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The East African Rift System (EARS) provides an ideal natural laboratory for studying the mechanisms of tectonic plate breakup and continental drift, as well as a unique perspective for exploring the maturation process of continental rifting and its drivers. This study combines high-resolution satellite gravity data and seismic tomography model with an integrated geophysical approach to reveal the density structures in the upper mantle of the EARS. The results show that the northeastern to central Congo and Zimbabwe Craton exhibit significant high-density anomalies extending up to 250 km, which is indicative of a thicker and more intact lithosphere. In contrast, the Uganda, Tanzania, eastern and southern Congo, and Kaapvaal Craton show shallow high-density anomalies underlain by low-density anomalies that are clearly derived from the deeper mantle, indicating a thining of the lithosphere with some degree of possible melting at the base. The various rift segments of the EARS exhibit different rift morphologies. The Main Ethiopian Rift and the Kenya Rift of the Eastern Rift Branch show strong low-density anomalies, indicating intense melting, which is much stronger than that observed in the Western Rift Branch. However, the two rifts may have originated from the same mantle uplift in which the low-density anomalies of the Eastern and Western Rift Branches connected in the deep upper mantle. The lower portion of the Malawi Rift exhibits weaker low-denstiy anomalies, which can be observed to the south of the Malawi Rift, extending further south as a continuation of the EARS. Combining the results of previous kinetics simulations and our density perturbation results, it can be inferred that the Eastern Rift Branch is mainly affected by active rifting, while the Western Rift Branch is affected by both active and passive rifting.
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1 INTRODUCTION
The East African Rift System (EARS) is a prominent continental rift that extends through eastern Africa (Figure 1) and is characterized by extensive rift morphologies, rifting rates, volcanic and seismic activity reflecting the complexity of its geological processes (Adams et al., 2018).
[image: Figure 1]FIGURE 1 | Tectonic map of the EARS. Topographic datas are from the ETOPO1 global topographic/bathymetric model (Amante and Eakins, 2009); solid black lines are plate boundaries, dashed black lines are major tectonic units, and red dots are hotspots (Courtillot et al., 2003); Plate names: NP, Nubian Plate; SP, Somalian Plate; VP, Victoria Microplate; RP, Rovuma Microplate; Tectonic unit names: CC, Congo Craton; KC, Kalahari Craton; TC, Tanzania Craton; SMC, Saharan MetaCraton; ZC, Zimbabwe Craton; KpC, Kaapvaal Craton; NC, Niassa Craton; MER, Main Ethiopian Rift; KR, Kenya Rift; MR, Malawi Rift; BB, Bangweulu Block; IB, Irumide Belt; East African Rift is divided into two branches: ERB, Eastern Rift Branch; WRB, Western Rift Branch.
The EARS is a significantly spreading plate boundary embedded in the vast plateaus of eastern and southern Africa and is thought to be supported in part by dynamic processes in the lower mantle (e.g., Nyblade and Robinson, 1994; Bagley and Nyblade, 2013; Braun et al., 2014). The development of the EARS involves multiple stages and styles. In the northern EARS, which begins at the Afar Triple Junction, a single magmatically active rift, the Main Ethiopian Rift, forms with well-defined boundary faults. To the south, the central EARS splits into the Eastern and Western Rift Branches, which formed preferentially within the Proterozoic mobile belts that surrounds the Tanzania Craton, highlighting the key role of preexisting tectonics in rift positioning (e.g., Kendall and Lithgow-Bertelloni, 2016). The Western Rift Branch consists of linear rift segments with numerous lakes whose volcanism is confined to isolated volcanic fields. Despite low volcanic activity, the Western Rift Branch has been one of the most seismically active regions in the entire rift system over the past decade, with earthquakes focus deeper than 20 km showing brittle failure deep in the crust (Foster and Jackson, 1998; Yang and Chen, 2010; Mulibo and Nyblade, 2016). The southern Malawi Rift is the terminus of the Western Rift Branch, a weakly extended zone about 800 km long with asymmetric bounding faults and deep seismicity, less defined extension continuing to the coast (e.g., Jackson and Blenkinsop, 1993; Craig et al., 2011; Fagereng, 2013). In contrast, the Eastern Rift Branch is less seismic but more magmatically active. The northern Kenya Rift is highly magmatic, with surface deformation concentrated in an area only 50 km wide. To the south, volcanics and deformation spreads to form the Tanzania Divergence Zone (TDZ; e.g., Ring, 2014), which spans 300–400 km.
Through body wave tomography, surface wave tomography, and receiver function analysis (e.g., Weeraratne et al., 2003; Begg et al., 2009; Hansen et al., 2009; Fishwick, 2010; Adams et al., 2012; Mulibo and Nyblade, 2013; O'Donnell et al., 2013; Wölbern et al., 2012), the lithosphere of the Tanzania Craton is determined to be significantly thicker than that of the surrounding area, with a maximum estimated thickness of between 150 and 200 km, whereas the lithosphere of the surrounding area does not typically exceed 120 km. It is worth noting that although these estimates suggest that the lithosphere of the Tanzania Craton is thicker. It is still thinner than other African cratons, such as the West African craton in the west of the continent, the Congo craton in the center, and the Kalahari craton in the south. On its eastern side, the dramatic decrease in lithospheric thickness has led some scholars to suggest that the Craton may have been altered or eroded by processes associated with the mantle plume (e.g., Weeraratne et al., 2003; Park and Nyblade, 2006; Adams et al., 2012). Within the rift segments, cylindrical low-velocity zones are found beneath the Western Rift Branch volcanically active zone (Adams et al., 2012; O'Donnell et al., 2013), while wide low-velocity zones are prevalent beneath the more magmatically active Eastern Rift Branch. In the south, the low-velocity zone beneath the central EARS typically extends below the northern end of the Malawi Rift, but no low-velocity zone is observed below the central Malawi Rift (O'Donnell et al., 2013). The distinctive rapidity feature beneath the Bangweulu Block suggests velocities comparable to those of the Tanzania Craton at depths of less than 80 km, with a distinctive southern boundary in eastern Zambia (O'Donnell et al., 2013).
The location, nature, and even the number of terminal rift segments in the EARS remain controversial. It is generally accepted that the southernmost major rift segment in the EARS is the Malawi Rift, although GPS evidence suggests the presence of less obvious extensions southward to the coast (Saria et al., 2014). Below the northern end of the Malawi Rift, there is significant low-velocity motion associated with the active rift, but no similar low-velocity motion is observed below the central Malawi Rift (O'Donnell et al., 2013). Within the Kibaran Belt north of the Bangweulu Block, a second hypothesis for a terminal rift segment is proposed, in which the low-velocity region extends westward from the southern margin of the Tanzania Craton to western Zambia. This is spatially related to the previously inferred embryonic rift segment of the Kibaran Belt between the Bangweulu Block and Congo Craton (e.g., Fairhead and Girdler, 1969; Fairhead and Henderson, 1977; Foster and Jackson, 1998; Mulibo and Nyblade, 2016).
Some scholars, based on geologic mapping and geophysical data, have suggested that the Eastern Rift Branch extends southward along the Tanzania Craton boundary and connects to the Western Rift Branch north of the Malawi Rift (Le Gall et al., 2008). Other scholars have found tomography evidence of a low-velocity diffuse zone extending from the TDZ toward the east coast of Tanzania to a depth of 100–200 km, indicating the presence of the northern boundary of the Ruvuma Microplate, one of a number of small cohesive lithospheric blocks thought to be responsible for the separation of the Nubian and Somalian Plates. However, they found no evidence to support a similar low-velocity feature along the southwesterly boundary of the Ruvuma Microplate (O'Donnell et al., 2013). Mulibo and Nyblade (2016) identified a region of seismicity extending southeastward from the TDZ dominated by normal faulting and in contrast to O'Donnell et al. (2013) found a low-velocity zone that overlaps. They also identified a region of less pronounced seismicity that extends southwest to Lake Malawi, includes normal and strike-slip faults, and matches the southwestern connection proposed by Le Gall et al. (2008).
Previous studies have shown a lateral bifurcation of the EARS subsurface rift process that overlaps with the northern boundary of the Ruvuma Microplate. The bifurcation is located at the southern end of the Eastern Rift, a southeast extension of the Southwest Rift Branch consistent with GPS studies and plate motion models that divide the region between the Nubian and Somalian Plates into the Victoria and the Ruvuma Microplates (e.g., Saria et al., 2014). However, the limited station coverage in the region restricts detailed imaging of deep lithospheric and asthenosphere. Through the inversion of combined seismic tomography and gravity anomaly data, we provide a detailed resolution of the 3D density structure of the upper mantle of the EARS to a depth of 600 km, which is important for understanding tectonic and geodynamic processes in the EARS region.
2 DATA AND METHODOLOGY
The method employed in this work (Figure 2), which is the same as some scholars (Liang et al., 2019; Finger et al., 2022). First, the mantle gravity anomaly of the study area can be obtained by subtracting the topography and crustal gravity effects from the Free air gravity anomaly; second, the S-wave velocity perturbation model is used to obtain the initial density model by means of an empirical transformation formula; and lastly, the upper mantle density structure of the EARS can be obtained by combining the two for inversion.
[image: Figure 2]FIGURE 2 | Methodology flow chart to obtain the denstiy structure of EARS.
2.1 Mantle gravity anomalies
The mantle gravity anomalies used in this paper were obtained by subtracting the gravity effects of topography and crust from the initial gravity field (EIGEN-6C4, Förste et al., 2014). We compute the effect of density deviations from a 1D reference model (Table 1) as in previous studies (Liang et al., 2019; Finger et al., 2022). A topographic map of the EARS was obtained using ETOPO1 data (Figure 1), topographic effects (Supplementary Figure S1) were subtracted from the Free air gravity anomaly (Figure 3A) to obtain the Bouguer gravity anomaly (Figure 3B) for the study area, and gravity effects due to sedimentary layer, crystalline crust, and Moho relief were calculated using the ECM1 (Mooney et al., 2023) global crustal model (Supplementary Figure S2). These crustal effects (Figure 4A) were subtracted from the initial gravity field and filtered on a certain scale to obtain the adopted mantle gravity anomaly (Figure 4B).
TABLE 1 | 1-D Reference model of the crust and uppermost mantle.
[image: Table 1][image: Figure 3]FIGURE 3 | (A) Free air gravity anomaly according to the model EIGEN-6C4 downscaled to 0.5° × 0.5° (Förste et al., 2014). (B) Bouguer gravity anomaly after subtracting the effect of topography (see Supplementary Figure S1) from the Free air gravity anomaly.
[image: Figure 4]FIGURE 4 | (A) Gravity effects of crust due to sediments, crustal density variation and the Moho relief. (B) Mantle gravity anomalies after subtracting the effect of crust from the Bouguer gravity anomaly.
2.2 Initial density modeling
In this study, the initial density model was obtained by converting the AF2019 model provided by Celli et al. (2020). The S-wave velocity perturbations were converted to temperature and then to density perturbations using mineral physics methods.
Velocity-temperature and density-temperature curves for mantle peridotites were obtained by fitting six minerals common to the upper mantle (Fo90, Fo92, orthoclase, ferrofeldspar, garnet, and spinel) using available mineralogical information (Levandowski et al., 2015); through extensive mineralogy, density varies with respect to a reference value (assumed to be solid) at a reference density ρ0 = 3,200 kg/m3 and velocity V0 = 4,500 m/s, and density perturbations at depth z can be obtained:
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This equation assumes that changes in seismic transverse wave velocity are caused by temperature alone, and is estimated from regressions of transverse wave velocity on density data for olivine rocks at different temperatures. This velocity-density relationship ignores compositional variations, the most important of which may be the difference between the enriched and deficient upper mantle. Empirical correlations between the magnesium number of the lithospheric mantle, Mg# (Mg# = [Mg]/[Mg + Fe]), seismic velocity, and density suggest that a unit increase in Mg# leads to an ∼0.4% (∼13 kg/m3) decrease in density and a 0.25% (∼0.01 km/s) increase in wave velocity (Schutt and Lesher, 2010). Thus, using this relation with a unit increase in the magnesium number Mg# leads to an overestimation of the density by 15 kg/m3. In other words, this relation overestimates the density of rocks in the deficit mantle and underestimates the density of rocks in the enriched mantle.
Therefore, the initial velocity perturbation model and the initial density model are obtained by referring to the above article (Equations 1a, 1b), and the velocity perturbation models at depths of 75 km, 125 km, 175 km, 225 km, 300 km, and 500 km are shown in Figure 5 below. The initial density model obtained from the conversion is shown in Supplementary Figure S3.
[image: Figure 5]FIGURE 5 | S-wave velocity perturbation of the tomography model AF2019 (Celli et al., 2020) at the depths of (A) 75 km, (B) 125 km, (C) 175 km, (D) 225 km, (E) 300 km and (F) 500 km.
2.3 Gravity inversion algorithm and parameters
The 3D inversion algorithm of Liang et al. (2014) is used in this study. This method considers the topography of the Earth and is suitable for large-scale inversion. Usually, 3D gravity inversion is performed in a Cartesian coordinate system, which approximates the surface as a plane. Since our study area spans 20°E–45°E in longitude and 25°S–15°N in latitude, a spherical coordinate system inversion must be performed for the study area. Since the resolution of the solved gravity anomaly is 0.5° × 0.5°, the initial density model is also represented on the same grid with a step size of 25 km in depth.
In gravity data inversion, it is necessary to constrain geological and geophysical information to limit the non-uniqueness and instability of the inversion. We follow Li and Oldenburg (1998) (Equations 2, 3) in proposing a density model based on seismic stratigraphic imaging, and use this initial density model as a constraint on the inversion. Thus, the objective function can be defined as:
[image: image]
where, [image: image] is the data objective function, [image: image] is the model objective function, and [image: image] is the balancing factor, also known as the regularization parameter, which determines the weights between the two objective functions. Both objective functions [image: image] and [image: image] can be represented as matrices, i.e.,
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where G is the kernel matrix or the integral operator that converts the density to a gravity field, g is the mantle gravity anomaly, ρ and ρ0 denote the density to be solved and the initial density vector, respectively, and Wρ is one of the important parameters of the model’s objective function, which is defined as a weighting matrix in the spherical coordinate system (Liang et al., 2014).
Liang et al. (2019) used this method to conduct tests on a numerical model to analyze the resolution of this inversion method and the effect of uncertainty in the initial density structure based on seismic tomography. The test results show that the inversion results are able to reproduce the shape of the predefined density body well, including lateral and vertical variations, although the density anomaly amplitude may be reduced due to damping.
3 INVERSION RESULT
The inversion density model produces gravity anomalies that are very close to the mantle gravity anomalies, with error amplitudes of ±20 mGal (see Supplementary Figure S4). The main difference between the inversion model and the initial model is the variations in the mantle density anomaly. For example, the initial model obtained from seismic tomography imaging shows low-density anomalies under the Saharan MetaCraton, while the mantle gravity anomalies show large high-value anomalies. Thus, our approach offers another possibility for resolving additional features of the upper mantle structure that are not visible in seismic tomography models because of the lack of resolution or low sensitivity of seismic wave velocities to compositional variations. The inversion results reveal density variation features that reflect the lateral variations of density structures in the upper mantle (Figure 6).
[image: Figure 6]FIGURE 6 | Inversion density variations at the depths of (A) 75 km, (B) 125 km, (C) 175 km, (D) 225 km, (E) 300 km and (F) 500 km. Five profiles (AA’, BB’, CC’, DD’ and EE’) at the 75 km plot show locations of vertical cross-sections in Figure 7. Solid black lines are plate boundaries, dashed black lines are major tectonic units, and red dots are hotspots (Courtillot et al., 2003); Plate names: NP, Nubian Plate; SP, Somalian Plate; VP, Victoria Microplate; RP, Rovuma Microplate; Tectonic unit names: CC, Congo Craton; KC, Kalahari Craton; TC, Tanzania Craton; SMC, Saharan MetaCraton; ZC, Zimbabwe Craton; KpC, Kaapvaal Craton; NC, Niassa Craton; MER, Main Ethiopian Rift; KR, Kenya Rift; MR, Malawi Rift; BB, Bangweulu Block; IB, Irumide Belt; East African Rift is divided into two branches: ERB, Eastern Rift Branch; WRB, Western Rift Branch.
The inversion results show strong density heterogeneity in the EARS. Overall, the inversion results for shallow (75–225 km, Figures 6A–C) profile reveal that the Congo, Zimbabwe, Kaapvaal, and Tanzania Cratons exhibit obvious high-density anomalies, with low-density anomalies mainly in the various rift segments and in the Saharan MetaCraton. The Tanzania Craton still shows a strong high-density anomaly at a depth of 175 km compared to several other Cratons in the EARS, but the results observed at a depth of 225 km show a low-density anomaly. Meanwhile, we can see that the southeastern and northern parts of the Congo Craton do not show a strong high-density anomaly, which, in comparison with the previous Mg# results (Finger et al., 2022), infers that it may have undergone reactivation. In the Saharan MetaCraton, we can see a high-density anomaly, inferring that it may be a residual Saharan MetaCraton with cratonic roots. Notably, the Eastern and Western Rift Branches show different density anomalies in the shallow part, the Western Rift Branch shows a weak low-density anomaly, and the Eastern Rift Branch shows a strong low-density anomaly, which may be related to the different modes of action of the Eastern and Western Rift Branches. Overall, low-density anomalies are present below each rift section, but the areas corresponding to the low-density anomalies is much larger than those corresponding to the surface rifting. In the shallow depth (Figures 6A–C), we observe an independent low-density anomalies below the rift segments, which is referred to the model of multiple mantle plumes below the African continent proposed by the previous studies (Rajaonarison et al., 2023). For the density variation in depth of 225–500 km (Figures 6D–F), the low-density anomalies below the rift segments are connected in the deep part of the inversion results. We infer that the low-density anomalies are from the existence of a super-mantle plume beneath the East African continent, suggesting a form of northward flow of mantle-sourced materials (Qian and Yang, 2023).
4 DISCUSSION
According to the global seismic data (see Supplementary Figure S5), there are few earthquakes of magnitude 7 or greater within the study area with low tectonic correlation. There are many earthquakes of magnitude 4–7, mainly in the eastern and southern parts of the continent, especially in the EARS. The earthquakes are frequently occurred in the Red Sea region, starting from the Afar Triple Point and following the East African Rift all the way up to the Kalahari Craton. It is obvious that the Western Rift Branch is significantly more seismic than the Eastern Rift Branch, and the magmatic activity of the Eastern Rift Branch is much greater than that of the Western Rift Branch, which may be related to the different modes of action of the Eastern and Western Rift Branches. At the same time, seismicity is less common in the Saharan MetaCraton and the western and central parts of the Congo Craton, which may indicate that these cratons are still very stable and have experienced less geological activity, which corresponds well with the results of Mg# measured by previous researchers (Finger et al., 2022); in contrast, seismicity is more frequent in the southeastern part of the Congo, Tanzania, and Kalahari Craton, indicating that they are still subjected to complex geotectonic activity and that their craton’s roots have suffered a certain degree of damage.
4.1 Northern EARS
The northern EARS consists mainly of the Afar hotspot and the Main Ethiopian Rift. Profile AA’, a profile that passes mainly through the Main Ethiopian Rift, has an overall topography that is significantly higher than that of surrounding area, and may have a clear connection to the mantle upwelling below (Al-Hajri et al., 2009). The inversion results reveal more lateral density variations than the seismic S-wave velocity perturbation results (see Figure 7 AA’ and Supplementary Figure S6 AA’). The very pronounced low-density anomalies beneath the Main Ethiopian Rift, which are deeply extended and of high amplitude, indicate that intense melting occurred beneath the former and that a large number of volcanics formed at the surface, with the main development of Eocene-Oligocene and Miocene-Pliocene volcanics, with the age of volcanics progressively increasing away from the rift section (Ebinger, 1989). The difference between the rifting effects is that the low-density anomalies are not located directly below the Main Ethiopian Rift, but rather below the Somalian Plate, which better distinguishes the two plates. The density anomalies below the rift show a clear low-high-low pattern from west to east. The low-density anomalies in the western part of the Main Ethiopian Rift with no deep continuation may be the result of magma chambers forming at violent plate boundaries, and may also originate from the migration of mantle-sourced thermal material in the eastern part of the rift. The apparent high-density anomalies in the middle part of the rift may be the result of upwelling of mantle-sourced thermal material from below, leading to lithospheric dismantling and sinking. The upwelling of mantle-sourced hot material beneath MER has led to intense melting, resulting in a change in the composition of uppermost mantle or lithospheric material, possibly with an increase in density, which is also consistent with previous results (Finger et al., 2022). The inverted density anomalies include the effects of thermal and compositional changes in upper mantle material, where the compositional changes may be due to partial melting. However, our inversion does not include the effect of partial melting, and does not differentiate between the two factors.
[image: Figure 7]FIGURE 7 | Vertical profiles of the inverted density structure along five lines (AA’–EE’), shown in Figure 6. Each profile contains two results, topographic and density inversion results from top to bottom. The different colored blocks in the figure represent different ages of volcanics exposed at the surface and the solid red lines respresnt the faults (quoted from https://www.brgm.fr/en/reference-completed-project/new-edition-110000000-geological-map-africa). Solid black lines are plate boundaries, dashed black lines are major tectonic units; Plate names: NP, Nubian Plate; SP, Somalian Plate; VP, Victoria Microplate; RP, Rovuma Microplate; Tectonic unit names: CC, Congo Craton; TC, Tanzania Craton; ZC, Zimbabwe Craton; MER, Main Ethiopian Rift; KR, Kenya Rift; MR, Malawi Rift; IB, Irumide Belt; East African Rift is divided into two branches: ERB, Eastern Rift Branch; WRB, Western Rift Branch.
4.2 Central EARS
The central EARS consists mainly of the Kenya Rift of the Eastern Rift Branch, the Western Rift Branch and the Tanzania Craton. The two profiles mainly pass through the Eastern and Western Rift Branches of the EARS, with the difference that profile CC’ does not pass through the area of surface rifting of the Eastern Rift Branch. The topography of the Eastern Rift Branch is significantly higher than that of the Western Rift Branch, and the low-density anomalies beneath the Eastern Rift Branch and the Western Rift Branch also show differences. Both the Eastern and Western Rift Branches have obvious low-density anomalies beneath them, with higher amplitudes, but slightly weaker amplitudes than those of the Main Ethiopian Rift in the northern part of the country; at the same time, these low-density anomalies continue very deeply and are connected together, which indicates that mantle-sourced thermal materials beneath the Eastern and Western Rift Branches have the same origin. The difference is that the low-density anomalies beneath the Eastern Rift Branch rise to the top of the upper mantle, while those beneath the Western Rift Branch rise only to a depth of 200 km, and the low-density anomalies beneath the Eastern Rift Branch are stronger than those beneath the Western Rift Branch. The differences between these low-density anomalies beneath the Eastern and Western Rift Branches may to some extent reflect their different surface expression. The Kenya Rift surface of the Eastern Rift Branch is exposed to a large number of volcanics, mainly early-middle Miocene, Pliocene, and Pleistocene-Holocene volcanics, with less seismic activity in recent years (Yang and Chen, 2010), while the surface of the Western Rift Branch does not have any significant volcanics exposed, and volcanic activity is more limited; However, a large number of earthquakes have occurred, indicating brittle failure deep in the crust (Foster and Jackson, 1998). At the same time, we can see that the eastern part of the Congo Craton and the lower part of the Tanzania Craton show weak high-density anomalies, and the depth of continuation is relatively shallow, and below the high-density anomalies there are obvious low-density anomalies originating from the deeper mantle, which indicates that they may have been eroded by mantle-sourced thermal material from the lower part of the mantle and led to the thinning of the lithosphere (e.g., Weeraratne et al., 2003; Park and Nyblade, 2006; Adams et al., 2012).
4.3 Southern EARS
The southern EARS consists mainly of the Malawi Rift of the Western Rift Branch, which is generally considered to be the southern terminus of the entire EARS, based on both surface observations and seismic tomography (e.g., Jackson and Blenkinsop, 1993; Craig et al., 2011; Fagereng, 2013). Seismic tomography results show that the Malawi Rift exhibits significantly high velocities below it, with significant rift-related low velocities observed only in the northern part of the Malawi Rift, and no trend toward southward extension is observed (see Figure 5). Our inversion results provide a different interpretation from seismic tomography, showing that the Malawi Rift exhibits a very weak low-density anomaly beneath the rift, which, although much weaker than the intensely magmatic Main Ethiopian Rift and Kenya Rift, can continue into the deep mantle, possibly due to upwelling of deep mantle-sourced thermal material and the formation of small magma chambers at shallow depths (see Figure 7 DD’). Profile EE’ better shows this low-density anomaly structure, showing a low-high-low pattern, the obvious low-density anomalous structure underneath the Nubian and Somalian plates is sandwiched by a high-density anomaly of the Ruwuma Microplate, which may have led to the detachment of the Ruwuma Microplate, and this may be one of the driving forces of the rotation of the Ruwuma Microplate (Stamps et al., 2018). Although the seismic tomography imaging results do not show obvious low-velocity anomalies south of the Malawi Rift, our inversion results profile EE’ can still clearly show low-density anomalies, so it can be inferred that the Malawi Rift is not the end point of the southern part of the EARS, and that there are still low-density anomalies underneath the southern Malawi Rift, which may be a continuation of the southern part of the East African Rift.
4.4 Tectonic evolution
The southern African Mega plume is moving to the NE along the EARS and is divided into two main mantle plumes: the Afar mantle plume and the Kenya mantle plume (Ebinger et al., 2000). The Afar mantle plume began to uplift in the Eocene-Oligocene and the Kenya mantle plume was uplifted vigorously in the early-middle Miocene. Mantle plume uplift and volcanism are well matched, with intense volcanism usually accompanying the core of mantle plume uplift, resulting in the formation of widely distributed volcanic overflow-phase deposits. Mantle plume uplift coincided with or slightly preceded rift tensioning (George et al., 1998; Ebinger et al., 2000; Rogers, 2006). The Eastern Rift Branch was formed at the end of the Eocene and the beginning of the Oligocene, and mainly developed Oligocene-Holocene stratigraphy, with a wide distribution of volcanic rocks and a large thickness; the Western Rift Branch began to experience tension at the beginning of the Miocene, and developed Miocene-Holocene stratigraphy, with clastic deposition, and sporadic distribution of volcanics (Ebinger, 1989). There were two major volcanic events in the study area: the early-middle Miocene and the early Pliocene. The early-middle Miocene (ca. 20–10 Ma) was characterized by intense volcanic activity, and the volcanics in this period were mainly basaltic, with a thickness of more than a kilometer and a wide distribution (Ebinger, 1989). The early Pliocene volcanic events (3–5 Ma) were weaker, and the volcanic rocks were basalt or tuff, with a thickness of several tens of meters, but also with a wider distribution range (Ebinger, 1989).
Depending on the driving mechanism, lithospheric tensioning includes both active and passive rifting modes (Morgan and Baker, 1983; Turcotte and Emermen, 1983; Keen, 1985; Lesne et al., 1998; Corti et al., 2003). In regions dominated by active rifting, passive rifting also occurs. Large-scale upwelling lateral shunting of mantle-sourced thermal material causes stresses to be transmitted distally to form rift valleys. This kind of rift formation is mainly controlled by the change in regional tensile stress caused by the lateral flow of plastic material in the asthenosphere, which should be a passive rift. Therefore, against the background of large-scale active uplift of the mantle plume, active and passive rifts developed at the same time. In the passive rift mode, regional tensile stress is the main driving force for lithospheric thinning and rupture, the order of rift evolution is regional tensile–rift–volcano, and volcanic eruption generally occurs in the late stage of rift evolution. In the active rift mode, the upwelling convection of asthenosphere’s material is the main driving force of lithospheric tension, and the rift evolution sequence is dome structure-volcano–rift. The upwelling of asthenosphere’s materials causes regional uplift, so active rift are usually developed in highland areas, and the rifts are long, narrow and accompanied by large-scale volcanic eruptions, which usually occur at the early stage of rift formation. This is also confirmed by physical simulation experiments (Zhou et al., 2000).
By combining the results of previous kinetic simulations and our density structure, we make the following modifications to the previous evolution of the EARS (Saria et al., 2014; Zwaan and Schreurs, 2020; Zwaan and Schreurs, 2023). However, we must note that the exact ages of the various rift segments along the EARS are controversial, and because of the limited amount of initial extension, this early extension may not have left clear field evidence (Macgregor, 2015; Purcell, 2018). Therefore, which can be obtained as follows (Figure 8):
[image: Figure 8]FIGURE 8 | Tectonic evolution of the EARS, modified from Zwaan and Schreurs (2023). The different colored blocks in the figure represent different ages of volcanics exposed at the surface (quoted from https://www.brgm.fr/en/reference-completed-project/new-edition-110000000-geological-map-africa). Tectonic unit names: MER, Main Ethiopian Rift; KR, Kenya Rift; MR, Malawi Rift; East African Rift is divided into two branches: ERB, Eastern Rift Branch; WRB, Western Rift Branch.
During the early Eocene, the Afar mantle plume was uplifted, and large-scale upwelling of mantle-sourced thermal material from the asthenosphere occurred, resulting in the formation of a dome tectonics in the Ethiopian region, which was accompanied by a large amount of volcanic activity and the formation of a large amount of volcanics at the surface, which is characterized by a low-density anomaly of very high amplitude in the density inversion results, corresponding to intense melting. The density inversion results show very high-amplitude and low-density anomalies, which correspond to intense melting, indicating that the Main Ethiopian Rift was influenced mainly by active rifting.
Subsequently, at the end of the Eocene-Oligocene, under the influence of regional tensile stress formed by the uplift of the Afar mantle plume, the Kenya Rift began to form, and in the early-middle Miocene, the Kenya mantle plume began to uplift, the topography of the Kenya area was uplifted, the northern volcano erupted violently, forming a large amount of volcanics, and the results of the density inversion showed a low-density anomaly that was slightly weaker than that of the Main Ethiopian Rift. The density inversion results show a low-density anomaly that is slightly weaker than that of the Main Ethiopian Rift. Therefore, the Kenya Rift was affected mainly by active rifting, but also by passive rifting.
In the Miocene, the West Rift Branch was under the control of the regional tensile stress caused by the upwelling lateral flow of mantle-sourced thermal material from the East Rift Branch, and developed a large number of earthquakes, with only a small amount of volcanism and localized volcanics exposed on the surface. Meanwhile, the upwelling of mantle-sourced thermal material beneath the West Rift Branch can also be seen in the results of the density inversions, which suggests that the West Rift Branch was subjected to passive and active rifting at the same time. The Malawi Rift further south formed later than the West Rift Branch, and the weak low-density anomalies observed in the lower part of the rift suggest that it was mainly affected by passive rifting.
5 CONCLUSION
We calculated the gravity effect of the upper mantle beneath the EARS using several corrections and processing methods on satellite gravity data. The density structure of the upper mantle beneath the EARS and surroundings was obtained by the constrained gravity inversion. Our results, together with the findings of previous research, led to the following conclusions:
(1) The inversion density anomaly structure shows strong density heterogeneity in the upper mantle of the EARS, indicative of present-day tectonic features;
(2) The northeastern to central Congo and Zimbabwe Cratons exhibit pronounced high-density anomalies extending up to 250 km, indicative of a thicker and more intact lithosphere; the Uganda, Tanzania, eastern and southern Congo, and Kaapvaal Cratons exhibit shallow high-density anomalies underlain by low-density anomalies apparently originating from deeper mantle depths, indicative of a thinning of the lithosphere, with some degree of melting at the base. Some degree of melting may have occurred at the base;
(3) The various rift segments of the EARS exhibit different rift morphologies. The Main Ethiopian Rift and the Kenya Rift of the Eastern Rift Branch show strong low-density anomalies indicative of intense melting, much stronger than those of the Western Rift Branch, and the low-density anomalies of the Eastern and Western Rifts in the deep upper mantle indicate that they share the same origin. The lower part of the Malawi Rift shows weaker low-density anomalies, while distinct low-density anomalies can still be seen south of the Malawi Rift, which is inferred to be a possible continuation of the East African Rift in the south;
(4) The Main Ethiopian Rift and the Kenya Rift of the Eastern Rift Branch were mainly affected by active rifting, the Western Rift Branch was affected by both active and passive rifting, and the Malawi Rift was mainly affected by passive rifting.
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