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Abstract

:

This study characterizes the submerged geomorphology around Annobón, São Tomé, and Príncipe Islands, and the De Santarém–Escobar seamount in the Cameroon Volcanic Line or CVL (Gulf of Guinea, West Africa) through analyses of topographic relief and coastal bathymetry, and data from fieldwork and historical fossil collections. The clear relation between each submerged island and the seamount morphology of the CVL and the various stages of coral reef development according to Darwin’s subsidence hypothesis meets the concept of intangible geoheritage. This type of geoheritage is related to phenomena rather than to a thing, and it is usually highly evaluated by scientific communities. Academics tend to use science-based discourse to explain this theory, but it is rarely understood by non-specialist audiences. This work proposes a virtual geo-itinerary along the submerged geomorphology of the CVL islands and seamounts, which aims at telling the geohistory of the coral reefs’ origin and evolution according to Darwin’s theory, and disclosing its geoheritage contents for further sustainable uses. The resulting narrative can be used to support geotourism initiatives and to support the United Nations’ objectives for Small Island Developing States.
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1. Introduction


The history of coral reef science displays one of the most interesting long-term controversial issues: the origin of coral reefs’ morphology [1,2]. While Darwin [3,4,5] suggested that the growth processes on subsiding volcanic islands are primarily responsible for the current morphology of coral reefs [6], Daly [7] argued that the effects of wave planation during low sea-level stands and coral development during subsequent high stands were the combined causes of the surface shape of current reefs [8]. According to Davis [9], the climatic oscillations in ocean level of Daly’s glacial-control theory and the intermittent subsidence and sporadic uplifts of Darwin’s theory may work together. However, more recently, Droxler and Jorry [10] claimed that the late Quaternary formation of the present-day atolls, which were formed on top of late Pliocene flat-topped banks from the Maldives archipelago and from the tropical Pacific and southwest Indian Oceans, was unaffected by the volcanic substrate, while Raja et al. [11] considered that throughout the Phanerozoic, global abiotic variables had little effect on reef volume.



Among the world’s least well-known tropical reefs are those found in West Africa’s Gulf of Guinea [12,13]. The Gulf of Guinea’s surface temperature is typically above 25 °C, and seasonal upwelling has no effect on the salinity, which is consistently less than 35% [14]. For Príncipe Island, Laborel [12] described the coral assemblages that developed in shallow waters (2–4 m depth) and rocky bottoms at the northern shore, and identified endemic species associated with some NE Brazilian ones. Reefs recognized on São Tomé Island are found in waters of an intense turquoise color at Lagoa Azul (coordinates 0°24′23.10″ N; 6°36′36.53″ E), lie in cool water below a 20–30 m depth, and are interpreted as mesophotic reef ecosystems dominated by black corals [13].



However, the submerged morphology of the offshore volcanic swells that have formed islands and seamounts (i.e., peaks characteristically of conical form that rise over 1000 m above the seafloor [15]) located in the Gulf of Guinea shows distinctive features typically attributed to submerged shallow-water carbonate platforms and coral reefs that occur when tectonic subsidence or a rising sea level exceeds carbonate accumulation and benthonic carbonate production ceases [16]. Understanding their geodynamic evolution over time because of biotic and abiotic constraints can be of great relevance to make local communities aware of the vulnerability of the present-day coral reef ecosystems of the Gulf of Guinea, which are still so little understood.



In addition to the geological heritage that can be inventoried and evaluated on each island, (e.g., [17,18,19]), the analysis of the topographic relief and nearshore bathymetry of the set of submerged geomorphological features surrounding Annobón, São Tomé and Príncipe Islands, and the De Santarém–Escobar seamount shows that they exhibit intangible geoheritage characteristics that set them apart and that were crucial in the development of geological thinking, so meeting the definition of intangible geoheritage [20]. The set of volcano-capped swells of the Gulf of Guinea provides paradigmatic examples of various stages of ancient coral reef development according to Darwin’s subsidence hypothesis subject to varying conditions of sea water level over time. In this sense, they can be framed within a thematic geo-itinerary that is most likely to be understood by general audiences and be used as a powerful educational resource. Disclosing these tangible and non-tangible geoheritage contents for further sustainable uses, namely through geotourism, can contribute to the fostering of community-based tourism and therefore assist the United Nation’s goals regarding Small Island Developing States [21].



Storytelling the temporal and spatial dimensions of the rocks and forms that constitute the three islands (Annobón, São Tomé, Príncipe) and the De Santarém–Escobar seamount (located between Príncipe and Bioko Islands) of the Gulf of Guinea may represent an effective way of communicating geoscientific knowledge, and can provide a clear context for a tourist destination, strengthening the identity of the territory [22,23]. Additionally, storytelling is a valuable strategy for raising public awareness of geoconservation and can help people comprehend natural phenomena and processes. It can also be used to critically support the media’s current focus on discussions of biodiversity loss, sea-level rise, and climate change [23].



As such, the aim of this work is to characterize the submerged geoheritage of four offshore volcanic swells located in the Gulf of Guinea in light of the origin and evolution of the coral reefs’ morphology as proposed by Darwin and sea-level changes during the last 30 My. Based on the “art of storytelling” [24], each of them is described as representing successive subsidence stages on foundering volcanic island bases according to Darwin’s hypothesis and considering its potential use for geoeducation and geotouristic purposes [25]. The purpose of this work is to support and contribute to ongoing initiatives within the Community of Portuguese-speaking Countries that aim to promote the African geological heritage [26] and to help put local projects into action that will help promote local socio-economic sustainable development [27].




2. Geographical and Geological Setting


The study area is in the offshore region of West Africa, close to the equator, and refers to a linear N30°E alignment chain of islands—Annobón (also known as Pagalú), São Tomé, Príncipe, and Bioko (former Fernando Pó)—arching over the Gulf of Guinea to a curving arc of peaks in Cameroon that define the “Cameroon Volcanic Line” or CVL. The CVL is a zone of extension that formed in the continental lithosphere at 65 My because of changes in the stress field in the nearby elevated lithosphere [28]. It consists of an 1800 km long linear chain of genetically related series of active Cenozoic intraplate volcanoes and plutonic structures that dates from 66 My to the present [29]. The 900 km long Cenozoic volcanism of the Biu Plateau in Central Nigeria marks the northern terminus of the CVL’s continental portion [30,31] (Figure 1). The offshore section is composed of a set of volcanic islands including Annobón (Pagalú) and Bioko, which are part of the Republic of Equatorial Guinea, as well as the island nation of the Democratic Republic of São Tomé and Príncipe, the second smallest African country. These Atlantic islands were all discovered by the Portuguese in 1471, and none of them exhibited any evidence of prior human habitation [32]. Both states are part of the Community of Portuguese-Speaking Countries, a group of countries bound together by their historical connections, use of the same language, and commitment to democracy and sustainable development [33].



The CVL represents one of the twenty “African Alive Corridors” that offer specific reference points for reconstructing and telling the last 200 My of Africa’s autobiography—the “African Pole of Rotation”. For many authors, it is the only example on Earth of a “hot line” of active intraplate volcanoes that have simultaneously evolved in both the oceanic and continental domains and are connected to a single underlying source [32]. However, a recent work by Adams [29] (and references therein), presents a range of geophysical evidence that concludes that the CVL is inherently inconsistent with its formation by a mantle plume, and that the interaction between mantle convection and the region’s preexisting lithospheric structures—the exact role of which is still unknown—is likely to have influenced the CVL’s formation. The area is home to some of the richest biodiversity in Africa, making it the “Cameroon Hotspots”, one of the Gondwana Alive Corridors that can help chronicle the narrative of life on Earth [34]. However, its geodiversity is still mostly unexplored; thus, it must be found, evaluated, and employed as a tool for local communities’ sustainable development [27].



Much of the mainland of this region is wet tropical, with large river systems and estuaries of muddy substrata unsuitable for coral growth or reef development due to turbid conditions [35]. However, the offshore area comprises a set of islands and seamounts situated along the CVL where coral communities settled and developed in clearer waters than the turbid mainland coast, and it is included within the Ecoregion ER134—Gulf of Guinea to Sierra Leone [36].



The submerged geomorphological features surrounding the Annobón, São Tomé, and Príncipe Islands, and the De Santarém–Escobar seamount (or bank according to [37]) reveal shapes that enable each of them to be related to some of the three major kinds of coral reef morphology (fringing reefs, barrier reefs, and atolls) and to explain the origin and evolution of coral reefs according to Darwin’s subsidence hypothesis (Figure 2).



Príncipe, São Tomé, and Annobón and nearby seamounts are really oceanic in character and have never been connected with the mainland or with each other, unlike Bioko, a continental shelf island that was recently connected to the African mainland [32]. Príncipe, São Tomé, and Annobón have similar petrogenetic histories, with basements of basaltic flows capped by more evolved rocks, and have been active in the past 5 My [38]. The age of the earliest exposed volcanic rocks in the oceanic sector of the CVL decreases oceanward from Principe (31 My) to São Tomé (13 My) and to Annobón (5 My) Islands, which is consistent with the suggested motion of the African plate over this period of time [38,39].



The isostatic sinking of the ocean floor as it cools and moves away from a mid-ocean ridge is determined by the thermal structure of the lithosphere and the kind of convective instability beneath the plates. The study by Crosby and McKenzie [40] provides maps of residual topography to estimate the swell volume, buoyancy flux, and melt generation rate for major offshore plume swells of modern ocean floors. For the Cameroon swell, the authors estimated a volume of 3.7 × 105 Km3, a steady-state buoyancy flux of ~1.5 Mg·s−1, and a melt generation rate of 0.3 m3·s−1. Cenozoic climate conditions, i.e., the last 65 My, changed globally from much warmer than the present time in the first 15 My (Eocene) to the cold poles that characterize the modern world [41]. For the first part of the Cenozoic, the temperatures of tropical surface water and deep ocean water fluctuated simultaneously [42]. Over this time, different episodes of variations in sea level and in the temperature of the surface waters of the sea have been recognized as occurring, which conditioned the installation and development of coral reefs that built up the present-day drowned reef structures.



According to Wright [42], tropical surface water temperatures increased from 22 to 24 °C at the beginning of the Cenozoic to 28 °C during the Early Eocene, similar to those in the equatorial parts of the present oceans. From Late Oligocene (ca 25 My) to Middle Miocene (ca 15 My) Mathew et al. [43] identified an interval of clear coral reef expansion in SE Asia, when global tropical surface waters rose to 26 °C with two sharp increases around 14 and 13 My [42]. The Plio-Pleistocene (2.5 My) corresponded to a sea-level fall, but Quaternary reefs recorded an important episode of proliferation because of the Holocene sea-level rise that occurred at the end of the Pleistocene ice age [44]. Raja et al. [11] argue that the Pleistocene is among the most recent reef-boom intervals to be found in the geological record.



Different geoheritage contents that are mainly of volcanic type [45] can be identified and characterized in several geosites scattered across each individual island and the seamount, with its heritage value thus being significantly increased [46], as well as the corresponding potential use from a sustainable development perspective [47] (and references therein). However, the abiotic evolution recorded in the offshore areas of Annobón, São Tomé, and Príncipe Islands and De Santarém–Escobar seamount can also be interpreted through the analysis of their topographic relief and nearshore bathymetry, which enables each of them to be assigned to the subsidence hypothesis that Darwin uses to explain the origin of fringing reefs, barrier reefs, and atolls. By corresponding to a very illustrative record of geological processes that mark significant turning points in the development of the geological sciences, these sunken coral reef structures, understood as a whole, fulfill the criteria for intangible geoheritage previously established for other geological phenomena, which distinguishes them and is essential to the development of geological thinking [20].




3. Materials and Methods


Similar to icebergs, just a tiny portion of a coral reef’s structure is visible above the sea [6]. Analyzing ancient coral reefs that are above sea level and are currently sinking is even more difficult. However, data collected from satellite sensors and data from analogous fossil coral deposits (e.g., [48]) can help to overcome such constraints.



The present work was based on the interpretation of the current topographic relief of the offshore areas of Annobón, São Tomé, and Príncipe Islands, and the De Santarém–Escobar seamount. Bathymetric data were processed using several sources (Table 1). It integrated data from old hydrographic maps from the former Portuguese Ministry of the Navy and Overseas [49,50] and updated gridded bathymetry data provided by the British Oceanographic Data Center through the GEBCO Compilation Group [51]. The bathymetric data, when crossed with images from Google Earth, enable reef crests to be identified around the islands that make up the CVL (see Figure 2).



Finding material evidence to support the origin and evolution of coral reefs at the CVL according to Darwin’s subsidence hypothesis required fieldwork campaigns in São Tomé and Príncipe Islands to identify onshore limestone outcrops and collect samples for petrographic studies. Historical fossil collections sampled during the mid-20th century and stored at the Science Museum of the University of Coimbra (Portugal) were also checked. The reconstruction of the evolution of the ancient reefs from Annobón, São Tomé, Príncipe, and Bioko Islands, and De Santarém–Escobar seamount also integrated all available data regarding eustatic sea-level changes, bottom sea paleotemperatures, and eruption ages assigned to each one, according to the reference literature.




4. Building a Reef Necklace around Darwin’s Theory


Charles Darwin is traditionally related to the Galapagos Islands and to its extraordinary biodiversity. The geodiversity and geoheritage of these emblematic islands, considered as a “cathedral of the natural sciences”, were recently made known through a geotouristic guide intended for a broad readership [52]. However, Darwin’s contribution to Earth science’s development can be applied and extended to other geological contexts beyond the Galapagos and the Pacific Ocean. It can inspire other geotouristic and geoeducation initiatives in other territories of the planet, namely in Africa, a geological paradise for its geodiversity and richness of natural resources [53,54].



The Gulf of Guinea islands have previously been compared to “pearls along a necklace” making up the oceanic part of the CVL [32]. The Bioko, Príncipe, São Tomé, and Annobón Islands, and the nearby seamounts have similar volcanic peaks and are home to a variety of basalt flows, cones, dykes, plugs, and crater lakes, but they differ significantly in age and other characteristics, including the ancient coral reef morphology surrounding each of them that is currently submerged under the Atlantic waters.



These sunken volcanic islands’ offshore areas and seamounts are capped by former shallow-water carbonate platforms and reefs that developed during the mid-Neogene reef boom [11]. Local inhabitants empirically recognize the shallower parts of these ancient reefs and seamounts and they head to them for the traditional practice of artisanal fishing.



The volcanic history of these islands and seamounts can be related with the origin and evolution of the drowned carbonate platforms and coral reef structures they reveal under present sea levels (Figure 3 and Figure 4). While Annobón (the younger island) is surrounded by a very narrow platform with very steep slopes, Príncipe (the older island) displays a wide barrier reef built during the Oligocene and Miocene, when the climate was favorable to coral reef development [55].



4.1. Fringing Coral Reefs: Annobón and São Tomé Islands


Annobón is a small island located 350 km from the Gabon coast at latitude 1°25′60″ S and longitude 5°37′60″ E with 236.27 km2 of area, and it was designated as a Réserve Naturelle at National level in 2000 [59]. It is formed of palagonitic breccia covered by basaltic flows, which are in turn overlain by alkaline lavas, mostly emplaced between 5.4 and 2.6 My ago [60]. Its highest point, Pico Quioveo, is 598 m above sea level. It is located at the south of Lake a Pot, the central crater of the ancient volcano that originated the island some 5 My ago. The island’s offshore area is bordered by a narrow carbonate platform with very steep slopes, representing the earlier stage of a fringing coral reef in a subsiding volcanic island.



São Tomé is an island with an area of 857 km2, situated 2 km (1¼ miles) north of the equator between latitudes 0°24′39.78″ N; 6°43′2.38″ E and 0°0′46.37″ S; 6°30′58.79″ E (the island of Rolas is crossed by the equator line). At Pico de São Tomé, it rises from a depth of roughly 3000 m to an altitude of 2024 m. Established in 2006, the Obô National Park aims to protect the significant biodiversity of the area since São Tomé and Príncipe is among the world’s most endemism-rich nations [61,62]. The National Park covers nearly 30% of the two islands’ total area: including the Obô Natural Park in São Tomé Island and the Obô Natural Park in Príncipe Island. Primarily made up of volcanic rocks, in São Tomé, four main volcano-stratigraphic units can be recognized: the São Tomé Volcanic Complex (<1.5 My); the Phonolitic Basaltic Complexes, which include the Ribeira Afonso Volcanic Complex (2.5–5 My) and the Mizambú Volcanic Complex (7–8 My); and the Ilhéu das Cabras Volcanic Formation (13 My) [63,64]. The two NE-SW trachytic hills that make up the Ilhéu das Cabras (coordinates 0°24′26.90 N; 6°42′52.61 E) are in line with the CVL, and it is one of the geosites included within the inventory and qualitative assessment of the geological heritage of São Tomé [17,18]. The island has a large submarine platform of approximately 450 km2, bounded by the 200 m isobath, representing the subsequent development stage of a fringing coral reef in a subsiding volcanic island. The reef carbonate framework that consists of calcareous crusts (i.e., crustose coralline algae) and scleractinian corals is essential to the existence of coral reef ecosystems [65]. A limestone outcrop recently identified on the NE coast of the island, about 5.5 km north of Guadalupe at Lobata Municipality (0°24′23.10″ N 6°36′36.53″ E), provides evidence of an ancient platform with abundant crustose coralline red algae, which would have acted as coral reef binders and consolidators [66,67]. The fining upward sequence lays on volcanic rock and is about 2 m thick. It comprises three irregular bounded beds: C1 is a conglomerate with volcanic and limestone clasts at the base, mixed with sandstone and bioclasts (Figure 5A,B); C2 is a fossiliferous limestone, showing diverse fossil assemblage (Figure 6A,B); and C3 is a compact limestone with planar lamination topped with a floatstone crust (Figure 7A,B).




4.2. Barrier Coral Reef: Príncipe Island


Príncipe Island is located at latitude 1°37′12″ N and longitude 7°23′24″ E and occupies 136 km2 of immersed area. It rises from about a 3000 m depth to the altitude of 948 m at Pico do Príncipe in the south. It is essentially composed of lava flows of a basaltic nature, but there are also older phonolitic rocks, as well as trachytic, tephrite, and andesite, constituting domes and chimneys [68]. The oldest volcanic rocks outcropping on the island are 31 My in age (the basal palagonite breccia; 30.6 ± 2.1 My [69]), which corresponds to the establishment of a new plate-wide shallow-mantle convection pattern as the African plate began to settle [28]. It is overlain by the Older Lava Series basalt (23.6 ± 0.7 My) and hawaiite (19.1 ± 0.5 My), by the Younger Lava Series nephelinite (5.60 ± 0.32 My) and basanite (3.51 ± 0.15 My), and by intrusive phonolite (5.32 ± 0.17 My, 5.48 ± 0.19 My), tristanite (4.89 ± 0.15 My), and trachyphonolite (6.93 ± 0.68 My) plugs [69].



The island is surrounded by a large 100 m depth offshore platform with more than twice the area of the emerged territory with special importance for the reproduction of sea turtles, seabirds, and cetaceans, as well as coral reefs, and it was designated as a Biosphere Reserve in 2012 [70]. This extensive platform represents the former reef lagoon bordered by the ring-shaped reef crest resulting in the vertical growth of coral and corresponding to the barrier reef stage. It was recently subject to a detailed mapping of marine habitats using Side-Scan Sonar by De Esteban et al. [71] who identified a large rhodolith seascape at Baía das Agulhas, in the southwestern area of the island. Silva [72] previously referred to the occurrence of a small outcrop of bioclastic limestone located about 1.3 km SE of Santo António, which provided a diversified shallow marine benthic assemblage comprising corals, coralline algae, echinoderms, bivalves, and gastropods, of the Miocene age.




4.3. The De Santarém–Escobar Seamount


Part of the Equatorial Guinean Exclusive Economic Zone, the De Santarém–Escobar bank was named after the two Portuguese mariners who discovered Principe and São Tomé in 1471, João de Santarém and Pedro Escobar. It comprises a NW-SE elongated volcanic seamount located between Príncipe and Bioko Islands (latitude 2°47′52.2″ N and longitude 8°14′0.8″ E). It rises from about 1500 m to a large platform at around a 70 m depth through a high peak that emerges at up to a 2 m depth. Its small area (1.6 km2) does not fit the guyot definition proposed by Harris et al. [15] for seamounts having a flat top >10 km2 in areal extent and with a gradient of <20, but its shape features a typical submerged flat-topped seamount or bank.



There are no data regarding its age, but considering Darwin’s hypothesis, it is plausible to consider this submerged flattened structure as resulting from the subsidence of the oldest volcanic island of the Gulf of Guinea. Its genesis could be associated with the extensive restructuring of the mid-ocean ridge hydrothermal system that started in the Late Paleocene and continued into the Eocene [39]. In fact, during the Paleogene, the Central Atlantic recorded a broader and deeper equatorial gateway and a subsiding CVL [73] that would have enabled the further settlement and development of coral reefs, subsequent to the extended tropical cooling from 52 to 34 My [39]. Once built above sea level, over time, the former island and adjacent coral reef were subject to erosion by waves that flattened the top of the mount, and then it sank into deep waters. However, before we can have a deeper understanding of this past, we must drill and core this submerged structure.





5. Discussion


Geoheritage elements and sites are being subjected to geoconservation research as specific entities displaying three levels of meaning—physical, conceptual, and linguistic [74]. Inventorying and assessment methods of geoconservation can be implemented at scales ranging from international to local [75], but the numerical assessment of sites becomes difficult to manage when the same physical entity displays different heritage contents at different scales.



An evaluation system for geological heritage of a qualitative nature and that is scale-independent provides much wider applicability, being adaptable to different geological and socio-political contexts. The integrated approach proposed by Pena dos Reis and Henriques [43] is founded on the idea of geoheritage content, which is determined by the public’s comprehension of the meanings attached to geological objects (abstract perceptiveness) and the relevance of the meanings given to them by scientific communities (relevance grade).



Geoconservation concepts and ideas have commonly been used in tangible geological objects and/or forms corresponding to any expression of morphology or relations between units of Earth. However, geological processes, in themselves, are essentially immaterial and intangible. Geological elements and/or processes of international scientific relevance, used as milestones, and/or with a substantial contribution to the development of geological thinking through history, can also display geoheritage value, corresponding to intangible geoheritage, and fit into the body of knowledge that constitutes geoconservation [20].



Darwin was initially inspired by the geology of volcanic islands, and although he is best known for his theory of biological evolution, he also proposed a theory of atoll genesis from the subsidence of volcanic islands [76]. When the analysis scale is enlarged to the whole offshore area of the CVL (i.e., regional scale), the relation between the morphology of each island’s offshore area and seamount and the various stages of coral reef development is clear according to Darwin’s subsidence hypothesis. The set of volcano-capped swells from the CVL result from long, essentially immaterial, geological processes whose interpretation established a new theory used as a reference, and/or with a substantial contribution to the development of geological thinking, therefore representing a milestone for the history of the geological sciences. In this sense, such singular past process of coral reef development according to Darwin’s subsidence hypothesis, inferred from and/or supported by geosites and/or materials, meet the definition of intangible geoheritage, which is associated with phenomena rather than physical objects [20]. Such phenomena are particularly attractive for both geoscientists and biologists, among others, which supports the idea that Earth system science unites the other sciences [77].



As in material geoheritage, different contents can also be recognized in intangible geoheritage. A lot of questions about mantle geochemistry, shallow-mantle circulation, mantle lithosphere interaction, plate motion, plume behavior, and structural and geochemical evolution across a continental margin can be answered by studying the volcano-capped swells from the CVL, which are an extremely uncommon but underappreciated field laboratory [28]. Research on such items requires deep knowledge about the volcanic history of each island [78], about the isostatic subsidence patterns of the ocean floor [54], about the structure of coral reefs [15], as well as about the central idea postulated by Darwin who considered that the atolls he encountered during his expedition were the result of the upward development of coral as the Pacific Ocean floor gradually sank. From this perspective, the set of volcano-capped swells of the Gulf of Guinea, as with many onshore landscapes, displays documental content, i.e., a highly demonstrative record that is especially important for comprehending the major geologic changes associated with an area [43,44].



As well as the documental content that each of the volcano-capped swells may display, the whole set of volcanic islands and banks along the CVL display other heritage contents, therefore increasing its global heritage value.



While the type specimens of a microfossil species can typically only be observed and studied microscopically, the sea bottom morphology is also dependent on the use of specific devices for it to be perceived and analyzed. When such underwater morphology displays peculiar shapes modeled by geological processes (i.e., demonstrates a direct correlation between basic geological processes and the things they produce), we can assign them indicial content. This is the case for the fringing coral reef morphology recognized in the bottom waters surrounding the Annobón and São Tomé Islands and the barrier coral reef of the Príncipe Island and the De Santarém–Escobar seamount. The unique graphic output of these local scale geoheritage contents makes them appear as emergent witnesses of reef dynamics.



Local-scale content in a highly socialized location that is mostly utilized by the public for purposes other than geological ones is referred to as symbolic content [46]. It can be recognized in sites, landscapes, and objects such as fossils, rocks, or minerals [79]. Local people empirically recognize the emplacement of the shallower parts of CVL ancient reefs and seamounts and currently use those spots for the traditional practice of artisanal fishing, therefore assigning symbolic content to this geoheritage.



The widest definition of geoconservation is the inventory, evaluation, and conservation of the Earth’s geoheritage, together with their valuation (i.e., the development and implementation of appropriate geotourism and geoeducation initiatives) and monitoring [74].



To disclose the geoheritage of the ancient CVL coral reefs and make it available for non-specialist audiences requires the creation of initiatives for efficient tourist and educational applications (e.g., field guidebooks, websites, trails, leaflets, and interpretative panels embedded into a storytelling perspective [23]) in order to fulfill the functions inherent to geoconservation: to promote Earth science education and the dissemination of Earth science knowledge among the public [44] and to use geoheritage as a driver of economic and social transformation [80]. Africa, which accounts for 20% of the Earth’s surface and has four billion years of history, and its geoheritage needs to be found, assessed, and used as a tool for local communities to develop sustainably [27]. Even more so because “local nature-based solutions have the potential to contribute to transformational change, even at the global level” [81] (p. 185).




6. Conclusions


This work characterizes the submerged geomorphological features surrounding a linear chain of islands and banks corresponding to four volcano-capped swells located in the Cameroon Volcanic Line or CVL (Gulf of Guinea, West Africa): the Annobón, São Tomé, and Príncipe Islands and the De Santarém–Escobar seamount.



Each of them was analyzed considering the age of their oldest rocks, the current topographic relief of their offshore platforms, the sea-level changes during the last 30 my, outcrop data, and Darwin’s subsidence hypothesis for the origin and development of different types of reefs (fringing reefs, barrier reef, and atolls).



Annobón is the youngest island (5 My), and it is surrounded by a narrow platform with very steep slopes representing the early stage of a fringing reef. The oldest rocks from São Tomé Island are Middle Miocene in age (13 My). The submerged platform of this island is wider than the one of the previous islands representing the late stage of a fringing coral reef. Príncipe is the oldest island of this chain (31 My), and it displays a wide drowned barrier reef that resembles a coral necklace probably built during the Middle Miocene climatic optimum. Finally, the De Santarém–Escobar Bank is a submerged flattened structure resulting from the subsidence of the oldest volcanic island, and is truly oceanic in nature in the Gulf of Guinea.



When analyzed at a regional scale (i.e., as a linear chain of volcanic islands within the offshore area of the CVL), the clear relation between the morphology of the submerged part of each island and the seamount (type of reef) and the various stages of coral reef development according to Darwin’s subsidence hypothesis (origin and development of coral reefs) meets the concept of intangible geoheritage. This attribute, of a non-material nature, refers to representations of geological processes that are unique and decisive in the construction of geological thinking, and it is usually highly evaluated by scientific communities. The offshore area of each island and seamount of the CVL display other local to regional geoheritage contents, so far only applied to material geoheritage (indicial, symbolic, and documental), therefore increasing its global geoheritage value and potential use for geoeducation and geotourism purposes.



To use the linear chain of volcanic islands within the offshore area of the CVL as an educational resource and/or a geotouristic product requires bridging specialized knowledge of Earth sciences to non-specialized audiences. To tell the geological history of the coral reefs’ origin and evolution according to Darwin’s theory, storytelling is the best path to support a virtual geo-itinerary along the submerged geomorphology of the CVL islands and seamounts. The discourse used in this work aims to raise the awareness and capacity of local authorities and people on the management, conservation, and sustainable exploitation of present-day reefs, and to stand up for the development of further initiatives using African geoheritage to promote education and the sustainable development of the West Atlantic islands.
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Figure 1. Geographical location of Annobón, São Tomé, Príncipe, and Bioko Islands, and De Santarém–Escobar seamount. 
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Figure 2. Bathymetric chart of bottom surface between Annobón, São Tomé, Príncipe, and Bioko Islands, and De Santarém–Escobar seamount. Reef crests are highlighted in yellow. 
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Figure 3. Reconstruction of the evolution of the ancient reefs from Annobón, São Tomé, Príncipe, and Bioko Islands, and De Santarém–Escobar seamount. 
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Figure 4. The earlier eruptions of Annobón, São Tomé, Príncipe, and Bioko Islands, and De Santarém–Escobar seamount, and sea-level changes. The eustatic sea-level curve is based on Haq et al. [56] shown in the red line, modified by Miller et al. [57] shown in the blue line; the reef boom is based on Gradstein et al. [58] and Raja et al. [11]; the bottom sea paleotemperatures curve is based on Zachos et al. [38] shown in the green line. 
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Figure 5. Thin-section photomicrographs of bed C1 from the limestone outcrop at Guadalupe. (A) Grainstone with bivalve mollusk (1), coralline algae (2), and equinoid (3) magnified 4×. (B) Grainstone with coralline algae (1), and coral (2) (magnified 4×). 
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Figure 6. Thin-section photomicrographs of bed C2 from the limestone outcrop at Guadalupe: (A) Grainstone with coralline algae (1), coral (2), and equinoid (3) magnified 4×. (B) Grainstone with: bivalve mollusk (1), coralline algae (2), and miliolid foraminifera (3) (magnified 4×). 
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Figure 7. Thin-section photomicrographs of bed C3 from the limestone outcrop at Guadalupe: (A) Mudstone with peloids (1) magnified 4×. (B) Floatstone with bivalve mollusk (1), and coralline algae (2) (magnified 4×). 
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Table 1. Sources of bathymetric data from the offshore areas of Annobón, São Tomé, and Príncipe Islands, and from De Santarém–Escobar seamount.
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	Organization
	Reference
	Access





	GEBCO Compilation Group (2023)
	The GEBCO_2023 Grid [51]
	https://www.gebco.net/data_and_products/gridded_bathymetry_data/gebco_2023/ (accessed on 11 December 2023)



	Ministério da Marinha e do Ultramar (1965)
	Carta Hidrográfica da Ilha do Príncipe [50]
	https://gpixel.org/q/m/pch/yndex.php#zoom=1.887791&x=0.2370025&y=0.1588588 (accessed on 11 December 2023)



	Ministério da Marinha e do Ultramar (1963–1964)
	Carta Hidrográfica da Ilha de S. Tomé [49]
	https://gpixel.org/q/m/sth/yndex.php#zoom=1.2222405&x=0.5751106&y=0.4618568 (accessed on 11 December 2023)
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