., 2005, Ngounouno et al., 2006; Aka et al., 2009; Kagou Dongmo et al., 2010; Kamgang et al., 2010). Some studies of basalts from the oceanic sector suggest a possible progression in age of onset—but not in age of cessation—from the islands of Annobòn to Príncipe, but this apparent trend may reflect bias due to the very limited sampling from these islands (Grunau et al., 1975; Meyers and Rosendahl, 1991; Meyers et al., 1998).
This lack of age progression along the CVL has long been recognized as a challenge to the interpretation of the volcanic chain as a hot spot trace from a mantle plume, leading some studies to dub this and other linear volcanic chains without age progression as “hot lines” in the mantle (e.g., Bonatti and Harrison, 1976; Meyers et al., 1998). Numerous alternative causal mechanisms have been proposed for the formation of the CVL. Some models for formation are adaptations of the plume hypothesis, including the superposition of multiple mantle plumes with overprinting ages (Ngako et al., 2006; Njome and Wit, 2014) or the diversion of plume material from east Africa along the CASZ, reaching the surface at the CVL (Ebinger and Sleep, 1998). Other studies suggest that the CVL formation was influenced by the Benue Trough (e.g., Fitton 1980; Fitton et al., 1983; Stuart et al., 1985; Fitton, 1987) or by active rifting (e.g., Okereke, 1988). A number of studies attribute the formation of the CVL to local or regional patterns in mantle convection. Two studies suggest that local edge convection may be induced along the northern boundary of the Congo Craton. This edge convection would flow laterally from the Craton to the CVL at shallow sub-lithospheric depths if the asthenosphere beneath the Craton is heated due to insulation (King and Anderson, 1995) or would form a downwelling beneath the edge of the Craton and an upwelling beneath the CVL if the asthenosphere beneath the Craton is not anomalously warm (King and Anderson, 1998; King and Ritsema, 2000). Analog models by Milleli et al. (2012) indicate that edge convection may also be induced perpendicular to a continental margin due to the contrast in lithospheric thickness between continental and oceanic lithosphere. Meyers et al. (1998) alternatively suggest that the CVL may result from a convective roll induced by shear along the base of the mantle transition zone.
Volcanic lines lacking age progression also exist in other regions, most notably in the south Pacific. The Austral-Cook line of volcanos in the south Pacific, for example, lacks the clear age progression typical of a mantle plume. It has instead been suggested that this line of volcanos is formed by three superimposed mantle plumes rooted in the South Pacific Superplume (Bonneville et al., 2006). To the north, the central Pacific Line Islands also lack a clear age progression, which has been attributed to interactions with a spreading ridge or transform fault or to thermal feedback (Epp, 1984). Still other studies in this region attribute these “hot-lines” to a combination of shallow, short-lived plumes and lithospheric extension (Koppers et al., 2003).
19TH CENTURY GEOPHYSICAL STUDIES (1985–1999)
Early geophysical studies of the CVL and surrounding regions during the 1980s focused primarily on the crustal and lithospheric structures. These studies used a combination of gravity (Fairhead and Okereke, 1987; Okereke, 1988), controlled source seismic refraction (Stuart et al., 1985), and teleseismic delay times (Dorbath et al., 1986) to image structures beneath the land portion of the CVL on the Adamawa Plateau and surrounding regions. Most of these studies focused on the northernmost portions of these features, where the Benue Trough, the CVL, and the CASZ overlap. In the 1990s, additional data were gathered and analyzed on land (Poudjom Djomani et al., 1995; Poudjom Djomani et al., 1997), and the study of the CVL expanded to include imaging of the oceanic sector using seismic reflection and gravity data (Meyers and Rosendahl, 1991; Meyers et al., 1998). By the end of the 1990s, a number of first-order characteristics of the CVL lithosphere were determined. Figure 3 shows the areas of focus for selected 20th century geophysical studies described below.
[image: Figure 3]FIGURE 3 | Locations of select geophysical studies from 1985 to 1999. Red = Areal extent of Stuart et al. (1985) and Dorbath et al. (1986); Royal Blue = Cross-sections from Okereke (1988); Magenta = Focus area of Poudjom Djomani et al. (1995); Green = Cross-section from Poudjom Djomani et al. (1997); Cyan = Focus area of Meyers and Rosendahl (1991); Orange = Focus area of Meyers et al. (1998).
Studies of the Land Sector
One of the earliest geophysical studies of crustal structure of this region used seismic refraction of 5 months of quarry blasts recorded on 40 vertical seismometers to image the crustal structure for a 200 km long transect across the northernmost Benue Trough into the Adamawa Plateau (Stuart et al., 1985). One dimensional velocity models were developed for both the Benue Trough and the Adamawa Plateau. Similar crustal velocities were found in both regions, but a notable change was observed in crustal thickness and upper-most mantle velocities. Crustal thickness changed from 23 km beneath the rifted Benue Trough to 33 km beneath the Adamawa Plateau and the northernmost CVL. This change was primarily due to a thinned lower crust beneath the Benue Trough. Upper mantle P-wave velocities beneath the Benue Trough are reduced to 7.8 km/s compared to 8.0 km/s beneath the Adamawa Plateau, suggesting that rifting has affected the lower crust and upper lithospheric mantle in the Benue Trough in the north, but that the formation of the CVL has not thinned the crust nor altered the upper lithospheric mantle. This is corroborated by the presence of a positive Bouguer gravity anomaly beneath the rift, and the lack of a similar corresponding anomaly beneath the CVL (Collignon, 1968; Stuart et al., 1985). The nature of the transition from the thinned Benue Trough to the thicker crust of the Adamawa Plateau is not clearly imaged but must occur over a narrow zone. This sharp transition likely predated the formation of the CVL and may have provided a pre-existing zone of weakness along which subsequent volcanic activity was concentrated, possibly leading to the similarity in the shape of the Benue Trough and the CVL (Stuart et al., 1985).
Dorbath et al. (1986) used teleseismic P-wave delay times recorded on the same seismic deployment used by Stuart et al. (1985) to build the earliest 3D P-wave velocity model of the CVL. This study focused on lithospheric-scale velocity structure to a depth of 190 km in the Garoua Rift region at the northern end of the Benue Trough and Adamawa Plateau. A region of low velocities was found directly beneath the location where the CASZ crosses the northernmost CVL near the Garoua Rift. This low velocity region is bounded to the north and south by lithospheric blocks with higher velocities. The contrast between velocities in these regions extends to all depths within the model and increases with depth; however, the greatest velocity contrast at any depth is 2.5%, which is considerably lower than velocity contrasts in other volcanically active regions (Dorbath et al., 1986). The authors suggest based on this shallow regional model that a large upper mantle velocity anomaly might lie beneath the entire Adamawa Plateau, but that previously existing zones of weakness associated with the CASZ allow heat and magma to reach the surface at the intersection of the CASZ and the CVL (Dorbath et al., 1986).
A regional survey of Bouguer gravity anomalies was conducted across west-central Africa by Fairhead and Okereke (1987), and two cross-sections from the gravity model through the northern CVL were interpreted and modeled by Okereke (1988). The data showed a long-wavelength positive Bouguer anomaly beneath the Benue Trough, paralleled by a long-wavelength negative anomaly beneath the Adamawa Plateau (Fairhead and Okereke, 1987). Forward models of the data suggested the positive anomaly beneath the Benue Trough represents thinned crust formed through extension, with low density lower crust replaced by high density lithospheric mantle. The negative anomaly beneath the Adamawa Plateau, however, is best modeled with thinned lithosphere but minimal crustal thinning (Okereke, 1988). Okereke (1988) notes the similarity between the broad negative Bouguer anomaly beneath the Adamawa Plateau and a similar anomaly beneath the East African Plateau associated with the East African Rift System. This pattern of anomalies is interpreted to reflect passive-style rifting in the Benue Trough due to tensional forces in the crust, and to reflect active-style rifting in the CVL due to upwelling of the asthenospheric mantle (Okereke, 1988).
Regional gravity anomalies were reexamined in the 1990s using data from higher resolution surveys. Poudjom Djomani et al. (1995) built new gravity and topography datasets combined from multiple sources, including data from approximately 32,000 locations. Combining both datasets, they determined effective elastic thickness (Te) and crustal thickness (Tc) across the Benue Trough, Adamawa Plateau, the CVL, and the northernmost Congo Craton. They found a first-order pattern of decreasing crustal thickness from south to north, with Tc reaching a maximum of 50 km beneath the Congo Craton to the south and reaching a minimum of 14 km north of the Benue Trough. Poudjom Djomani et al. (1995) found a secondary pattern similar to the regional patterns observed by earlier studies, with thinner crust beneath the Benue Trough relative to the Adamawa Plateau, but considerable variation was found within each region. Within the Benue Trough, the CVL, and the Adamawa Plateau Te was low. Within the Benue Trough, a spatial change was observed, with Te transitioning from 16 km in the south to 23 km in the north. Te for the CVL was estimated to be 18 +2/-4 km, and a similar value of 14–16 km was estimated for the remainder of the Adamawa Plateau. Notably, Te values in these regions are lower than values typically found in rifted or volcanically active areas in Africa (26–35 km; Betchtel et al., 1987; Ebinger et al., 1989), suggesting the presence of an unusually weak lithosphere in these regions. The CVL and the Benue Trough, however, are separated by an area with high Te, up to 34 +4/−8 km, suggesting that a block of strong lithosphere separates the two features. The Congo Craton is marked by high values of Te, varying between 30 and 40 km, and reflecting the existence of strong, cratonic lithosphere. Poudjom Djomani et al. (1995) conclude that there is a consistent relationship between low values of Te and regions of volcanic activity and rifting. They suggest that low values of Te for the CVL are probably due to volcanism and thermal alteration, while low Te values for the Benue Trough are likely due to weakening of the lower crust through extension and shearing (Poudjom Djomani et al., 1995).
Poudjom Djomani et al. (1997) built an updated 2D model of lithospheric densities along a north-south profile through the eastern portion of the CVL using the combined gravity model of Poudjom Djomani et al. (1995). This profile shows the same long-wavelength positive and negative Bouguer anomalies beneath the Benue Trough and the Adamawa Plateau, respectively, that were observed by Okereke (1988), but also resolves a small 80 km wide positive anomaly superimposed on the Adamawa negative anomaly. The broad positive anomaly beneath the Benue Trough results from a gradual thinning of the crust from 33 km at its edge to 22 km at its center. The superposition of the narrow positive anomaly on the broad negative anomaly of the Adamawa Plateau is interpreted as a thinned 23 km thick crust beneath the CASZ, underlain by a thinned lithosphere ranging from 120 to 80 km thick. This is a notable difference from the prior studies of crustal structure from Bouguer gravity anomalies and seismic refraction, which found no evidence of crustal thinning beneath the Adamawa Plateau (Stuart et al., 1985; Okereke, 1988). The authors note that while their models show similar degrees of crustal thinning beneath the CVL and the Benue Trough, other characteristics of these regions are distinct. The Benue Trough is characterized by a positive Bouguer anomaly, low topography, and no lithospheric thinning, while the Adamawa Plateau is characterized by a small positive anomaly within a broader negative Bouguer anomaly, high topography, and a thinned lithosphere. These findings support a conclusion similar to that of Poudjom Djomani et al. (1995), that the Benue Trough formed through passive extensional rifting from far-field forces, while the CVL formed through active upwelling from the mantle, which has been influenced by the weakened crust of the CASZ (Poudjom Djomani et al., 1997).
Studies of the Oceanic Sector
During the 1990s, several key studies were conducted to characterize the deep crustal and lithospheric structure of the offshore portions of the CVL. Earlier seismic reflection studies conducted in the Gulf of Guinea focused on sedimentary layers, with limited resolution of crystalline basement rocks (e.g., Pautot et al., 1973; Emery et al., 1975; Grunau et al., 1975; Lehner and de Ruiter, 1977). Meyers and Rosendahl (1991) used long-offset seismic reflection to image both sedimentary layers and deep crustal structure between the oceanic sector of the CVL and the Gulf of Guinea, revealing that the CVL sits on arched oceanic crust, with an estimated maximum uplift of 3 km. The crustal arch is asymmetrical with a steeper limb on the southern side and may represent an extension of the uplift associated with the Adamawa Plateau (Meyers and Rosendahl, 1991). Regional stratigraphy showed that uplift began during the Miocene and was synchronous along-strike. This apparent lack of age progression in uplift, together with lack of age progression in volcanism suggests that the oceanic CVL was not formed by a traditional mantle plume. Meyers and Rosendahl (1991) note the spatial correlation between the oceanic arch and the CASZ and suggest that the previously existing structures formed by the CASZ may have influenced the surficial expression of a broad asthenospheric upwelling. These pre-existing structures may have led to the asymmetry of the arch and permitted the flow of magma through fracture zones, forming the regularly spaced volcanos that comprise the oceanic CVL (Meyers and Rosendahl, 1991).
A later study used a combination of gravity and 2D seismic reflection surveys along-strike and sub-perpendicular to the oceanic crustal arch of the CVL and lent further insights into the structure and geologic history of the oceanic CVL (Meyers et al., 1998). Although Moho reflections directly beneath the axis were not imaged, Moho reflections shallowed towards the axis of the arch, suggesting that the crust likely maintains a constant thickness across the arch. Normal faulting of the Precambrian crystalline basement and sedimentary layers were observed near the axis of the arch, but the uplift of the arch was primarily accommodated by bending of the lithosphere, rather than by large amounts of slip on these faults or accumulation on surface materials (Meyers et al., 1998). The study finds distinct differences between the crustal structure of the CVL and that of traditional mantle plume traces in the ocean. Most notably, the CVL crustal arch is built primarily of sediments, with less than 2 km of mixed igneous and syn-volcanic sedimentary layers capping 4–5 km of sediments (Meyers et al., 1998). This pattern is in stark contrast to the crustal structure of the Hawaiian hot spot, which consists primarily of thick deposits of volcanic material on top of oceanic crust and sediments of typical thickness, forming large shield volcanos (e.g., Watts et al., 1985). The authors note similarities in orientation for other volcanic island chains in the southeast Atlantic, which also show evidence of crustal uplift and limited evidence for age progression. These observations lead to one hypothesized mechanism for the formation of the CVL, shear induced convective rolls, which is described in detail in Section 5 (Meyers et al., 1998).
Seismicity
The CVL and surrounding regions show limited levels of seismicity compared with other tectonically or volcanically active regions, but small earthquakes have long been felt and reported during eruptive episodes (Fairhead, 1985; Ambraseys and Adams, 1986), and a limited number of regional stations were used to record seismic activity around the CVL by the 1960s (Tabod et al., 1992). To better characterize seismicity in the region, the first seismometer was installed in Cameroon in 1982 and detected increased seismic activity during an eruption at Mt. Cameroon later that year (Fairhead, 1985). Following the fatal emission of concentrated CO2 in 1984 due to the overturning of the deep volcanic lake, Lake Monoun, additional seismic monitoring stations were installed in Cameroon and were operating during a second fatal emission of CO2 from the overturning of Lake Nyos (Ambeh et al., 1989; Ambeh and Fairhead, 1991). No seismic activity was observed during or prior to the overturning of Lake Nyos, suggesting the seismic shaking did not contribute to this fatal event (Tabod et al., 1992).
Tabod et al. (1992) compared temporal-spatial patterns in seismicity in and around the CVL from 1982 to 1990. Seismic activity in this region was primarily associated with Mt. Cameroon, which experienced small magnitude earthquakes, with the largest magnitude during the study time period reaching mb = 4.8. Earthquakes occurred, on average, twice a day near Mt. Cameroon, but typically clustered in earthquake swarms lasting several months. Earthquakes along the northern CVL are more limited. Through the duration of the study, only 200 earthquakes were detected in the northern region, of which only 57 could be located with the seismic networks available at that time (Tabod et al., 1992). These infrequent northern earthquakes, however, included the largest earthquakes recorded during the experiment (mb 4.1 and 4.8; Tabod et al., 1992). Tabod et al. (1992) concluded that seismicity associated with the CVL consists of frequent lower magnitude earthquakes near the active Mt. Cameroon, often occurring in swarms, and infrequent higher magnitude earthquakes occurring in the northeastern CVL, possibly associated with the CASZ.
20TH CENTURY GEOPHYSICAL STUDIES (2000–2021)
Recent geophysical studies have focused on the continental portion of the CVL, yielding enhanced views of subsurface structure beneath and near the CVL (e.g., Tokam et al., 2010; Reusch et al., 2010; Reusch et al., 2011; Gallacher and Bastow, 2012; Adams et al., 2015; Goussi Ngalamo et al., 2018; Ojo et al., 2019; Kemgang Ghomsi et al., 2020 and others). These studies were enabled by renewed data collection efforts, including the Cameroon Broadband Seismic Experiment (CBSE) lasting from 2005 to 2008 (Wiens and Nyblade, 2005), installation of several permanent seismic stations in and around Cameroon (Penn State University, 2004), and detailed satellite measurements of gravity including the Challenging Minisatellite Payload (CHAMP; Reigber et al., 2002), Gravity Recovery and Climate Experiment (GRACE; Tapley et al., 2004) and Gravity Field and Steady-State Ocean Circulation Explorer (GOCE; Floberghagen et al., 2011) datasets (Figure 4). These higher resolution datasets combined with new modeling techniques led to more detailed models of the lithosphere and the extension of models deeper into the upper mantle beneath the continental portion of the CVL.
[image: Figure 4]FIGURE 4 | Location of permanent (black triangle = GSN station, Albuquerque Seismological Laboratory/USGS, 1988; dark gray triangles = AfricaArray stations, Penn State University, 2004) and temporary seismic stations (white rectangles = CBSE, Wiens and Nyblade, 2005), superimposed on the bouguer anomaly from the COCE and EGM2008 combined model (GECO; Gilardoni and ReguzzoniSampietro, 2016). Numerical labels indicated station number for the CBSE. Light gray regions indicate volcanic centers, and bold lines show the borders of key regional features (see Figure 1).
Crustal Thickness
Numerous recent studies have estimated crustal thickness and crustal structure using a wide variety of techniques (Table 1). Using a joint inversion of receiver functions and Rayleigh wave group velocities, Tokam et al. (2010) found that crustal thicknesses beneath the southern and central CVL and the Oubanguides Belt along its southern border are similar (35–39 km), while thicker crust (43–48 km) underlies the northern edge of the Congo Craton and thinner crust (26–31 km) is found beneath rifted regions along the coastal plain and the Garoua rift to the north. These estimates of crustal thickness from receiver functions are broadly similar to those from early 1D velocity models (Stuart et al., 1985) and from gravity studies (e.g., Fairhead and Okereke, 1987; Okereke, 1988), but provide greater spatial coverage and detail. The thick crust beneath the Congo Craton likely represents a crustal suture formed during the amalgamation of Gondwana, while thin crust beneath the Garoua rift and the coastal plains are attributed to the rifting of the Benue trough and the formation of the Atlantic ocean, respectively (Tokam et al., 2010).
TABLE 1 | Crustal thickness estimates from seismic and gravity studies beneath stations of the CBSE. Tokam = Tokam et al., 2010; Gallacher = Gallacher and Bastow, 2012; Ngalamo = Goussi Ngalamo et al., 2018; Ghomsi = Kemgang Ghomsi et al., 2020.
[image: Table 1]Gallacher and Bastow (2012) used teleseismic receiver functions and H-κ analysis to estimate the crustal thickness and velocity structure beneath the CVL. Their patterns in crustal thickness closely follow those indicated by previous studies, with thick crust beneath stations in the Congo Craton, thin crust beneath stations in the Garoua Rift, and moderate crustal thickness beneath the CVL and the Obanguides Belt. Reported crustal thicknesses beneath the stations near the coastal plains is nearly 10 km thicker than those found by previous studies (e.g., Tadjou et al., 2009; Tokam et al., 2010), but this is likely due to biases induced by the predominance of raypaths traveling through the Congo Craton to the east (Gallacher and Bastow, 2012).
Crustal thickness has also been estimated using modeling of World Gravity Map data (WGM 2012; Goussi Ngalamo et al., 2018) and joint inversion of the Experimental Gravity Field Model (XGM 2016) with topographic and seismic data (Kemgang Ghomsi et al., 2020). Fundamental patterns in crustal thickness estimates from both gravity-based models are similar to those from seismic imaging, exhibiting thicker crust beneath the Congo Craton and thinner crust, with limited variability in thickness, beneath the southern CVL, the Oubangides Belt, and the Adamawa Plateau (Goussi Ngalamo et al., 2018; Kemgang Ghomsi et al., 2020). Numerical averages of crustal thickness within each region, however, show a more complex story and differ from seismic estimates in several ways (see Table 1 for a comparison). Beneath the northern CVL and the Adamawa Plateau, and the Oubangides Belt, crustal thickness estimates are consistent for all studies (Table 1). For the southern CVL, crustal thickness estimates are similar in most studies, with only gravity estimates by Goussi Ngalamo et al. (2018) showing a slight difference averaging 4.5 km. Crustal thickness estimates for the Congo Craton are thinner in both gravity studies than estimates in seismic models. Beneath the coastal plain, Goussi Ngalamo et al. (2018) report crustal thicknesses that are similar to those for Congo Craton, which are greater than those reported for coastal stations by either seismic studies. Kemgang Ghomsi et al. (2020), however, find evidence for thinned crust beneath the coastal plains, consistent with the findings of Tokam et al. (2010), but smaller than estimates from Gallacher and Bastow (2012) or Goussi Ngalamo et al. (2018). Differences between crustal thickness estimates from seismic and gravity modeling may reflect a complex and laterally varying structure, resulting in heterogeneous density structures of the crust.
Crustal Structure
Average crustal velocities for the Congo Craton are consistent across multiple studies and methodologies, ranging from 3.84 to 3.9 km/s, comparable to other global cratonic regions (Tokam et al., 2010; Guidarelli and Aoudia, 2016; Ojo et al., 2018; Ojo et al., 2019). The lower crust is characterized by a thick layer with higher velocities greater than 4.0 km/s (Tokam et al., 2010; Ojo et al., 2019). Tokam et al. (2010) interpret this high velocity layer as a region of mafic intrusions into the lower crust, however evidence of low Vp/Vs ratios throughout the crust alternatively suggests a felsic-to-intermediate crustal composition. Low Vp/Vs ratios (1.76 - Gallacher and Bastow, 2012; 1.73 - Ojo et al., 2019) are consistent with other global cratons exhibiting a Tonalite-Trondhjemite-Granodiorite composition (Thompson et al., 2010; Ojo et al., 2019). Furthermore, Ojo et al. (2019) find that Vp/Vs ratios are lower in the middle to lower crust than in the upper crust, suggesting a notable lack of mafic material in the lower crust of the Congo Craton.
Both the southern and northern CVL are characterized by a uniform average crustal shear wave velocity between 3.6–3.8 km/s (Tokam et al., 2010; Guidarelli and Aoudia, 2016; Ojo et al., 2018; Ojo et al., 2019) and by low Vp/Vs ratios (Gallacher and Bastow, 2012; Ojo et al., 2019), which together suggest a lack of large-scale mafic intrusions into the lower crust of the CVL or the surrounding Adamawa Plateau. This is a notable difference from the rifted Benue Trough to the north, where gravimetric models indicate the presence of a mafic lower crust (Eyike and Ebbing, 2015). Low Vp/Vs ratios beneath the CVL also suggest that the volcanic line lacks large qualities of crustal melt at present or within the past 1MY (Gallacher and Bastow, 2012; Ojo et al., 2019). Rifts and hot spots from localities around the globe typically display both high elevations supported by the accumulation of mafic lower crust and melt within the crust, reflected in high seismic velocities, gravity, and Vp/Vs ratios (e.g., Ebinger et al., 2017). The lack of these properties in the CVL provides support for the hypothesis that the uplift of the CVL and the surrounding Adamawa Plateau is due to thermal anomalies in the upper mantle (e.g., Fairhead and Okereke 1987), which is further supported by geophysical imaging of the upper mantle (see Section 4.3; Gallacher and Bastow, 2012).
Although average crustal structure is broadly consistent along the northern and southern CVL, a few localized deviations are observed. Shear wave velocities beneath several stations within the southern CVL show a thin fast velocity zone at the base of the crust, which is lacking or very thin beneath stations in the northern CVL (Tokam et al., 2010). A similar difference in the northern and southern CVL is observed in average crustal density, with higher density rocks in the southern CVL and the neighboring Oubangides Belt and lower density rocks in the northern CVL, possibly due to the prevalence of granitoid intrusions in that region (Kemgang Ghomsi et al., 2020). Isolated fast velocity layers are also found in the upper crust beneath many stations across Cameroon using joint inversion of receiver functions and surface wave velocities (Tokam et al., 2010). Similarly, ambient noise tomography shows a region of fast velocities in the upper to mid-crust around 5oN and 10.5oE (Guidarelli and Aoudia, 2016). These isolated fast velocity layers and bodies may reflect mafic intrusions into the shallow crust associated with CVL volcanism (Tokam et al., 2010; Guidarelli and Aoudia, 2016). Finally, the regions immediately surrounding Mt. Cameroon exhibit pronounced low surface wave velocities, which likely reflect ongoing magmatic processes at depth, as suggested by high rates of seismicity restricted to this region (Tabod et al., 1992; De Plaen et al., 2014; Guidarelli and Aoudia, 2016).
Lithospheric and Mantle Structure
Lithospheric thickness and structure vary dramatically across the areas surrounding the CVL. The Congo Craton is characterized by a thick lithosphere with high seismic velocities. Spectral analysis of Bouguer anomalies indicate a lithospheric thickness of 150–200 km for the Congo Craton and the Oubangides Belt, with a thinner lithosphere beneath the CVL, ranging from 113 to 162 km (Figure 5; Goussi Ngalamo et al., 2018). Shear wave velocities derived from regional Rayleigh wave tomography yield a similar estimate for lithospheric thickness beneath the Congo Craton and the Oubangides Belt of 175–200 km (Adams et al., 2015). Beneath the CVL, however, shear wave velocities in this model are greatly reduced at depths greater than 50 km in the southern CVL and 75 km in the northern CVL, indicating either a thermally eroded or thinned and altered lithosphere for the CVL (Adams et al., 2015). Analysis of continental scale shear wave velocity models also suggests greatly reduced lithospheric thicknesses of 72–133 km beneath the CVL (Sebai et al., 2006; Fishwick, 2010). These differences between gravity and seismic based lithospheric thicknesses are a reflection of the different physical properties measured by the methods. It is possible that these differences may reflect substantial variations in sublithospheric structure not included in gravity modeling (seismic evidence suggests substantial sublithospheric heterogeneity within the region, see below), or alternatively the velocity reduction at 50–75 km in seismic models may indicate thermal alteration but not erosion of the lithosphere at greater depths. All models, however, note significantly thinner lithosphere beneath the CVL when compared to the Congo Craton and Oubangides Belt to the south.
[image: Figure 5]FIGURE 5 | Lithospheric thickness from radially averaged power spectral modeling of WGM2012 Bouguer gravity anomalies (Bonvalot et al., 2012). Reproduced with permission from Goussi Ngalamo et al. (2018). Components of the CASZ are labeled TBSQ = Tchollire-Banyo shear zone, CCSZ—Central Cameroon Shear Zone system, and SSZ = Sanaga Shear Zone.
Low seismic velocities beneath the CVL continue deeper into the upper mantle. Teleseismic body wave tomography reveals a vertical, tabular low velocity zone directly beneath the CVL extending to at least 300 km, in which P-wave velocities are reduced -1-2% and S-wave velocities are reduced -2-3% compared to the regional average, with maximum velocity reduction at 200 km (Figure 6A; Reusch et al., 2010). The Congo Craton has fast velocities (>+2% Reusch et al., 2010). Shear wave velocities derived from Rayleigh wave tomography show a very similar pattern, with a tabular-shaped region in which velocities are reduced up to -5.5% beneath the CVL and positive velocity anomaly of up to 5% beneath the Congo Craton, when compared to the mobile belts in the region (Figure 6B; Adams et al., 2015). Adams et al. (2015) observe maximum velocity reduction at depths of 70–120 km, slightly shallower than the depth of maximum velocity reduction found by body wave tomography, which may be exhibit small amounts of vertical smearing from the vertically oriented body waves (Reusch et al., 2010). Both of these tomography models that extend to sublithospheric depths find a sharp vertical transition between the CVL and the Congo Craton, extending into the asthenosphere to at least 200 km (Adams et al., 2015) or 300 km (Reusch et al., 2010). Neither study finds evidence of reduced mantle velocities beneath other regions of the Adamawa Plateau as suggested by earlier smaller-scale tomographic models (Dorbath et al., 1986). These regional findings by Reusch et al. (2010) and Adams et al. (2015) are consistent with larger-scale, lower resolution continental tomography studies, which also suggest that low velocities below the CVL are isolated to the shallow mantle (e.g., Sebai et al., 2006; Fishwick, 2010; Emry et al., 2019).
[image: Figure 6]FIGURE 6 | Tomographic models. (A) A 100 km depth slice and selected cross-sections from an S-wave body wave tomography model (adapted with permission from Reusch et al., 2010). (B) A 100 km depth slice and selected cross-sections from an S-wave model derived from Rayleigh wave tomography (adapted with permission from Adams et al., 2015).
Receiver function analysis of the mantle transition zone indicates a transition zone with a typical thickness, suggesting that the low velocity anomaly beneath the CVL does not extend to the transition zone or into the lower mantle (Reusch et al., 2011). Some studies note the presence of low velocities in the deep mantle (>1,000 km) beneath the CVL (e.g., French and Romanowicz, 2015). Tomographic evidence restricting low velocities to depths less than 300 km (e.g., Reusch et al., 2010; Adams et al., 2015) together with a thermally unperturbed mantle transition zone (Reusch et al., 2011), however, show that this lower mantle feature is not directly connected to the CVL. It may instead be associated with the broader African Superplume.
Insights From Anisotropy
Several studies have used shear wave splitting to investigate azimuthal anisotropy beneath the CVL and surrounding regions. While the observed patterns in these studies are broadly similar, the interpretations and implications for the formation of the CVL differ tremendously. Koch et al. (2012) found a NE-SW fast direction with split times of approximately 1s beneath the Congo Craton and the northern CVL, and a N-S fast direction with split times of approximately 0.7s beneath the southern CVL. The CVL and the Congo Craton are separated by a region with variable orientations and low delay times (Figure 7). Elsheikh et al. (2014) found generally similar spatial patterns in the orientation fast propagation. Notable deviations in fast direction were noted at only five stations, but differences at these stations did not affect the overall spatial patterns. Elsheikh et al. (2014) did, however, observe greater delay times that averaged twice those observed by Koch et al. (2012). De Plaen et al. (2014) find orientations of fast directions and delay times for stations in the Congo Craton and the northern CVL that are similar to those found by Koch et al. (2012). Beneath the southern CVL and the Oubangides Belt, they find only null solutions. De Plaen et al. (2014) note, however, that these null stations typically have very low delay times (<0.53 s) in Koch et al. (2012). Thus, all studies observe fast directions oriented NE-SW in the Congo Craton and the northern CVL, with a great range of delay times. There is a lack of consensus for the patterns of anisotropy beneath the southern CVL, as observations differ significantly with one study finding N-S orientations with large delay times (Elsheikh et al., 2014), one study finding N-S orientations with small delay times (Koch et al., 2012), and another study finding null results within the southern CVL (De Plaen et al., 2014).
[image: Figure 7]FIGURE 7 | Fast directions and delay times from shear wave splitting for stations from the CBSE. Reproduced with permission from Koch et al. (2012).
Interpretations of the implications for the formation of the CVL are similarly variable including 1) northeastern sublithospheric flow resulting in thinned lithosphere (Elsheikh et al., 2014), 2) small-scale asthenospheric convection (Koch et al., 2012), and 3) strong vertical flow from asthenospheric convection or a plume resulting in high radial anisotropy and low azimuthal anisotropy (De Plaen et al., 2014).
An anisotropic velocity model from ambient noise and earthquake Rayleigh waves indicates complex multi-layered anisotropy in this region (Ojo et al., 2018). This tomographic model of anisotropy shows 1) strong NE-SW fast direction at a depth of 10 km through most of the study region, with weak N-S or NW-SE anisotropy in the southern CVL, 2) a primarily isotropic lower crust, and 3) strong anisotropy in the lithospheric mantle, oriented NW-SE in the northern and central CVL, NE-SW in the Congo Craton, and null to NW-SE orientations in the southern CVL near Mt. Cameroon (Figure 8). This observed change in fast directions with depth is supported by average regional anisotropy from Rayleigh wave tomography, which shows a change in average fast direction from NNE-SSW at periods less than 50 s to NW-SE at periods greater than 110 s for the CVL (Adams et al., 2015). These finding are consistent with those from shear wave splitting by Koch et al. (2012) at crustal depths but are inconsistent at lithospheric mantle depths for the northern and central CVL. This suggests that measured anisotropy beneath the Congo Craton and the southern CVL may derive exclusively from the lithosphere, but that there must be a significant contribution from the lower lithosphere or asthenosphere in the central and northern CVL, which is not constrained by the model of Ojo et al. (2018).
[image: Figure 8]FIGURE 8 | Anisotropic fast directions within Cameroon. Black lines show azimuthal anisotropy from Rayleigh wave tomography at 10 km (A), 30 km (B), 50 km (C), and 100 km (D). Blue, red, and green lines show anisotropy from shear wave splitting from (Koch et al., 2012), De Plaen et al. (2014), and Elsheikh et al. (2014) respesectively. Reproduced with permission from Ojo et al. (2018).
Plate Motions
Some studies have suggested that the CVL may be undergoing extension, forming a rift similar to the now dormant Benue Trough or the early stages of rifting in the East African Rift System (e.g., Fairhead and Okereke, 1987; Okereke, 1988). Geodetic studies are limited in this region, but analysis of GPS and Doppler orbitography and radiopositioning integrated by satellite (DORIS) across the African continent finds that plate motions near the CVL are best fit by a single Nubian plate, without evidence for a microplate boundary at or near the CVL (Saria et al., 2013).
Seismicity
Recent studies of seismicity near the CVL built upon studies from the 1980s and 1990s (Section 3.3), using the expanded CBSE seismic network and more numerous permanent stations deployed in the early 2000s. Analysis of five months of continuous seismic data from the CBSE, found 203 earthquakes with magnitudes between 1.4—4 ML (De Plaen et al., 2014). Of these events, three-quarters were centered around Mount Cameroon, and the rest lay in a roughly linear swath between Bioko and Mount Cameroon, aligned with the strike of the CVL. Away from this region, which has exhibited recent volcanic activity, the rest of the CVL and surrounding region appears largely aseismic. The spatial distribution of earthquakes during this study are consistent with seismicity studies from the previous decade, although a lower average rate of seismicity was recorded during this more recent study, despite the broader seismic array available for detection (Tabod et al., 1992; De Plaen et al., 2014). The majority of earthquakes nucleated in the upper 15 km and exhibited low frequency contents and emergent arrivals, suggesting they derived from magma or volatile migration in the upper crust. A small number of earthquakes were detected along the eastern and southern flanks of the Mount Cameroon at depths of 25–30 km, suggesting magmatic activity at these depths associated with the active volcano (De Plaen et al., 2014). The association of seismicity in the CVL with regions of active volcanism differs from earthquake distributions in continental rifts (e.g., Mulibo and Nyblade, 2013; Ebinger et al., 2017), and suggests that the CVL is not undergoing rifting as suggested by some early studies (e.g., Okereke, 1988).
GEODYNAMIC MODELS FOR FORMATION
Numerous models have been proposed for the formation of the CVL. Some models have proven untenable as new or improved evidence arises. For example, early speculation that the CVL might represent a simple Wilson-Morgan style mantle plume (e.g., Morgan, 1983; Van Houten, 1983; Lee et al., 1994; Burke, 2001) have generally been dismissed due to the lack of age progression along the line. Similarly, speculation that the CVL represents an early stage rift (e.g., Fairhead and Okereke, 1987; Okereke, 1988) now appears unlikely due to the lack of discernable extension from GPS measurements (e.g., Saria et al., 2013). Other models remain in circulation, and typically invoke modifications to a simple plume model, mantle convection, and/or interaction between the asthenospheric and lithospheric mantle. The most prominent of these hypotheses for formation, their implications for crust and mantle structure, and evaluations based on existing geophysical data are discussed below and illustrated in Figure 9.
[image: Figure 9]FIGURE 9 | Geodynamic models for the formation of the CVL, included modifications of mantle plume trace (A), diversion of material along the CASZ (B), convection driven by shear along the base of the transition zone (C), convection driven by thermal contrasts combined with contrasts in lithospheric thickness (D), convection driven by contrasts in lithospheric thickness in a thermally homogenous mantle (E), and lithospheric instabilities driven by the juxtaposition of oceanic and continental lithosphere (F) after Adams et al. (2015).
Modified Mantle Plume Origin
Lack of age progression along the CVL makes the formation of this feature by a Wilson-Morgan plume unlikely, however, other characteristics of the CVL show similarities to mantle plumes and many studies continue to attribute the formation of the CVL to a mantle plume. For example, Steinberger (2000) suggests that a non-stationary plume moving in the same direction as plate motion might lead to a lack of age progression along the CVL and other African volcanic centers, while also acknowledging the possible role of other mechanisms. A recent whole-mantle velocity model categorizes the CVL as a “clearly resolved” plume based on shear wave velocity perturbations in the lower most mantle (French and Romanowicz, 2014; 2015). Still other studies suggest that the CVL might be formed by multiple mantle plumes, with volcanic material from one plume overprinting material from other plumes and concealing any age progression (Ngako et al., 2006; Njome and Wit, 2014), similar to the multiple-plume hypothesis that has been suggested for volcanic lines in the south Pacific (Figure 9A; see Section 2.3). These adapted plume models, however, are inconsistent with seismic and gravimetric data beneath the continental section of the CVL, which indicate a linear-shaped upper mantle anomaly, restricted to the upper 200–300 km (e.g., Okereke, 1988; Poudjom Djomani et al., 1995; Reusch et al., 2010; Adams et al., 2015; Goussi Ngalamo et al., 2018), with no evidence for perturbation of the mantle transition zone beneath the continental portion of the CVL (Reusch et al., 2011). Anisotropic measurements are complex and vary both laterally and with depth (e.g., Ojo et al., 2018), and do not display spatially consistent patterns expected for mantle plumes. Current geophysical models cannot, however, constrain the presence or absence of a mantle plume or plumes for the offshore portions of the CVL.
Other studies suggest that the CVL is formed though the complex interactions between a mantle plume and lithospheric structures associated with the CASZ. The most prominent of these models is the suggested diversion of material produced by the Afar plume in eastern Africa through the CASZ to the CVL (Figure 9B; Ebinger and Sleep, 1998). This model, however, should create a progression in the age of initiation of volcanism, although not for cessation of volcanism, with the oldest volcanic centers in the east and younger volcanic centers in the west, which is not observed along the continental sector (see Figure 2 and references therein). The linear nature of the mantle low velocity zone tomographically imaged beneath the CVL (e.g., Reusch et al., 2010; Adams et al., 2015) is consistent with the sublithospheric thermal anomaly expected for this model. The inconsistency of azimuthal anisotropy (e.g., Koch et al., 2012; De Plaen et al., 2014; Elsheikh et al., 2014) and the change to a NW-SE fast orientation at mantle depths (Adams et al., 2015; Ojo et al., 2018), however, are inconsistent with the along-strike sublithospheric flow described in these models.
Upwelling From Shear Driven Convection Cells
Meyers et al. (1998) noted that many volcanic centers on the African Plate, including the CVL, can be projected into parallel lines stretching across the plate, evenly spaced approximately 1800 km apart and oriented in a northeast-southwest direction. Volcanic centers within these projected lines share characteristics with the CVL, including a lack of age progression and an apparent uplift along-axis. These observations led Meyers et al. (1998) to hypothesize that these “hot-lines” observed across the African Plate, including the CVL, were formed by intermediate-scale convective rolls within the upper mantle. This proposed mechanism builds upon prior studies that predict cylindrical Rayleigh-Baynard convection cells with alternating convective directions may be generated by shearing at the base of the lithosphere in the presence of fast plate motion (Richter, 1973; Richter and Parsons, 1975). Because the motion of the Nubian Plate is slow, however, such convective rolls generated by shear at the base of the lithosphere would require more than 200 Ma to form (Meyers et al., 1998). Meyers et al. (1998) propose a variation on this mechanism, in which convective rolls are instead produced by shear along the base of the mantle transition zone, with limited shear at the base of the lithosphere. In this proposed model, the CVL and other hot-lines are formed at the convergence of two convective rolls (Figure 9C). Due to the alternation of convective directions, the two rolls would converge to form a large linear mantle upwelling, and a corresponding thermal anomaly, extending from the base of the transition zone to the base of the lithosphere (Meyers et al., 1998).
The tabular nature of the mantle low velocity zone imaged beneath the CVL (e.g., Reusch et al., 2010; Adams et al., 2015) and the thinning of the lithosphere (e.g., Okereke, 1988; Poudjom Djomani et al., 1995; Fishwick, 2010; Adams et al., 2015; Goussi Ngalamo et al., 2018) are consistent with the linear upwelling predicted by this model. The isolation of low velocities to the upper 200–300 km imaged by seismic tomography (Reusch et al., 2010; Adams et al., 2015) and the lack of perturbation to the mantle transition zone in receiver function studies (Reusch et al., 2011), however, suggest that no thermal anomaly extends into the transition zone as predicted by this model.
Edge Convection Driven by the Congo Craton
An alternate group of models attribute the formation of the CVL to edge convection along contrasts in lithospheric thicknesses. In one such model, King and Anderson (1995) suggest that a thick and insulating lithosphere, such as that which may exist beneath the Congo Craton, may lead to asthenospheric heating in the sub-lithospheric mantle. This thermally buoyant material would then flow laterally at shallow depths to the adjacent thinner lithosphere beneath the CASZ. This higher temperature mantle material would then lead to the formation of volcanism near the juxtaposition of thick and thin lithosphere, similar to the location of the CVL just north of the edge of the Congo Craton. This thermally heterogeneous mechanism would produce a thermal anomaly dipping from shallow depths beneath the CVL to deeper depths at the base of the lithosphere beneath the Congo Craton to the south (Figure 9D).
The thermal convection model of King and Anderson (1995) was later expanded to consider the role of initial mantle temperatures on edge convection based on contrasts in lithospheric thickness (King and Anderson, 1998). King and Anderson (1998) demonstrated that the style and orientation of convection induced at an abrupt change in lithospheric thickness is strongly dependent on the thermal conditions of the sub-lithospheric mantle. If the sub-lithospheric mantle is warmed due to insulation by the thick cratonic lithosphere, convection flows laterally at shallow depths from beneath the thicker lithosphere to the thinner lithosphere, where non-erupted material cools and sinks, as described by King and Anderson (1995). If the sub-lithospheric mantle is not thermally perturbed beneath the thicker lithosphere, convection is induced in the opposite direction, with a downwelling beneath the thicker lithosphere and a corresponding upwelling beneath the thinner lithosphere (King and Anderson, 1998). Based on this model, if the asthenosphere beneath the Congo Craton has not been heated by thermal insulation, a corner flow edge should form, with a downwelling directly beneath the Congo Craton and a corresponding upwelling beneath the CVL, forming vertically-oriented thermal anomaly directly beneath the CVL (Figure 9E; King and Ritsema, 2000).
Both edge convection models would produce a shallow thermal anomaly, restricted to the upper few hundred kilometers of the upper mantle, which is consistent with findings from seismic tomography (Reusch et al., 2010; Adams et al., 2015) and transition zone receiver functions (Reusch et al., 2011). The shapes and lateral extent of the anomalies, however, would differ between the two models. In the thermally heterogeneous model of King and Anderson (1995), the thermal anomaly would be tilted, at shallow mantle depths beneath the CVL and reaching deeper depth beneath the Congo Craton (Figure 9D). This is not supported by tomographic evidence, which indicates a vertically oriented low velocity zone directly beneath the CVL (Reusch et al., 2010; Adams et al., 2015) nor by gravimetric models, which indicate that density anomalies are restricted beneath the CVL (e.g., Okereke, 1988; Poudjom Djomani et al., 1995; Goussi Ngalamo et al., 2018). Existing geophysical evidence instead supports the vertically oriented thermal upwelling predicted by the corner flow model (Figure 9E; King and Anderson, 1998; King and Ritsema, 2000).
Continental and Oceanic Lithosphere Instability
The impacts of lithospheric contrasts on convection were re-examined using analog models in a study by Milelli et al. (2012). Milelli et al. (2012) build upon prior experimental results demonstrating that a system that is heated from below and cooled from above, such as the heating of the lithosphere from the mantle and cooling at the surface boundary layer, forms a system of hexagonal convection cells (Jaupart et al., 2007). Milelli et al. (2012) modified this system to include a step-change in the thickness of the lid being heated from below and cooled from above, with a thick lid surrounded by a thinner lid, mimicking the contrast between oceanic and continental lithosphere. In this scenario, a complex system of convective cells was produced. Within the thick-lidded interior representing continental lithosphere, hexagonal convection cells formed as in prior studies (Jaupart et al., 2007). Near the change in lid thickness representing the continental margin, however, these hexagonal cells transition to linear convection cells, radiating outwards from the thicker simulated continental interior (Milelli et al., 2012). This model predicts that the contrast between thick continental lithosphere and thin oceanic lithosphere should produce upwellings and downwelling at and perpendicular to continental margins. Milelli et al. (2012) describe this system as a lithospheric instability, and propose the CVL as an example of this complex convective system, with the interior “Y” shape of the CVL indicating the boundary between hexagonal and linear convective cells (Figure 9F). This model would produce a vertically oriented thermal anomaly, restricted to the upper mantle, where upwellings occur, similar in shape to that predicted by the corner flow model (King and Anderson, 1998) but driven by the contrast in the lithospheric thickness beneath the continental and oceanic lithosphere instead of by the contrast between the lithosphere of the Congo Craton and the Oubangides Belt (Milelli et al., 2012). This model is equally supported by geophysical imaging of a shallow, vertically oriented, tabular upper mantle anomaly described in section 5.3 (Okereke, 1988; Poudjom Djomani et al., 1995; Reusch et al., 2010; Reusch et al., 2011; Adams et al., 2015; Goussi Ngalamo et al., 2018).
DISCUSSION AND KEY QUESTIONS
Geophysical studies have given numerous insights into the crust and upper mantle structures of the CVL and surrounding areas during the past 40 years. Studies have revealed regional patterns in crustal thickness and structure, with thinned crust beneath the Benue Trough, thicker crust beneath the Congo Craton, and a generally consistent crustal thickness for the CVL and the surrounding Oubangides Belt, with some disagreement between studies on the relative thickness of stations along the coastal plain.
The crust of the Congo Craton displays velocities and Vp/Vs ratios characteristic of other Archean Cratons (Tokam et al., 2010; Guidarelli and Aoudia, 2016; Ojo et al., 2018; Ojo et al., 2019), although the potential existence of mafic intrusions into the lower-most crust is debated (Tokam et al., 2010; Gallacher and Bastow, 2012; Ojo et al., 2019). The northern and southern CVL are both characterized by low crustal bulk velocities and low Vp/Vs ratios, suggesting a lack of large-scale mafic intrusions into the crust (Tokam et al., 2010; Gallacher and Bastow, 2012; Guidarelli and Aoudia, 2016; Ojo et al., 2018; Ojo et al., 2019), while a decrease in crustal density is observed for the northern CVL, likely reflecting the increasing prevalence of granitoid intrusions in that region. Localized high velocity layers and pockets across the CVL and the Adamawa Plateau may reflect small-scale intrusion of mafic materials into those regions (Tokam et al., 2010; Guidarelli and Aoudia, 2016). Offshore, crustal thickness remains constant, with uplift accommodated by lithospheric bending (Meyers et al., 1998).
Unlike the consistent crustal thickness observed beneath the Adamawa Plateau, both gravimetric (Goussi Ngalamo et al., 2018) and seismic studies (Fishwick, 2010; Adams et al., 2015) indicate substantially thinner lithosphere beneath the CVL, although the degree of thinning differs between methods. Thinned lithosphere beneath the continental CVL is underlain by a vertical, linear anomaly of low velocities, which extends to 200–300 km (Reusch et al., 2010; Adams et al., 2015) with no evidence for anomalies in the transition zone (Reusch et al., 2011). Studies of shear wave splitting indicate NE-SW fast directions beneath the northern CVL and N-S or null measurements beneath the southern CVL, with the relative contributions of crustal, lithospheric mantle, and sublithospheric mantle varying across the region (Koch et al., 2012; De Plaen et al., 2014; Elsheikh et al., 2014; Ojo et al., 2018). The causes of azimuthal anisotropy remain debated between studies. Neither deep lithospheric and sublithospheric mantle structure nor anisotropy is modeled for the oceanic portion of the CVL.
The CVL has displayed only low levels of small magnitude (<4.8 Mb) seismicity since monitoring began using local stations in the 1980s. Seismicity is primarily concentrated around the active volcanic center of Mt. Cameroon, where lower magnitude earthquakes primarily nucleate in the upper 15 km, appearing in swarms likely associated with migration of volatiles and magma (Tabod et al., 1992; De Plaen et al., 2014). Smaller numbers of earthquakes are detected in the northern portion of the CVL, but these infrequent earthquakes have a slightly higher average magnitude (Tabod et al., 1992).
The observed geophysical characteristics allow evaluation of the numerous geodynamic models that have been proposed for the formation of the CVL. The linear nature of the upper mantle low velocity anomalies, their restriction to the uppermost mantle, and the orientations of seismic anisotropy suggest a lack of mantle plume activity at the CVL, at least beneath the continental sector. Similarly, the restriction of the low velocities to the upper most mantle indicate that the CVL is not formed by shear at the base of the transition zone, and the vertical nature of the low velocity anomaly is inconsistent with edge convection driven by thermal heterogeneities in the sublithospheric mantle. The rapid spatial variation in azimuthal anisotropy (e.g., Koch et al., 2012; De Plaen et al., 2014; Elsheikh et al., 2014) and the NW-SE fast orientation at mantle depths (Adams et al., 2015; Ojo et al., 2018) are inconsistent with models of channelized sublithospheric flow. Current evidence suggests that the most likely models for the formation of the continental CVL are corner flow edge convection (King and Anderson, 1998) or lithospheric instability (Milleli et al., 2012).
The mantle structure of the oceanic CVL, however, remains largely unexplored except through continental or global scale models. Some large scale models suggest that first order structures observed onshore may continue offshore (e.g., Sebai et al., 2006; Fishwick, 2010), while others suggest a change in structure offshore (e.g., Hansen et al., 2012), but resolution is limited in these large-scale models. The detailed structure of the offshore CVL remains an important unresolved question, with key implications for the mechanisms forming and influencing the CVL. For example, no evidence is seen onshore for age progression from a mantle plume, yet there is some evidence for age progression offshore (see Figure 2). The lack of geophysical models for the mantle offshore means that it is possible that the offshore portion of the CVL could be formed or influenced by a mantle plume, giving the overall CVL a complex geodynamic history, in which the oceanic and continental sectors are formed by separate mechanisms. This possibility is supported by studies that resolve low velocities in this region within the deep mantle (e.g., French and Romanowicz, 2015). On the other hand, the two primary candidate models for the formation of the continental CVL, corner flow edge convection (King and Anderson, 1998) and lithospheric instability (Milelli et al., 2012), would likely produce different offshore structures in the mantle, with convective flow following the curve of the Congo Craton at depth for the corner flow model or continuing to extend perpendicular to the coast for the lithospheric instability model.
Additional first-order questions also remain for the onshore CVL. No study, for example, has found a causal link between the Benue Trough and the CVL that is consistent with both geological and geophysical evidence. Thus, uncertainty remains about the cause of the characteristic Y-shape shared by the neighboring features. Similarly, although the proximity and similar azimuth of the CVL and the CASZ are compelling, no consensus has been reached regarding the degree of influence held by the preexisting CASZ on the formation of the CVL.
Finally, while the geophysical studies of the past 40 years have yielded tremendous insights into the crust structure and onshore mantle structure of the CVL, these finding have in turn led to new questions. For example, several differences are observed in crustal and upper mantle velocity structure and density for the southern and northern continental CVL, yet these regions share a similar eruptive history and are presumed to have formed from the same mechanism. Therefore, what are the causes for these differences in structure? Measurements of anisotropy are often inconsistent between studies and variable at short distances within studies, and there is evidence for significant changes in anisotropic structure with depth. So, what are the causes of anisotropy in this region and why does it vary rapidly in three dimension? And, two of the leading candidate models for the formation of the continental CVL are dependent on the rapidly changing lithospheric thickness at the boundaries of the Congo Craton and the continental margin. How might these two significant boundaries in the lithosphere interact to influence the CVL?
As a volcanic line without age progression, the CVL challenges many of our current understandings of mantle dynamics and drivers of volcanic activity. Recent studies have yielded insights into the seismicity and crustal and upper mantle structure of the CVL, suggesting that the CVL does not form primarily from a mantle plume or from multiple mantle plumes as suggested for non-age progressive volcanic lines in the south Pacific. Instead, the CVL is likely influenced by the interaction between mantle convection and the unique preexisting lithospheric structures in the region. Questions still remain about the relative contributions of different preexisting structure and about the nature of the offshore portions of the CVL. Further study focusing on the oceanic sector and finer scale structures of the continental sector are needed to address key outstanding questions.
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