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An archeological study using magnetic and ground-penetrating radar methods has been performed at the Dahshour region (Giza, Egypt), where various covered structures have not been found because of the long coercion of the zone under the military specialists. Dahshour is the southern extension of the Saqqara and Giza Pyramids plateau, around 25 km south of Cairo. The area is known for its colored pyramids—the white, red, and black pyramids, and the famous Bent Pyramid. Four investigation sites were chosen around the Bent Pyramid complex. The geophysical investigation has revealed the presence of some buried structures made up of mud bricks such as tombs, mud-brick walls, causeway, and remains of an ancient temple. Numerous limestone blocks were also detected. The study indicates the possible existence of an older valley temple made up of mud bricks and confirms the existence of another causeway that led to the Nile Valley. To protect the Egyptian heritage around this vital area, a detailed computation of the current crustal stress/strain state has been performed by taking into account all the available GPS observations. Achieved results indicated that the southern and the southeastern sectors of the investigated area are currently accumulating strain, and this means that there is a possibility for future earthquakes to occur around this vital archaeological area. Buried structures are preserved by confinement in the burial materials like a large mold. However, external load or stress can still cause damage. Therefore, during excavation, the stress should be reduced to avoid wall collapsing and structure damage. Therefore, it is recommended to start excavation from the stress direction from the southern side.
Keywords: magnetic, GPR, earthquakes, GPS, Dahshour area
INTRODUCTION
Dahshour area is located southwest of Cairo (Figure 1A) within the Giza governorate, which is acclaimed for one of the seven world marvels, the pyramids of Giza. Dahshour is the southern extension of the Saqqara, and Giza Pyramids plateau is around 8 km south of Saqqara.
[image: Figure 1]FIGURE 1 | (A) Map of Egypt showing the location of Dahshour area. (B) Satellite image showing the study areas as represented by sites (A, B, C, and D) (reproduced from Google Earth).
The current study is conducted in the vast area between the scan locations of both Mekkawi et al. (2013) and Abdallatif et al. (2010). The study area belongs to the Bent Pyramid complex structure area (the selected survey sites are within the expected locations of these pyramid complex structures, e.g., causeway, valley Temple, funeral Temple, and burial chambers). The Bent Pyramid has a very important archeological value, as it was the first attempt to build a smooth-sided pyramid by King Sneferu (2613–2589 BC), whereas his son King Khufu (2589–2566 BC) built the most famous the Great Pyramid of Giza.
The Pharaohs recorded earthquakes and their destructive effects on their temples. They built their temples to withstand the earthquakes. However, these monuments cannot defeat nature and time; therefore, they require protection and preservation. Consequently, this study includes both archaeological investigations and hazard assessment at Dahshour area. Usually, seismic hazard assessment studies are performed for structures rising above the ground surface where they are usually affected by ground shaking. Such studies are usually based on earthquake catalogs. Jena et al. (2020) gave a complete review of seismic hazard assessment methods. However, for buried structures like walls, the ground static load and the causative stresses play a major role in structure damage, especially during the excavation process. Underground structures have a lower rate of damage due to ground shaking than surface structures (Hashash et al., 2001). Therefore, this study includes crustal deformation analysis to determine the stresses at Dahshour area.
After the occurrence of October 12, 1992, earthquake, which has a magnitude of 5.9 on the Richter scale at Dahshour area, 30 km southwest the center of Cairo city at a depth of about 23 km, causing 545 deaths, injuring 6,512, and making 50,000 people homeless (Hussein et al., 1996), the National Research Institute of Astronomy and Geophysics (NRIAG) in Egypt proposed programs to study the crustal deformation in and around the Greater Cairo area. In 1995, a high-precision GPS geodetic network consisting of eleven geodetic stations was established in and around the Greater Cairo area including the archaeological Dahshour area, and it has been extended and renewed during the period of the present study (Mahmoud et al., 1996). This is very important to compute the stress affecting the study area, especially around Dahshour, to assess the seismotectonic setting of this vital area. This study is the first work to address the stress hazard before excavation with a detailed map of the expected features and their orientation with the stress direction.
HISTORICAL AND ARCHEOLOGICAL BACKGROUND
Dahshour area is a very interesting site for both archaeological investigations and tourists. It retains a diversity of enormous archaeological structures such as the Bent Pyramid (2613–2589 BC during the rule of King Sneferu from the fourth Dynasty-Old Kingdom); it was the first attempt to build a smooth-sided pyramid, succeeded by the Red Pyramid (the first smooth-sided pyramid) rising to 104 m height, the White Pyramid of Amenemhat II (1929–1895 BC), the Black Pyramid of Amenemhat III (1860–1814 BC), and the Pyramid of Senusret III (1878–1839 BC) from the Middle Kingdom (12th and 13th dynasties). Dahshour additionally contains various landmarks identified with each pyramid, like funeral home sanctuaries and helper burial chambers for the relatives and supported authorities. There are likewise the Mastabas (a unique burial chamber structure) of different princesses and queens containing noticeable instances of Middle Kingdom goldsmiths, a large portion of which are currently in the Cairo Museum (Baines and Malek, 1992; Black and Norton, 1993).
The period of Sneferu witnesses a major evolution in the pyramid structure. It is well known that Sneferu built at least three pyramids that are still existing today (in Dahshour: the Bent Pyramid and the Red Pyramid, and in Faiyum: the Meidum Pyramid). Each pyramid was a step forward for the next with significant differences in the structure, materials, and design. Sneferu started with the Meidum pyramid, which was a step pyramid of sand and mud bricks covered with polished limestone. Only this pyramid has an associated mortuary temple. Finally, Sneferu constructed the Red Pyramid which is the first successfully constructed smooth-sided pyramid and the third largest pyramid in Egypt after those of Khufu and Khafre at Giza. The Red Pyramid complex contains mortuary and valley temples with a causeway in between. Nevertheless, the Bent Pyramid is a milestone in this progressive development in the pyramid’s architecture. Key features start to appear in the pyramid’s architecture, for example, using limestone as the main construction material in the pyramids, temples, and causeways.
PREVIOUS WORK
Geophysical surveying in Dahshour area was spearheading work to investigate the related archeological designs, particularly since Dahshour zone has been blocked for logical work for quite a while due to the security vacuum following the 2011 uprising. In July 2019, Egypt opens the Bent Pyramid for tourism for the first time since 1965. Geophysical methods have made a critical commitment to archeology, especially, the nondestructive methods which are generally utilized in locations that loosen the requirement for conventional excavation. Several geophysical techniques can be utilized together or independently to diagram archeological constructions (David, 1995). Magnetic techniques and ground-penetrating radar “GPR” are two such apparatuses that have been utilized to portray archeological highlights (Hounslow and Chroston, 2002; Abdallatif et al., 2003). The magnetic technique has become a significant tool for the scientific examination of archeological sites. It was first utilized during the 1950s (Aitken et al., 1958) and has since become the main instrument in archeological prospection. It is a quick and compelling procedure for planning the appropriation of archeological remaining parts in the shallow subsurface (Clark, 1986; Clark, 1990; Scollar et al., 1990; Reynolds, 1997). A recent review of the application of the magnetic technique in the exploration of Egyptian archeology is given by Abdallatif et al. (2019).
The data are directly obtained, dealt with, and interpreted, utilizing high goal instruments. Numerous topographical and hydrological uses of the GPR have been portrayed by Davis and Annan (1989), Annan et al. (1991), Doolittle (1993). In like manner, the procedure has been effectively utilized in archeological investigations (Goodman, 1994; Goodman et al., 1995; Conyers and Goodman, 1997; Leckebusch, 2000; Tomizawa et al., 2000).
Many previous geophysical studies have been carried out in Dahshour area. Abdallatif et al. (2010) have conducted near-surface magnetic investigations using the FM36 magnetic gradiometer in the area east of the Amenemhat II pyramid. They scan an area of 340 m × 200 m, which comprises four major archaeological features of different shapes and sizes that mostly consist of mud bricks. These main structures are the causeway that connected the mortuary temple with the valley temple during the Middle Kingdom of the 12th Dynasty, the mortuary temple and its associated rooms, ruins of an ancient working area, and a Mastaba. This work was followed by an integrated geophysical survey conducted by Abbas et al. (2011). The ground-penetrating radar (GPR, SIR-2000), the electrical resistance meter (Geoscan RM15), and the electromagnetic profiler (GEM300) have been utilized to acquire some geophysical data within the area scanned by Abdallatif et al. (2010). These techniques have been applied to selected zones to investigate specific objects and oriented to solve the problems questioned by the local archaeological inspectors. The study conveyed a superior image of the whole measured site and helped to identify most of the detected artifacts. Furthermore, the margins of the causeway and its infrastructure have been perfectly delineated. However, the possible locations for the pyramid’s eastern entrance and the valley temple have been tentatively identified.
Mekkawi et al. (2013) conducted a conceptive work using a proton magnetic gradiometer to scan what is known as Mastaba (tomb) and Tell Athery (archeological hill) located to the south of the Bent Pyramid. The results indicated a distribution of some buried archeological features that are mostly tombs from the Old Kingdom.
FIELD SURVEY AND DATA ACQUISITION
The field survey was conducted in the study area to discover the archaeological structures made up of mud bricks and limestones such as tombs, temples, and walls. The sites were chosen close to existing or known archaeological features. Furthermore, site selection and their extensions were controlled by the ground topography and surface features. Two sites were surveyed to investigate the western and southern extensions of the valley temple of the Bent Pyramid. Meanwhile, another two sites were chosen to the east near the Nile Valley, where it was expected to have harbor and laborers’ accommodation and facilities during the construction process of Dahshour pyramids.
Typical pyramid complex in the Fourth Dynasty usually consists of a valley temple, a causeway, a mortuary temple, and the king’s pyramid. However, King Sneferu starts his ruling period by continuing building the Meidum Pyramid which seems never to have been completed. Beginning with Sneferu and to the 12th Dynasty, all pyramids had a valley temple, which is missing at Meidum. However, a mortuary temple was found under the rubble at the base of the Meidum Pyramid.
The remaining parts of what is believed to be the valley temple of the Bent Pyramid Complex of King Sneferu lie somewhere between the Pyramid of Sneferu and the Nile River (about 650 m northwest of the pyramid). Examination of the temple design and the features enclosed within it presumed that it is similar to the Meidum temple. In actuality, the Bent Pyramid’s prelude to the valley temple indicates that it is indeed somewhat a valley temple and a halfway funeral temple, containing components of both kinds of constructions, which makes it a unique design that resembles a transition in the construction strategy between the Third and the Fourth Dynasties. Since it is the principal temple associated with the pyramid complex, it has been explored archeologically (Baines and Malek, 1992). However, missing inscriptions and important features make archeologists believe that it has an associated complementary structure.
The temple is connected to the causeway from the west side and has a large opening on the eastern side that could connect it to the harbor. There may have been another causeway that led down to a harbor, but there are no excavated archaeological features that can prove this assumption yet (Hill, 2020).
Magnetic and GPR Data Acquisition
Acquisition Strategy
Four sites were surveyed using the vertical magnetic gradiometer FM36 (Geoscan Research, 1987). Each site was divided into small grids. The survey was conducted along parallel traverses with a station separation of 0.5 m. Standard working precautionary measures included instrument warm-up and site tidy up. A zero-reference point in a steady territory was chosen and utilized for instrument adjustment.
Powerful information obtaining is subject to a very much planned study and successful usage. Therefore, based on the magnetic survey results, two sites have been chosen to be further investigated using the GPR method. The survey was conducted using the SIR2000 instrument from GSSI with a monostatic antenna of a central frequency of 200 MHz. Each site is studied as one grid with a set of zigzag profiles. The offset distance between successive lines was 1 m. The radar was set up to procure 20 scans/m and a sampling rate of 512/trace over an absolute scope of 150 ns. A survey wheel that was utilized to control the studied distance and to trigger the electromagnetic wave was appended to the system.
Data Acquisition
Site (A)
Site A (Figure 1B) covers 120 m × 80 m (9600 m2) at the western side of the north–south–oriented valley temple of the Sneferu Bent Pyramid. The vertical magnetic gradient survey was conducted in a half-meter station separation and a 1-m traverse separation. The survey began with an area of 40 m × 80 m. In light of the outcomes obtained from this underlying region, the survey was stretched out to follow up recognized highlights, covering 20 grids altogether, with every grid being 20 m × 20 m. The estimations were signed into the instrument each half-meter on 1 m dispersed traverses. Working more than 2 days, 16,000 readings were gathered and put away in the FM36 memory. Unavailable areas were viewed as fake grids (the grid layout is presented in Supplementary Figure S1a).
The procured data were then introduced in gray scale (the raw data are presented in Supplementary Figure S1b). The acquired raw data appear as if they were taken from an aerial photography. The dark areas in the gray scale magnetic image (Supplementary Figure S1b) indicate positive anomalies, while the lighter areas indicate negative anomalies. It shows some archeological structures that could be made from mud brick. The vertical magnetic gradient over this site was ranged from −10 to 10 nT/m. The surface topography was practically flat and suitable for the gradiometer survey. The estimations were not diurnally amended because diurnal varieties barely influence gradient data. They additionally favor close-by sources, given the quick tumble off of magnetic gradient amplitudes (converse fourth force of distance for dipole sources).
Site (B)
Site B (Figure 1B) is situated on the eastern side of the valley temple of the Sneferu Bent Pyramid. The area covers 60 m × 40 m (2400 m2), which was divided into 10 grids, with each being 20 m × 10 m. This site was scanned in more detail than site A. The readings were signed each half-meter on half-meter spaced traverses. After working for more than 1 day, 8,000 readings were gathered and put away in the FM36 memory (see Supplementary Figure S2a for grid layout). The procured data were then introduced in gray scale (see Supplementary Figure S2b for raw data plot). The acquired raw data show an overall vertical magnetic gradient ranging between −200 and 60 nT/m.
Within Site B, a chosen area of 20 m × 40 m (see Supplementary Figure S5a) was further scanned using GPR to outline and follow the anomalies that appear in the magnetic survey. The GPR survey was carried out in the N–S direction along 20 zigzag profiles, with each being 40 m in length.
Site (C)
The investigation area covers 120 m × 40 m (4800 m2) (Figure 1B). The Magnetic survey covers 12 grids, with each being 20 m× 20 m. The estimations were signed into the instrument each half-meter on 1 m traverses. Working more than 2 days, 9,600 readings were gathered and put away in the FM36 memory (the grids' layout is presented in Supplementary Figure S3a). The obtained data were then introduced in gray scale (see Supplementary Figure S3b). The attained raw data have an overall vertical magnetic gradient ranging between −220 and 60 nT/m.
Additionally, an area of 40 m× 40 m at site C (see Supplementary Figure S5b) was scanned using GPR to correlate them with the magnetic results. The GPR survey was carried out in the E–W direction along 40 zigzag profiles with 40 m length.
Site (D)
This site covers an area of 10 m × 20 m (200 m2) (Figure 1). The survey covers one grid altogether. The estimations were signed into the instrument each half-meter on half-meter separated traverses. 800 readings were gathered and put away in the FM36 memory (see Supplementary Figure S4a). The procured data were then introduced in gray scale (see Supplementary Figure S4b) with an overall vertical magnetic gradient ranging between −60 and 40 nT/m.
GPS Data Acquisition
The field hardware incorporates receiver units and assistant gadgets like meteorological sensors, tribrachs with optical plummets, tribrach connectors, stands, compass, batteries, and other subordinate equipment. Geodetic receivers which perform exact baseline vector estimations should be thought of. Double recurrence receivers with P-code capacity are fundamental for the most exact positioning applications. The fieldworks of the GPS Greater Cairo geodetic network were completed by utilizing dual-frequency Trimble receiver 4,000 SSI with P-code and antennas compact L1/L2 with the ground plane. The Trimble receiver 4,000 SSI is naturally procured and tracks GPS satellites on the L1 and L2 stations. It additionally joins astoundingly low-noise code estimations with transporter and smoothing procedures to give exact position, velocity, and time solutions. Ten GPS campaigns from 2005 to 2011 were conducted with double-frequency Trimble 4000 SSI. The Greater Cairo network data of the ten GPS campaigns were handled utilizing Bernese V.5.0 (Dach et al., 2007).
DATA PROCESSING
Magnetic Data Processing
The raw magnetic data of sites (A, B, C, and D) are display magnetic impacts from numerous sources. Apart from the visible anomalies that appear at some parts of the images, most other archeologically critical peculiarities are not noticeable because of noise field abandons and other noise sources. To beat this, we actualized a handling arrangement that was recommended by the instrument producer. A run-of-the-mill preparing arrangement at first is to show and audit the data, cut outrageous qualities from the data, recognize the impact of major topographical and ferrous features, eliminate data assortment absconds, and at last, improve and present the archeological response. The introductory section diminishes the impact of iron spikes. Defect removal includes i) removal of grid slope, ii) removal of grid discontinuities, and iii) removal of traverse stripe effects. Improvement and introduction incorporate i) evacuation of iron spikes and ii) smoothing and insertion. The processing was conducted using the Geoplot software (Geoscan Research, 2005). More details about each processing step are provided by Geoscan Research (2005). The request for preparing can be vital for certain capacities—for instance, despiking ought to be performed before applying a low-pass channel to stay away from the spike energy spreading out. Some of the processing functions, however, may not be advisable to apply to the data as they could introduce artifacts and remove the archaeological features.
A few grids may show a progression of stripes orientated in the traverse direction. This impact is known as traverse stripping and was caused because of a slight contrast in the base level of substitute traverses. This difference could occur because of instrument tilting and the change in carrying angle while measuring in successive traverses. The difference in the mean gradient values between grids was corrected using a zero mean grid (ZMG) function, whereas the effect of traverse stripping was corrected using the zero mean traverse (ZMT) function. A low-pass filter (LPF) was utilized to stifle higher frequency parts, like noise in the data, and simultaneously save low frequency and enormous scope spatial anomalies, subsequently upgrading and smoothing the huge weak features. The low-pass filter with perusing window size two delivered the best outcomes and shows unmistakably the enormous, extended anomaly.
GPR Data Processing
The overall goal of data preparation, as applied to GPR, is to deliver an image that can be deciphered to distinguish buried targets. The gathered data were handled in 1D and 2D (time slicing). Manataki et al. (2015) gave a good review of the GPR practice and processing for archaeological investigation.
All through the 1D analysis, the data were exposed to noise removal and signal upgrade preparation. Four preparing steps were played out: a) Zero time adjustment (static shift): it is applied to connect zero time with zero depth, so any time offset because of instrument recording was eliminated before interpretation. b) X flip profile: it is applied to flip the profiles in the x-direction (reverse profiles). c) Background removal: filters follow up on the picked number of traces to take out transiently the predictable clamor from the entire profile and consequently perhaps make the signals visible. It additionally smothers horizontal coherent energy. Its impact is additionally to underscore signals, which differ laterally, for example, diffractions. d) Band-pass Butterworth: a low-pass vertical filter of 300 MHz was applied to remove the high-frequency signals, while a high-pass vertical filter of 80 MHz was applied to remove low-frequency signals. Filtering the data typically removed the unwanted background noise resulting from the electronic ringing of the antenna and power transmission line located in the survey area, etc. The GPR data processing was conducted using the Reflexw software package (Sandmeier, 2016).
GPS Data
First, the Greater Cairo network data were processed together with the Helwan (PHLW) permanent station and one of the IGS stations, so we used it as a fixed point.
Second, the data were processed session-by-session, and normal equations for all the sessions of each campaign were stored. Then, these normal equations were combined to obtain the final solutions for each campaign. Repeatability of station coordinates of the different campaigns was calculated to estimate the precision of the coordinates; hence, crustal deformation rates were estimated. The data were processed annually; that is, the parameters of the crustal deformation were computed for every year and finally for the total period from 2005 to 2011 to compute the mean velocity at each station.
MAIN RESULTS AND DISCUSSION
Magnetic Survey Results
Site (A)
The processed data image (Figure 2A) mirrors the principal discoveries uncovered by the magnetic technique in the zone situated on the western side of the Bent Pyramid valley temple. Four fundamental anomalies have been distinguished as S1, S2, S3, and S4 (Figure 2A), which could reflect four archeological constructions covered around there. We expect the major part of these constructions to be made up of mud bricks. Our assumption depends on the positive extremity of the magnetic anomalies of these designs, the surface archeological record of the site, and the historical backdrop of old Egyptian constructions.
[image: Figure 2]FIGURE 2 | (A) Gradiometer data of site A, after applying the processing functions. This plot shows the interested magnetic anomaly zones. S1, S2, S3, and S4 delineate the main discoveries in this study. (B) (a) A sketch of Sneferu Pyramid shows the causeway connects to the valley temple. (b) The ruins of the valley temple. (c) and (d) Examples for two causeways of two exposed pyramids at Saqqara (the causeway consists of parallel walls made up of limestone).
Structure S1 is an elongated high magnetic anomaly of about 100 m long and 5 m in width. This is strongly proposed to be part of the causeway. The causeway is a very important archaeological feature (Figure 2B) as it interfaces the funeral home temple with the valley temple, and its walls contain the popular pyramid contents composed by the most recent Egyptian Dynasty.
Structure S2 is represented by scattered positive magnetic anomalies that cover an area of about 30 m × 20 m which is considerably large enough to resemble some collapsed structure. This structure is not clear for deciding its archaeological origin.
Structure S3 is represented by a connected positive magnetic anomaly. This anomaly is about 20 m long and is parallel to the valley temple wall. This feature may be a mud-brick wall.
Structure S4 is represented by several dissected and ambiguous negative and positive anomalies with different shapes and sizes. However, its edges resemble straight lines. This structure is hazy and not clear for deciding its archaeological origin. However, the western edge of this anomaly is at a right angle to the detected feature S3.
Site (B)
The processed image (Figure 3A) shows an archaeological structure S1, which may be an extension of the causeway in the direction of the Nile Valley. The feature is resampled by scattered positive anomalies that are bounded by negative anomalies. This suggested that the positive (dark color) part of feature S1 is made up of mud, and the boundary negative anomaly (light color) is made up of limestone. Therefore, the GPR survey was proposed in this location to confirm the nature of these findings.
[image: Figure 3]FIGURE 3 | (A) Gradiometer data of site B, after applying the processing functions. This plot shows the anomaly zone S1. (B) Gradiometer data of site C, after applying the processing functions. This plot shows the interested magnetic anomaly zones. S1, S2, S3, and S4 delineate the main discoveries in this area.
Site (C)
The processed image (Figure 3B) mirrors the primary revelations uncovered by the magnetic technique around there. Four primary atypical areas have been recognized as S1, S2, S3, and S4 (Figure 3B).
Structure S1 is addressed by a major associated positive magnetic anomaly. Moreover, it is seen that there are little irregular negative inconsistencies (white color), which may allude to the presence of an underground cavity structure that has been regularly filled with sediments. The first zone may address a mud-brick wall.
Structure S2 has a three-sided shape and may allude to the passage of burial place. In addition, it is seen that the little irregular negative anomalies (white color) are not addressing a magnetic dipole impact. These negative parts may allude to the presence of an underground cavity structure that has been frequently filled with silt (i.e., tomb).
Structure S3 is represented by a connected positive magnetic anomaly. This zone might be a piece of a mud-brick wall.
Structure S4 is addressed by an associated positive magnetic anomaly prolonged with a rectangular shape. The zone may address a burial place made up of mud-bricks.
Moreover, the results show an enormous number of small (1 m × 2 m) negative anomalies, which is a typical grave size. To further identify the nature of these anomalies, a GPR survey was proposed to start from the western side of feature S4 to cover feature S2 and extended 30 m to the west.
Site (D)
The prepared image (Figure 4) mirrors the fundamental discoveries uncovered by the magnetic technique around there. Three primary anomaly areas have been recognized as S1, S2, and S3 (Figure 4), reflecting single archeological designs covered around there.
[image: Figure 4]FIGURE 4 | Gradiometer data of site D, after applying the processing functions. This plot shows the interested magnetic anomaly zones. S1, S2, and S3 delineate the main discoveries in this area.
Structure S1 is addressed by a major associated positive magnetic anomaly and recommends a piece of rectangular shape. This zone might be a mud-brick wall.
Structures S2 and S3 are represented by a big connected positive magnetic anomaly with a square shape. It may be the presence of buried walls (mud-brick wall structure supposed to be a tomb) with an entrance that leads to an inner chamber. Additionally, it is seen that the little irregular negative anomalies (white color) may allude to the presence of underground cavity structures that are regularly filled with sediments.
GPR Survey Results
Site (B)
The GPR data interpretation is usually based on the reflector’s shapes and the horizontal continuity of the reflections. In this site, a convergence of reflections is seen in a zone of high reflectivity, for the most part between 0.2 m and 2 m depth in numerous GPR profiles.
Profile No.5 (P5): Trends N–S with a total length of about 40 m (Figures 5A,B). It shows two anomalies, which reveal parts of the two walls of the causeway. The two anomalies are far from each other separated by a distance of about 2.5 m. A disturbance zone is noticed between distances (26 and 31 m), which may be generated due to the presence of buried walls (mud-brick wall structure).
[image: Figure 5]FIGURE 5 | (A) The location of the GPR profiles P5 and P15 at site B. (B) GPR display of radar profile P5. (C) GPR display of radar profile P15.
Profile No.15 (P15): Trends N–S with a total length of about 40 m (Figures 5A,C). This profile is located at a 10-m distance from the profile (P5). Its results are quite similar to those in the previous profile (P5), but the depth of the causeway increases to 0.4 m. A disturbance zone is noticed between distances 22 and 26 m, which may be generated due to the presence of buried walls (mud-brick wall structure).
Site (C)
A convergence of reflections is seen in a zone of high reflectivity, for the most part between 0.5 and 3 m depth in numerous GPR profiles around the site.
Profile No.5 (P5): Trends W–E with a total length of about 40 m (Figure 6A). Through this profile, two anomalies appear obviously at distances of 10 m and 24 m, and comparable time of 8 and 10 ns, respectively (Figure 6B). These features correspond with the observed magnetic features. Their mean depth varies from 0.5 to 1 m.
[image: Figure 6]FIGURE 6 | (A) The location of the GPR profiles P5 and P12 at site C. (B) GPR display of profile P5. (C) GPR display of profile P12.
Profile No.12 (P12): Trends W–E with a total length of about 40 m (Figure 6A). Through this profile, four anomalies appear obviously at distances of 4, 14, 22, and 34 m, and comparable times of 2, 4, 5, and 30 ns, respectively (Figure 6C).
The disturbance zones along this anomaly do not exist in the magnetic results, which may be owing to its nonmagnetic nature (e.g., limestone). The origin of these features may reflect a presence of a shaft. The walls of the shaft section can be observed from the surface. This mud-brick building of the shaft might have also been originally cased on the inner side of the courts with limestone. Also, they are filled with sand and gravel deposits in the entrance of the shaft. The shaft entrance may lead to several burial chambers found at the bottom.
Profile No.26 (P26): Trends W–E with a total length of about 40 m (Figure 7A). Through this profile, three anomalies appear obviously at distances of 0, 7, and 26 m, and comparable times of 1, 5, and 32 ns, respectively (Figure 7B).
[image: Figure 7]FIGURE 7 | (A) Magnetic image of site (B) shows the location of the GPR profiles (P26 and P38). (B) GPR display of profile 26. (C) GPR display of profile 38.
The profile is showing a very big dipping planner reflection, which may represent an anomaly created and blown up against archaeological structure (may be considered as a vertical shaft leading to an underground burial chamber). The second anomaly appears at a distance of 7 m, which may represent a near-surface small shaft. At a distance of 28 m, we can notice a very clear and larger anomaly (at an offset from 26 to 40 m). This anomaly is too large to be interpreted as a mud-brick wall. It may be a mud-brick burial tomb, which is built of mud bricks with limestone revetments.
Profile No.38 (P38): Trends W–E with a total length of about 40 m (Figure 7A). Through this profile, two anomalies appear obviously at distances of 14 and 26 m, at comparable times of 14 and 32 ns, respectively (Figure 7C). The second anomaly may reveal a dissected area filled with sand and gravel, which may be due to the presence of mud-brick features. These features correspond with the observed magnetic features.
GPS Results
Horizontal Displacement Results
The displacement vectors at every GPS station were resolved under the imperative states of a supposition of free network adjustment. Horizontal components at each station were computed from the difference of adjusted coordinates of the stations from one epoch to another. The horizontal components of the displacement vectors with 95% confidence error ellipses and the seismicity events are shown in Figure 8 (see Supplementary Figure S6). Here, the error ellipses mean the standard error on the whole bearing around the noticed site. A few stations of the network show critical changes, while other stations demonstrate no huge changes through the time of observations. The extents of the movements are inhomogeneous over the region.
[image: Figure 8]FIGURE 8 | Horizontal displacement rates of the study area from 2005 to 2011.
As shown in (see Supplementary Table S1) Figure 8, for the period from 2005 to 2011, the movement rates are nearly distributed equally on the southern part of the study area, and this is clear from the horizontal displacement rates at stations of ELSF, WAHA, and MESA, and these rates are 14.8 mm/yr, 9.1 mm/yr, and 7.4 mm/yr, respectively. The northern part of the study area is not subjected to high movement rates. This is confirmed from the concentrations of the earthquake events at the southern part (see Supplementary Figure S6). This is due to the concentrations of the earthquakes that occurred in this period at the southwestern part of the study area. An earthquake with a magnitude greater than 4 mb (Richter scale) occurred in this area, between Dahshour and El-Fayoum area. Such a last feature requires additional studies to better determine the causative tectonic sources, therefore implying a thorough reevaluation of the seismic hazards in this important region.
Strain Results
The strain describes object deformation caused by external loads in terms of relative displacement of the object particles (Wu, 2005).
The horizontal components of the displacement vectors are used for estimating the strain tensor parameters: dilatations and maximum shear strains where they are estimated within the observation periods. The program used for calculating these parameters is called strain tensor (Dimitrios et al., 2018). The program implements Shen et al. (2015) method for interpolating the GPS-estimated horizontal displacement rates.
The area under study has been divided into four blocks, and the strain parameters for each block have been calculated.
Dilatation
The dilatation is the deformation component that defines the change in object volume (Dixit and Dixit, 2008). As shown in Figure 9A (see Supplementary Table S2), the Greater Cairo area was suffering from both compressional and extensional dilatation during the period from 2005 to 2011. The extensional forces are dominant at block I, 0.13 µs (microstrain), while the compressional forces are found clearly at blocks II and IV where the maximum value is −0.52 μs at block II. From the results, we can conclude that the southwestern part of the study area is suffering from both extensional and compressional forces.
[image: Figure 9]FIGURE 9 | (A) Dilatation rates of the study area from 2005 to 2011. (B) Maximum shear strain rates of the study area from 2005 to 2011.
From the obtained dilatation results, we can conclude that the entire study area is suffering from both compressional and extensional dilatation forces. But the highest values are found in the southern part of the study area, especially in the southwestern part including Dahshour area.
Maximum Shear Strain
The shear strain defines the angular shape deformation of the object under stress (Beer and Johnston, 1992). Figure 9B (see Supplementary Table S2) shows the total amount of maximum shear strain in the Greater Cairo area during the period from 2005 to 2011. The area could be classified into two zones, the northeastern part represented by blocks III and IV where the shear strain rate is high, 0.3 µs, and the southwestern part represented by blocks I and II where the shear strain rate is high too, 0.26 µs (Fujii, 1995), but it is lower than that of the northeastern part.
The maximum shear result shows that significant values are to be found at the southern part of the study area, especially at the southwestern part including stations of WAHA, MESA, and PYRA.
CONCLUSIONS AND DISCUSSIONS
Dahshour zone has been blocked for geophysical investigation for quite a while since the 2011 uprising. The area has a historically important value, especially during the Fourth Dynasty. Significantly, the period of Sneferu witnesses a major evolution in the pyramid’s structure. The Bent Pyramid was a milestone in this progressive development in pyramid architecture.
Four archeological sites (A, B, C, and D) near the Bent Pyramid were chosen to complete the archaeo-prospection survey. The micro-magnetic survey was conducted using the FM36 fluxgate gradiometer through a raster of progressive parallel traverses. The site areas and survey grids are as follows:
• Site A covers an area of 9600 m2 (120 m × 80 m) and was surveyed using 0.5 station separation and 1 m traverse separation.
• Site B covers an area of 2400 m2 (60 m × 40 m) and was surveyed using 0.5 station separation and 0.5 m traverse separation.
• Site C covers an area of 4800m2 (120 × 40 m) and was surveyed using 0.5 station separation and 1 m traverse separation.
• Site D covers an area of 200 m2 (10 m × 20 m) and was surveyed using 0.5 station separation and 0.5 m traverse separation.
GPR survey was conducted within sites B and C to confirm the nature of the observed magnetic anomalies. The GPR surveys were conducted in zigzag lines with 1 m separation between successive lines.
The magnetic survey of Site A (Figure 2) reveals four interesting anomalies:
• S1: An elongated high-magnetic anomaly of about 100 m long and 5 m width. This is strongly proposed to be part of the causeway.
• S2: Scattered positive magnetic anomalies that cover an area of about 30 m × 20 m which is considerably large enough to resample some collapsed structure. This structure is not clear for deciding its archaeological origin.
• S3: Connected positive magnetic anomaly about 20 m long and is parallel to the valley temple wall. This feature may be a mud-brick wall.
• S4: Several dissected and ambiguous negative and positive anomalies with different shapes and sizes that are resampled in straight lines. However, the western edge of this anomaly is at a right angle to the detected feature S3.
We believe these features (S2, S3, and S4) could be the remains of a larger rectangular structure resample of another temple that was built in the same orientation as the existing valley temple. It seems that this mud structure was built even before the valley temple because the causeway is crossing it to the valley temple.
The geophysical survey at site B (Figure 3A, 5) shows an archaeological structure that could be an extension of the causeway in the direction of the Nile Valley. The feature (Figure 3A) is resampled by scattered positive anomalies that are bounded by negative anomalies. The positive anomalies represent features made up of mud, and the negative anomalies may be due to limestone blocks. This could match the old structure of the causeways where the walking path (the wide part of the causeway) is made up of mud bricks and the side walls are made up of limestone bricks. This result was confirmed using the GPR survey (Figure 5).
The geophysical survey at site C (Figures 3B, 6, 7) shows some interesting features that could be attributed to the presence of an underground cavity structure that has been regularly filled with sediments. Some cavities are engraved in the natural ground (as appears from the GPR sections in Figure 6) in the form of shafts, and the others are built with mud bricks as they have a positive magnetic anomaly. However, deeper features that appear in the GPS sections (Figure 7) indicate the presence of burial chambers. We believe that this site contains a large grave cemetery that has its entrance located in the southern part of the site.
The magnetic survey of Site D (Figure 4) reveals three interesting anomalies. These anomalies may indicate the presence of buried mud-brick walls (positive anomalies) with an entrance that leads to an inner chamber (negative anomalies). These are typical for the excavated tombs built with mud brick and are situated close to this site, which may indicate the special structure of the zone.
Furthermore, a crustal deformation investigation was conducted to estimate the stresses and the expected strain on the detected features. The achieved results indicated that the southern and the southeastern sectors of the investigated area are currently accumulating strain, and this means that there is a possibility for future earthquakes to occur around this vital archaeological area. Meanwhile, buried structures are preserved by confinement in the burial materials like a large mold. However, external load or stress can still cause damage as the mold is considered to be of a soft material regarding the stress and load size.
The obtained dilatation and maximum shear strain results show that Dahshour area is suffering from compressional dilatation forces and has a high shear strain rate. The dilatation forces are directed from south to north. Therefore, it is highly recommended that excavation starts from the southern side of the detected features to reduce the soil stress on it and to avoid walls and soil collapse.
In conclusion, this study reveals the existence of a mud-brick structure that could be an older valley temple made up of mud bricks. It seems that they started building this temple from mud bricks, and then for some reason, they stopped and built the existing valley temple from limestone. This could be a normal act from Sneferu who was pursuing perfection and greatness. Therefore, excavation is recommended to reveal the true identity and the purpose of this structure. Further to the east, the survey confirms the existence of another causeway that led to the Nile Valley. Nevertheless, this is the first work to address the stress hazard before excavation with a detailed map of the expected features and their orientation with the stress direction.
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A regional gravity field product, comprising vertical deflections and gravity anomalies, of the Gulf of Guinea (15°W to 5°E, 4°S to 4°N) has been developed from sea surface heights (SSH) of five altimetry missions. Though the remove-restore technique was adopted, the deflections of the vertical were computed directly from the SSH without the influence of a global geopotential model. The north-component of vertical deflections was more accurate than the east-component by almost three times. Analysis of results showed each satellite can contribute almost equally in resolving the north-component. This is attributable to the nearly northern inclinations of the various satellites. However, Cryosat-2, Jason-1/GM, and SARAL/AltiKa contributed the most in resolving the east-component. We attribute this to the superior spatial resolution of Cryosat-2, the lower inclination of Jason-1/GM, and the high range accuracy of the Ka-band of SARAL/AltiKa. Weights of 0.687 and 0.313 were, respectively, assigned to the north and east components in order to minimize their non-uniform accuracy effect on the resultant gravity anomaly model. Histogram of computed gravity anomalies compared well with those from renowned models: DTU13, SIOv28, and EGM2008. It averagely deviates from the reference models by −0.33 mGal. Further assessment was done by comparing it with a quadratically adjusted shipborne free-air gravity anomalies. After some data cleaning, observations in shallow waters, as well as some ship tracks were still unreliable. By excluding the observations in shallow waters, the derived gravity field model compares well in ocean depths deeper than 2,000 m.
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INTRODUCTION
The advancements in satellite altimetry since the past 4 decades has led to the proliferation of sea surface height (SSH) data which has contributed significantly to geodesy, geophysics, oceanography, and hydrology. Some of its applications include: sea level variation research (Cazenave et al., 2014; Ablain et al., 2015; Watson et al., 2015; Passaro et al., 2018), determination of mean dynamic topography (MDT) and mean sea surface (Andersen et al., 2016; Ophaug et al., 2021), construction of marine geoid (Dadzie and Li, 2007; Chander and Majumdar, 2016), monitoring of lakes and rivers (Villadsen et al., 2015; Zakharova et al., 2019) and inversion of marine gravity field (Sandwell et al., 2013; Sandwell et al., 2014; Zhu et al., 2019; Nguyen et al., 2020; Wan et al., 2020b).
Marine gravity anomaly is an important geophysical quantity with applications in marine resources exploration and exploitation (Becker et al., 2009), geoid modeling (Olgiati et al., 1995; Hwang, 1998; Soltanpour et al., 2007), delimitation of continent–ocean boundaries (Sandwell et al., 2013), revelation of submarine tectonic structures (Hwang and Chang, 2014; Sandwell et al., 2014; Wan et al., 2020a), and bathymetry augmentation (Hwang, 1999). Marine gravity anomaly can be inverted from geoid heights after SSH is reduced to geoid by the removal of dynamic sea surface topography (Olgiati et al., 1995; Andersen et al., 2010; Nguyen et al., 2020). It can also be derived from the deflection of the vertical, whereby the geoid heights are differenced along satellite orbits to obtain geoid gradients. The along-track geoid gradients are then converted to vertical deflections. This along-track differentiation has the advantage of reducing the impact of long wavelength errors (Hwang et al., 2002; Zhu et al., 2019). Also, the vertical deflections approach does not require crossover adjustment (Hwang et al., 2002).
Since marine surface phenomena mostly have submarine origins, with these submarine activities best revealed through gravity anomalies, it is imperative to derive accurate marine gravity models to aid in understanding marine phenomena. Since the past decade, there have been an increase in the quantity and quality of altimetry data, as well as superior computing hardware. This has led to various researchers to develop gravity field models for their respective countries and economic blocs. For instance: over the South China Sea, Zhang et al. (2017) and Zhu et al. (2020) separately developed 1′ × 1′ marine gravity models by amalgamating multi-satellite SSH data; Nguyen et al. (2020) merged gravity anomaly derived from Cryosat-2 and Saral/AltiKa SSH datasets with shipborne gravity data over the Gulf of Tonkin area of Vietnam. A recent study by Sandwell et al. (2013) has shown that gravity field models derived from modern altimeter satellites are more accurate than those obtained from some governmental shipborne gravity data. This shows the usefulness of satellite-derived gravity models in filling the gaps between tracks of shipborne gravimetry. It must be appreciated that though gravimetry via ships is still reliable, it is expensive, slow and mostly limited to the maritime waters of developed countries. Therefore, SSH datasets from altimetry satellites are the best and cheapest option for developing regions like West Africa.
It is expected that the development of the study region synchronizes with scientific investigations of its largest natural resource (the ocean); however, this is yet to be realised. Even though the region is oil-rich (Osaretin, 2011; Bazilian et al., 2013), the scantiness of reviewed literatures about the maritime waters of West Africa shows that the region’s maritime waters is one of the least studied. The study area encompasses 15°W to 5°E, and 4°S to 4°N. Countries of interest include Guinea and Guinea Bissau at the western end, through to the central-south African country of The Congo.
The present study aims to study the gravity field of the region by using vertical deflections derived from the geodetic missions (GM) of Jason-1, Saral/AltiKa, Haiyang-2A; Cryosat-2, and Envisat. We achieve this objective through the remove-restore procedure using EGM2008 as the reference gravity filed model. The use of EGM2008 is due to the fact that it is the most frequently used global geopotential model for marine geodetic and geophysical research (Andersen et al., 2010; Sandwell et al., 2014; Zhang et al., 2017; Andersen and Knudsen, 2019; Zhu et al., 2019; Zhu et al., 2020).
MATERIALS AND METHODS
Altimetry Data
The altimetry datasets used in this research comprises GDR (geophysical data record) of eight cycles of Jason-1/GM, seven cycles of Saral/AltiKa, five cycles of Envisat, five cycles of Cryosat-2, and IGDR (interim geophysical data record) of seven cycles of HY-2A/GM. The Jason-1 GDRs were obtained from the Physical Oceanography Distributed Active Archive Center, Jet Propulsion Laboratory, NASA (https://podaac.jpl.nasa.gov/JASON1?sections=data). Saral/AltiKa GDRs were obtained from AVISO (https://www.aviso.altimetry.fr/), Envisat and Cryosat-2 GDRs were provided by the European Space Agency (http://earth.esa.int); while HY-2A GDRs were provided by the National Satellite Ocean Administration Service of China (ftp2.nsoas.org.cn). Along-track SSH is computed from each cycle as given by Eq. 1. Table 1 is a summary of the various selection criteria applied to each satellite’s dataset during SSH computation. Figure 1 shows the spatial distribution of ground tracks of the different satellites.
[image: image]
where [image: image]
TABLE 1 | Selection criteria for SSH computation.
[image: Table 1][image: Figure 1]FIGURE 1 | Ground tracks of (A) Jason-1/GM, (B) Envisat, (C) Cryosat-2, (D) SARAL/AltiKa, and (E) HY-2A/GM.
Reference Gravity Field
In implementing the remove-restore procedure, a global geopotential model (otherwise known as reference gravity field) is required. The reference gravity field of one quantity (which in this case is deflections of the vertical) is removed from its corresponding observed deflections of the vertical to obtain residual deflections of the vertical. The residual deflections of the vertical are then used to construct the residual gravity anomalies. Full gravity anomalies are later obtained by restoring the removed reference gravity field (now in the form of gravity anomalies). The removal of the reference gravity field ensures a more statistically homogeneous and smoother model. Also, it has the effect of ensuring that the gravity field outside the data extent is accounted for (Andersen, 2013). EGM2008 is expressed as coefficients of spherical harmonics and has a maximum degree of 2,190 (Pavlis et al., 2012). It was obtained from the International Centre for Global Earth Models (http://icgem.gfz-potsdam.de/).
Dynamic Topography
In the computation of gravity anomalies, the SSH data must initially be reduced to geoid heights. To achieve this, the time-dependent topography of the surface of the sea must be removed. It is well known that the geoid is linearly related to the mean sea surface through the mean dynamic topography (MDT) of the ocean surface. Therefore, to compute the geoid heights, this research used the mean dynamic topography DTU15MDT, obtained from the Technical University of Denmark. It is a product derived from EIGEN-6C4 and DTU15MSS mean sea surface model (Knudsen et al., 2016). The time-independent sea surface topography was removed through filtering similar to the method of Hwang et al. (2002).
Computation of Gravity Anomalies
The [image: image] at a point, i, computed from Eq. 1 is transformed into geoid height, [image: image], as given by Eq. 2:
[image: image]
Geoid gradients, [image: image], between two consecutive points i and j along the satellite’s ground track are then calculated by:
[image: image]
where [image: image] is the spherical distance between the two points i and j. For each geoid gradient, [image: image], its corresponding azimuth, [image: image], is also computed. To obtain the vertical deflections, the along-track geoid gradients and azimuths are gridded using biharmonic spline with a tension of 0.25. The biharmonic spline in tension was executed using the surface module of GMT (Generic Mapping Tools). The north-component, [image: image], and east-component, [image: image], of the along-track deflections of the vertical are obtained by setting up a system of equations with several points in a small cell (Hwang et al., 2002), as given by Eq. 4:
[image: image]
where [image: image] is the model error.
With reference to the remove-restore technique described in Figure 2, the computed components of deflections of the vertical are reduced to their residual version by subtracting EGM2008-simulated deflection components from them. The reference vertical deflections were simulated at the maximum degree/order of 2,190.
[image: image]
where [image: image] and [image: image] are, respectively, north-component and east-components of residual vertical deflections; [image: image] and [image: image] are the EGM2008-simulated north- and east-components of vertical deflections, respectively. The residual vertical deflection components are then used to invert residual gravity anomaly, [image: image], through Fourier transform as expressed in Eq. 6:
[image: image]
where [image: image] is the inverse Fourier transform, [image: image] is mean value of gravity, [image: image] and [image: image] are the spatial frequencies. [image: image] and [image: image] are, respectively, the Fourier transforms of [image: image] and [image: image]. Finally, using the remove-restore procedure, long wavelength gravity anomaly, [image: image], from the reference gravity field at degree/order 2,190 is restored to the residual gravity anomaly, [image: image], to recover the gravity anomaly, [image: image]. This is simply given as:
[image: image]
[image: Figure 2]FIGURE 2 | Remove-restore technique used.
Reviewed literatures have shown that for most altimetry-derived deflections of the vertical, the north component is often times more accurate than the east component. This is attributable to the inclinations of the satellites which usually are towards the north. The effect of this accuracy imbalance propagates to the resultant gravity anomalies derived from the deflections of the vertical (Small and Sandwell, 1992; Zhang, 2017; Wan et al., 2020b). In order to nullify this effect on the derived gravity anomaly model, weights are assigned to the vertical deflection components based on the covariance between them, and their error variances relative to the reference gravity field model. The residual gravity anomaly is derived from each component, [image: image] and [image: image] as (Small and Sandwell, 1992; Hwang and Parsons, 1996):
[image: image]
Using the constraints described in Eq. 9, the weights, [image: image] and [image: image] are computed as given by Eq. 10 (Wan et al., 2020b):
[image: image]
[image: image]
where [image: image] and [image: image] are the corresponding error variances of [image: image] and [image: image], respectively; and [image: image] is the covariance between [image: image] and [image: image].
RESULTS
The computed vertical deflection components are shown as Figure 3. They were validated by comparing them with simulated components from EGM2008 at maximum degree/order 2,190. The result of this comparison is summarized in Table 2. With regard to standard deviation of differences, it can be seen from Table 2 that the accuracy of the north component is slightly better than the east component by almost three times. A visual inspection shows that, in general, the positive deflections of the north component (Figure 3A) have a SW/NE orientation, whereas there is no distinct orientation in the east component (Figure 3B).
[image: Figure 3]FIGURE 3 | Computed vertical deflections: (A) North component, (B) East component.
TABLE 2 | Summary statistics of vertical deflection components compared with EGM2008-simulated components (unit: arcsecond).
[image: Table 2]With reference to Eqs. 8–10, Table 3 is a compilation of the vertical deflection components’ error variances, covariance and their respective weights used for the construction of the residual gravity anomaly. The constructed gravity anomaly model is shown in Figure 4. It compares well with gravity anomalies from EGM2008, DTU13 (obtained from the Technical University of Denmark) and SIOv28 (obtained from Scripps Institution of Oceanography) used as reference models. A summary of this comparison is presented in Table 4. Figure 5 shows similar histograms of gravity anomalies for the inverted model and the reference models; this is an attestation of high accuracy of the derived gravity anomalies. Figure 6 is a visual analysis of differences between the inverted gravity anomaly model and the reference models; this is a further attestation of the results presented in Table 4. On average, the model deviates from the reference models by −0.33 mGal. Further analysis of the histogram indicated that more than approximately 50% of gravity anomalies in the study region falls within the range of −80–80 mGal.
TABLE 3 | Variances, covariance and weights of vertical deflection components.
[image: Table 3][image: Figure 4]FIGURE 4 | Inverted gravity anomaly model.
TABLE 4 | Comparing modelled gravity anomaly with reference models.
[image: Table 4][image: Figure 5]FIGURE 5 | Comparing histograms of gravity anomaly models over the study region.
[image: Figure 6]FIGURE 6 | Histograms of gravity anomaly deviations from reference models.
DISCUSSION
Comparing Derived Gravity Anomaly Model With Shipborne Gravimetry
The accuracy of the constructed gravity anomaly model is further analyzed by comparing it with gravity anomalies observed along tracks of ship cruises obtained from National Centers for Environmental Information of the National Oceanic and Atmospheric Administration (https://maps.ngdc.noaa.gov/viewers/geophysics/). However, the shipborne gravity data has the disadvantage of being very heterogenous with some erroneous observations made at some points. Some sources of these errors are: the absence of a uniform reference field at the time of measurement, drifting of the gravimeters, absence of base stations for references, etc. (Wessel and Watts, 1988). Therefore, in degree to amalgamate the shipborne gravity anomalies to a common reference, gravity anomalies simulated from EGM2008 were used as reference. With the exception of track RC1312, a second-degree polynomial model is then used to adjust the shipborne gravity anomalies. Track RC1312 was well adjusted by a first-degree polynomial. The adjustment model, given as Eq. 11, is applied separately on each ship track of observations.
[image: image]
where [image: image] is the difference between shipborne, [image: image], and EGM2008-simulated, [image: image], gravity anomalies; [image: image] is the difference between observation time, [image: image], and time of ship’s departure, [image: image]. The unknown parameters to be solved are [image: image], [image: image], and [image: image].
The adjusted shipborne gravity anomalies are presented in Figure 7. From Figure 7, it can be seen that the northern half of the study region generally has lower gravity anomalies. Higher values can be observed at the southern part, especially in the south-west. The middle section has anomalies ranging approximately from −60 to 45 mGal. These observations generally agree with observations made from the constructed gravity model presented in Figure 4.
[image: Figure 7]FIGURE 7 | Shipborne gravity anomalies over the study region.
For each ship track, statistical summary analysis of the differences between the shipborne anomalies and modelled anomalies is computed; the results are given in Table 5. A total of 288 points were discarded due to their difference exceeding three times the standard deviation. Tracks that have relatively high standard deviations are: 88000811, CD5591, and V2604, with standard deviations of 8.50, 8.52, and 9.22 mGal, respectively. With regard to the error standard deviations, the most precise track is RC2602, it compared with the modelled gravity anomalies and yielded a standard deviation of 2.15 mGal. Without considering the mean errors, which denote the systematic errors, for major tracks of shipborne gravimetry, the standard deviations of the differences between the shipborne observations and the modelled gravity anomalies are smaller than 5.5 mGal. The ratios of the tracks with standard deviations smaller than 5.5 mGal and 6.0 mGal are about 71.4 and 78.6%, respectively. This index is close to the results of Table 4. Furthermore, from Table 5, it must be appreciated that the adjustment was done using EGM2008 as true values; therefore, the standard deviations of differences between the adjusted shipborne and EGM2008 gravity anomalies are virtually negligible. However, the magnitudes of the mean differences range within 1–20 mGal, which indicates the contribution from altimetry observations.
TABLE 5 | Accuracy assessment of modelled gravity anomalies per track of shipborne gravimetry (unit: mGal).
[image: Table 5]In order to analyze the systematic errors depicted by the large mean errors in Table 5, the accuracy of gravity anomalies is assessed with respect to varying ocean depth. Table 6 is a summary of this analysis. The gravity anomalies are more accurate at depths deeper than 2,000 m. The mean deviation is approximately 5.09 mGal, which signifies the existence of some systematic errors. Therefore, in order to nullify the effects of these errors, observations whose deviation exceeded the mean deviation of the entire dataset were removed. This resulted in removal of values in shallow depths (depth range of 1,001–2,000 m), with the new results compiled in Table 7. It is obvious from Table 7 that the mean and standard deviation of differences escalate in shallow waters (i.e., in depth range of 1,001 ∼ 2,000 m). This shows that observations in shallow waters (depths > 2,000 m) were the main source of systematic differences.
TABLE 6 | Initial accuracy assessment of modelled gravity anomalies with respect to change in ocean depth.
[image: Table 6]TABLE 7 | Improved accuracy assessment of modelled gravity anomalies with respect to change in ocean depth.
[image: Table 7]Analyzing each satellite’s contribution in constructing the gravity anomaly model
In order to investigate the contribution of each satellite in the gravity field construction, the north, [image: image], and east, [image: image], components of deflections of the vertical were computed for each satellite. Summary of each satellite’s contribution in establishing the integrated model, [image: image], is shown in Table 8. This was achieved by uniformly generating two sets of random numbers (each set contains five elements). The elements of each set are normalized so that their sum equates to one. These normalized values are now used as weights, [image: image], applied to the satellite’s vertical deflections as given in Eq. 12. The randomization process was repeated 100 times for each of the two sets; and for each iteration, normalization was performed correspondingly. Using the deflections of integrated model as true values, the set of weights that minimizes the standard deviation of errors was then chosen.
[image: image]
TABLE 8 | Contribution of each satellite in establishing the deflections of the vertical.
[image: Table 8]It can be seen from Table 8 that SARAL/AltiKa contributed ∼25% in resolving the north component. This can be attributed to the range accuracy of its Ka-band signal. It is also possible that its good drifting phase spatial resolution (Verron et al., 2021) could be a factor, though this is sometimes lower than that of Cryosat-2. Approximately, 19% proportion of north component was realized from each of HY-2A/GM, Cryosat-2, and Envisat. This can be attributed to the geodetic spatial resolutions of these satellites, except for Cryosat-2 and Envisat which are not geodetic. Even though the datasets from Jason-1/GM are also geodetic, it contributed the lowest north component due to its lower spatial resolution. Jason-1/GM’s lower contribution in resolving the north component could also be attributed to its inclination of only 66°. On the other hand, due to this low inclination of 66°, Jason-1/GM contributed ∼28% of the east components, which is higher than that of SARAL/AltiKa. It was only surpassed by Cryosat-2 with ∼34%, which has one of the best spatial resolutions amongst altimetry satellite missions. For Cryosat-2, since it resolved more deflections in east component than north component, it seems that the effect of spatial resolution is larger than the inclination.
CONCLUSION
A regional gravity anomaly model of the Gulf of Guinea has been constructed through the remove-restore method. It was constructed from deflections of the vertical derived from five different altimetry missions. The north-component of vertical deflections was more accurate than the east-component by almost three times. Analysis of the vertical deflections (Table 8) revealed that, on average, SSH data from each satellite can contribute almost equally in resolving the north component. However, Cryosat-2, Jason-1/GM, and SARAL/AltiKa were the dominant contributors of the east component. The gravity anomaly model was constructed by assigning weights of 0.687 and 0.313 to the north and east components, respectively. A comparison of histograms (refer to Figure 5) of the computed gravity anomaly model with renowned models from EGM2008, SIOv28, and DTU13 showed similar results. The computed gravity anomaly averagely deviated from these reference models by −0.33 mGal. Further assessment was done by comparing it with quadratically adjusted shipborne free-air gravity anomalies. By excluding observations in shallow waters, the derived gravity field model compares well in depths deeper than 2,000 m.
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Little is known about rift kinematics and strain distribution during the earliest phase of extension due to the deep burial of the pre-rift and earliest rift structures beneath younger, rift-related deposits. Yet, this exact phase of basin development ultimately sets the stage for the location of continental plate divergence and breakup. Here, we investigate the structure and strain distribution in the multiphase Late Paleozoic-Cenozoic magma-poor Rukwa Rift, East Africa during the earliest phase of extension. We utilize aeromagnetic data that image the Precambrian Chisi Shear Zone (CSZ) and bounding terranes, and interpretations of 2-D seismic reflection data to show that, during the earliest rift phase (Permo-Triassic ‘Karoo’): 1) the rift was defined by the Lupa border fault, which exploited colinear basement terrane boundaries, and a prominent intra-basinal fault cluster (329° ± 9.6) that trends parallel to and whose location was controlled by the CSZ (326°); 2) extensional strain in the NW section of the rift was accommodated by both the intra-basinal fault cluster and the border fault, where the intra-basinal faulting account for up to 64% of extension; in the SE where the CSZ is absent, strain is primarily focused on the Lupa Fault. Here, the early-rift strain is thus, not accommodated only by the border fault as suggested by existing magma-poor early-rift models; instead, strain focuses relatively quickly on a large border fault and intra-basinal fault clusters that follow pre-existing intra-basement structures; 3) two styles of early-rift strain localization are evident, in which strain is localized onto a narrow discrete zone of basement weakness in the form of a large rift fault (Style-1 localization), and onto a broader discrete zone of basement weakness in the form of a fault cluster (Style-2 localization). We argue that the CSZ and adjacent terrane boundaries represent zones of mechanical weakness that controlled the first-order strain distribution and rift development during the earliest phase of extension. The established early-rift structure, modulated by structural inheritance, then persisted through the subsequent rift phases. The results of our study, in a juvenile and relatively well-exposed and data-rich rift, are applicable to understanding the structural evolution of deeper, buried ancient rifts.
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INTRODUCTION
Tectonic extension of the continental lithosphere is typically accommodated by the brittle deformation of the upper crust, demonstrated by the emergence of normal fault populations (Cowie et al., 2005; Agostini et al., 2011; Muirhead et al., 2016, 2019). Some classic models for the evolution of continental rifts, suggest that during the early phase of extension, strain is initially accommodated by the development of distributed normal faults, with strain subsequently localizing onto a few large faults and subsequently migrating to the rift axis (e.g., Chorowicz, 2005; Gawthorpe and Leeder, 2008; Nixon et al., 2016; Naliboff et al., 2017). However, a comparison of juvenile, magma-rich and magma-poor segments of narrow rifting along the East African Rift System (EARS) show that in contrast to the magma-rich rift basins where strain is accommodated by both the large basin-bounding faults (border faults) and intra-basinal structures, the border faults accommodate most (∼90%) of the strain in the magma-poor rift segment (Muirhead et al., 2019). Elsewhere along the EARS, the incipient (<3 Ma) magma-poor Zomba Graben, southern Malawi Rift, has already witnessed the localization of strain in the rift axis, with the related faults presently accounting for up to 55% (±24) of the extensional strain (Wedmore et al., 2020a). The evidence presented in these studies indicate that early-phase extensional strain along magma-poor continental rifts may or may not be primarily accommodated by only the border faults. Thus, there is a need to better understand other mechanisms that can facilitate early focusing of intra-basinal faulting and extensional strain in magma-poor continental rifts.
Since continental rifts typically develop in previously deformed lithosphere (Wilson, 1966; Dewey and Spall, 1975; Buiter and Torsvik, 2014), the distribution of early-phase strain in magma-poor rifts can be complex due to the interaction between faults that exploit or reactivate pre-existing structures, and those that form independently of any pre-existing structure (e.g., Manatschal et al., 2015; Kolawole et al., 2018; Ragon et al., 2019; Schiffer et al., 2019; Phillips et al., 2019a,b; Heilman et al., 2019; Osagiede et al., 2020; Wang et al., 2021). Overall, very little is known about the earliest phase of continental extension, and even less of how strain is partitioned along inherited structures; this reflects the fact that the associated structures and related stratigraphic record are typically deeply buried beneath younger (i.e., post-rift or later rift phase) sequences and are thus difficult to image with geophysical data, or are overprinted by later tectonic events (e.g., post-rift plate collision). This knowledge gap limits a fuller understanding of the spectrum of processes that govern continental rifting and breakup in space and time.
The EARS (Figure 1A) is the largest active continental rift system on Earth. This system, which formed by the stretching of previously deformed lithosphere, is characterized by segments that span the major stages of continental rifting from inception to transitional crust (e.g., Daly et al., 1989; Hayward and Ebinger, 1996; Delvaux, 2001; Chorowicz, 2005; Ebinger, 2005). We integrate available geophysical and geological datasets from the multiphase magma-poor Rukwa Rift (Figures 1A,B, 2A–D) to explore how strain was distributed during the earliest phase of extension, and investigate the dominant controls. We show that the potentially lithosphere-scale Precambrian Chisi Shear Zone (CSZ) and its adjacent terrane boundaries (Figure 1B; Lemna et al., 2019; Heilman et al., 2019) represent major zones of pre-rift basement mechanical weakness that controlled the location, structure, and evolution of both the border and intra-basinal faults during the earliest phase of continental extension. We show how the geometry of the CSZ controlled along-rift variations in the early-phase tectonic extension and overall basin geometry, the effects of which persist through and thus influence the later rift geometry. We also expand our analysis to the nearby Luama Rift (located in DRC), which is coeval, colinear with, and parallel to the Rukwa Rift; both basins representing structural elements along a NW-trending Karoo-age rift branch herein referred to as “the Rukwa Trend” (Figure 1A). Our results resolve a long-standing controversy related to the geometrical structure and kinematics of rifting in this part of the East African Rift System.
[image: Figure 1]FIGURE 1 | (A): Map of East Africa showing the Permo-Triassic (i.e., Karoo rift system) rift segments, and the currently active rift segments (i.e., East African Rift System). (B): Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) hillshade map covering the Rukwa Rift Trend, overlaid with the vertical derivative aeromagnetic of SW Tanzania. Black dashed lines represent boundaries of the Precambrian terranes of the Rukwa Rift Trend (after Daly, 1988; Lenoir et al., 1994; Delvaux et al., 2012; Lemna et al., 2019; Heilman et al., 2019). Locations of Proterozoic eclogites in the Ubendian Belt are from Boniface et al. (2012) and Boniface and Schenk (2012). Locations of hydrothermal vents and Mesozoic-Cenozoic igneous centers (volcanics and carbonatites) are obtained from Hodgson et al. (2017). See uninterpreted aeromagnetic and hillshade maps in Supplementary Figures 1, 2. Geomorphic features: BR (Busindi Ridge), KIR (Kavala Island Ridge), MR (Mahale Ridge), UP (Ubwari Peninsula), UH (Ubwari Horst). Terranes of the Ubendian Belt: KT (Katuma Terrane), LT (Lupa Terrane), MT (Mbozi Terrane), MhT (Mahale Terrane), RVP (Rungwe Volcanic Province), UBT (Ubende Terrane), UPT (Upangwa Terrane), UT (Ufipa Terrane), WT (Wakole Terrane).
[image: Figure 2]FIGURE 2 | (A): Shuttle radar digital elevation model (DEM) hillshade map of the NW Rukwa Rift shoulder (see Figure 1B, 2B for location) showing the Precambrian Chisi Shear Zone exposure and its bounding basement terranes. The plots of equal area stereographic projection (lower hemisphere) show the poles to planes of gneissic foliation (filled circles), and poles of mineral elongation lineation and some fold axes of asymmetric intrafolial folds (diamonds in the Chisi Shear Zone stereonet) measured in field outcrops (from Boven et al., 1999). These structures represent the metamorphic basement fabrics of the basement. Locations of Neoproterozoic eclogites in the Chisi area are from Boniface and Schenk (2012). (B): Map of the Rukwa Rift showing the interpreted Karoo and post-Karoo structural elements (structural elements are from Morley et al., 1992, 1999). Arrows represent the previously published inferred Karoo extension directions. Inset: Frequency-azimuth distribution plot for (i.) Karoo-age (Permo-Triassic) intra-basinal faults (KIF) with black arrow indicating their mean trend and standard error (measured in this study), and (ii.) All (Permian to Quaternary) Rukwa Rift faults (ARF) with their mean trend shown as brown arrow (digitized from Morley et al., 1992). (C–D): 2-D seismic reflection profile line TXZ-16 and interpretation (modified from Morley et al., 1999; see location in Figure 2B) showing the major stratigraphic boundary horizons, the Lupa border fault, and intra-basinal faults.
GEOLOGICAL SETTING
The Precambrian (Pre-Rift) Basement of the Rukwa Trend
The crystalline basement of the Rukwa Trend is composed of the metamorphic and igneous rocks of the Precambrian (1.95–1.85 Ga) Ubendian Belt, which formed during the collision of the Archean Tanzania Craton and the Bangweulu Block, and which comprises the Ufipa, Katuma, Wakole, Lupa, Mbozi, Ubende, and Upangwa terranes (Figures 1A,B; Daly, 1988; Lenoir et al., 1994). This orogenic belt, which is defined by several NW-trending terranes (2.1–2.025 Ga) that are bounded by steeply dipping, ductile, amphibolite facies, strike-slip shear zones (Figure 1B; Daly, 1988; Lenoir et al., 1994; Theunissen et al., 1996; Kolawole et al., 2018). The terranes are composed of amphibolite to granulite facies gneisses with foliations that dominantly trend NW-SE and commonly steepen near the terrane boundaries (Lenoir et al., 1994). Although relative rare compared to gneisses, other metasediments along the belt consists of mica schists, marbles, meta-anorthosites, and ferruginous quartzites (Lenoir et al., 1994).
The geochronology, geochemistry, and metamorphic structure of the Ubendian Belt suggests that it formed in response to multiple episodes of wrench tectonic events (Theunissen et al., 1996) with phases of subduction extending from the Paleoproterozoic to the Neoproterozoic (Ganbat et al., 2021). The orogenic belt first developed during a phase of collisional orogeny along the SW margin of the Tanzanian Craton (ca 2.1–2.0 Ga), after which the belt experienced two episodes of wrench tectonics consisting of an initial phase of dextral strike-slip shear at ca. 1.8–2.0 Ga, followed by a ductile-brittle sinistral strike-slip reactivation in the Neoproterozoic (Lenoir et al., 1994). This Neoproterozoic shear reactivation recorded the development of thick mylonite and blastomylonite zones with low-grade metamorphic assemblages along shear zones that bound the terranes. The terranes and associated fabrics which are observable in basement exposures along the flanks of the Phanerozoic Rukwa Rift, are suggested to have exerted some control on the development of the basin (Wheeler and Karson, 1994; Theunissen et al., 1996; Klerkx et al., 1998; Boven et al., 1999; Heilman et al., 2019; Lemna et al., 2019).
The Chisi Shear Zone
Along the Ubendian Belt, the Chisi Shear Zone (CSZ) is a prominent shear zone which separates the Ufipa Terrane to the southwest, from the Wakole and Ubende Terranes to the northeast (Figure 1B). The structure was initially identified as the “Ikulu series” or “Ikulu Terrane”, a broad (6–12 km-wide in Chisi area) shear belt composed of amphibolite, micaschist, and meta-calcareous rocks with high pressure blueschist or eclogitic associations (Lenoir et al., 1994; Boven et al., 1999). The mafic high-pressure sequences along the shear zone were interpreted to represent disrupted remnants of deeply subducted ophiolites (Smirnov et al., 1973; Lenoir et al., 1994; Klerkx et al., 1998; Sklyarov et al., 1998).
Along the “Ikulu” structure, amphibolites and amphibole gneisses exhibit metamorphic foliation with planes that dominantly strike WNW-ESE and dip steeply to the NNE and S-SSW (stereographic plot with red filled circles in Figure 2A; Theunissen et al., 1996; Boven et al., 1999). The rocks also exhibit mineral elongation lineation and some fold axes of asymmetric intrafolial folds that generally trend NW-SE and plunge shallowly-to-moderately to the ESE-SE (stereographic plot with open diamonds in Figure 2A). Mylonitic rocks along the SW margin of the granulitic Ubende Terrane exhibit P-T characteristics and shear fabrics suggesting an uplift and exhumation of the terrane relative to the felsic Ufipa Terrane on the SW flank of the “Ikulu” structure (Theunissen et al., 1996; Sklyarov et al., 1998; Boven et al., 1999). More detailed petrographic and geochemical investigation of the eclogites reveal striking similarities with oceanic island-arc volcanic rocks (Boniface and Schenk, 2012). Geochronologic analyses indicate a clustering of Paleoproterozoic eclogites to the northern segment of the structure (near Lake Tanganyika) and Neoproterozoic eclogites to the south (e.g., Chisi area and northern Malawi) (Figure 1B), suggesting multiple cycles of subduction-related orogenic events along the structure (Boniface et al., 2012; Boniface and Schenk, 2012; Ganbat et al., 2021). Thus, the “Ikulu” domain was proposed to be the primary Late Proterozoic (Pan African Orogeny) suture zone between the Tanzania and Bangweulu Cratons along the Ubendian Belt (Boniface and Schenk, 2012).
Further, the magnetic-high anomaly expression of the “Ikulu” domain, created by the dominance of mafic rocks along the belt, defines a prominent regional magnetic lineament that extends southeast beneath the Rukwa Rift sedimentary cover, sub-parallel to the northwest trend of the rift (Figure 1B; Lemna et al., 2019; Heilman et al., 2019). Since the Chisi area of Tanzania represents a type-locality for the detailed studies of the structural fabrics, geochemistry, and petrology of the structure (Theunissen et al., 1996; Boven et al., 1999; Boniface and Schenk, 2012), the structure was recently officially re-introduced as “Chisi Shear Zone” (Lemna et al., 2019) or “Chisi Suture Zone” (Heilman et al., 2019). However, in this current study, we adopt the name “Chisi Shear Zone” to refer to the structure.
Phanerozoic Rifting Along the Rukwa Trend
The present-day configuration of the Rukwa Trend consists of multiple colinear, NNW-trending rift basins (Rukwa, Karonga, and Luama basins) that initially developed during Permo-Triassic (Karoo) phase of rifting (e.g., Delvaux, 2001). All three basins were reactivated by extensional tectonics in the Cretaceous (Roberts et al., 2010, 2012). However, only the Rukwa Rift and Karonga Basin (Figure 1A) experienced significant reactivation in the Cenozoic, and they are still currently active (e.g., Morley et al., 1999; Delvaux, 2001; Chorowicz, 2005). The Rukwa Rift, the primary focus of this study, currently defines a graben and is bounded to the northeast by the Lupa Fault and to the southwest by the Ufipa Fault (Figure 2B; Heilman et al., 2019; Morley et al., 1999). The basin initially developed as a NE-dipping half graben (with a shallow graben geometry only in the NW) during the Karoo rifting phase, bounded to the northeast by the principal border fault, the Lupa Fault (Figures 2C,D). The Karoo intra-basinal faults (KIF) and basement highs predominantly trend NNW, oblique to the Lupa Fault strike (Figure 2B). Estimates of the Karoo-age extension direction vary from NE-SW to E-W (Figure 2B).
DATASET AND METHODOLOGY
Along the Rukwa Trend, we compile structural mapping and structural measurement data from published 2-D seismic data (e.g., Figure 2C; Morley et al., 1999) and integrate these with aeromagnetic data (Supplementary Figures S1A–B) and Shuttle radar digital elevation model (DEM) (Supplementary Figures S2A–B).
Aeromagnetic Data, Shuttle Radar Topographic Data, and their Analyses
We use aeromagnetic data to map key pre-rift intra-basement structures along the axis of the Rukwa Rift and along-trend of the rift. We applied derivative filters to the aeromagnetic grid to enhance structural features (Figure 3A), and mathematical transforms to estimate the depths to magnetic sources in the basement (Figures 3B–D; see Supplementary Material information).
[image: Figure 3]FIGURE 3 | (A): Vertical derivative of the aeromagnetic grid overlaid on satellite Digital Elevation Model (DEM) hillshade map, showing the rift border faults, rift shoulder basement fabrics and the aeromagnetic signature of the Chisi Shear Zone (CSZ) along the rift axis. See uninterpreted aeromagnetic maps in Supplementary Figure 1. (B): 3-D gridded block of the Source Parameter Imaging (SPI) solutions from the transform of the aeromagnetic grid, showing the subsurface extents and geometry of CSZ and the shallower Katuma Terrane magnetic sources. (C): 3-D gridded block overlaid with interpretations of the rift faults and simplified stratigraphy (interpretations from 2-D seismic line TXZ-16 of Morley et al., 1999 shown in Figure 2C). Stratigraphic units shown: 1 = Precambrian basement), 2 = Permo-Triassic (Karoo Grp.) sequences, 3 = Post-Karoo sequences i.e., Red Bed Grp. and Lake Bed Fm.). (D): Regional satellite DEM hillshade map showing the >600 km extent of the CSZ and its relationships with the Rukwa and Luama segments of the Rukwa Trend. The Luama Rift cross-section is based on legacy geologic maps and satellite DEM, and that of the Rukwa Rift is based on 2-D seismic data interpretation, satellite DEM, and aeromagnetics.
The aeromagnetic data (Supplementary Figure S1A), collected between 1977–1980 with flight height of 200 m and a flight line spacing of 1 km, was provided by the South African Council for Geoscience. First, we reduced the data to the magnetic pole (RTP) to correct for latitude-dependent skewness (Baranov, 1957), after which we applied a vertical derivative filter to better resolve magnetic gradients associated with structural features (Figure 3A, Supplementary Figure S1B) (Salem et al., 2007; Kolawole et al., 2017, 2018; Heilman et al., 2019). In this study, we delineate the boundaries of the Chisi Shear Zone along the edges of the high magnetic anomaly lineament in the vertical derivative map of the aeromagnetic grid. In areas where aeromagnetic data is not available, we augmented the basement mapping with 30 m-resolution Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) hill shade maps (Supplementary Figures S2A–B).
Structural Data From Seismic Interpretation
We establish the initial (i.e., Karoo rift phase) geometry of the Rukwa Rift and related faults using published seismic reflection profiles, and associated fault trace maps and sediment thickness maps (“Karoo Isopach”) presented by Morley et al. (1992, 1999). We also calculate along-rift variations in Karoo-age tectonic extension (geometrically-restored to Karoo time surface; Figures 4A–D) accommodated by slip on the Lupa Fault and intra-basinal faults, again using data published by Morley et al. (1992). We integrate these structural data with aeromagnetic data analysis to investigate the influence of the pre-rift basement structure on the early-rift structure and evolution of the Rukwa Rift (Figures 4A–C).
[image: Figure 4]FIGURE 4 | (A): Map of vertical derivative of the aeromagnetic grid overlaid on satellite DEM hillshade map, showing the section of the Rukwa Rift (white dashed lines) along which, the measurements plotted in Figures 4C,D were taken. (B): Frequency-azimuth distribution of the Karoo-age intra-basinal faults (KIF; measured in this study). CSZ = Chisi Shear Zone, LF = Lupa Fault. Arrows represent the mean trend of the associated structure. (C): Plot showing along-rift distribution of (i.) line-length measurement of the Top-Karoo surface as estimates of Karoo-age tectonic extension (for the Lupa and intra-basinal faults), Lupa Fault dip angle, and Top-Basement offset along the Lupa Fault, and (ii.) lateral separation distance between the CSZ and the Lupa Fault. (D): Plot showing the along-rift variation of % total Karoo-age extension accommodated by the Lupa Fault and the intra-basinal faults up till the CSZ termination (displayed as stacked area plot in Figure 4C).
RESULTS
3-D Geometry and Extent of the CSZ
The petrology and geochemistry, local structure, and topographic expression of the CSZ is well-constrained in the Chisi area, located on the NW flank of the Rukwa Rift (Figures 1B, 2A; Theunissen et al., 1996 and Boven et al., 1999; Boniface and Schenk, 2012). Field observations show that the CSZ is dominated by steep, NE- and SW-dipping, metamorphic fabrics hosted by eclogite facies rocks (Figure 2A). At this location, the CSZ is characterized by a prominent NW-trending, positive magnetic anomaly lineament (Figure 1B) and a topographic ridge (Figure 2A and Supplementary Figure S2A). Based on its distinct geophysical and geomorphic expression, as well as known field locations of eclogite rocks, we map the northwestward and southeastward continuations of the CSZ system beneath the Rukwa Rift and along the northeastern boundary zone of the Luama Rift respectively (Figure 1B).
Northwest of the Chisi area, the CSZ associated structures are colinear with the subaerial Mahale Ridge and the submerged Kavala Island Ridge (submerged beneath Lake Tanganyika), and continues northwest into the Busindi Ridge which itself represents the footwall of the Busindi border fault of the Luama Rift (Figure 1B, Supplementary Figure S2A). Along the Luama Rift, the inferred CSZ extension represents the boundary between the Kibaran Belt (to the south) and the Ruzizian Belt to the north (Figure 1A). Based on the occurrence of a prominent high magnetic lineament extending NNW across Lake Tanganyika from the northernmost known CSZ-related eclogite exposure, a possible East CSZ splay is delineated to continue northward and link with the N-trending Ubwari Ridge (buried horst and subaerial peninsula; Figure 1B, Supplementary Figures S1A-B). Although the Ubwari Ridge is a fault-bounded horst block in the Cenozoic Tanganyika Rift, its possible spatial association with the CSZ inferred based on both the colinearity with the continuation of the magnetic-high anomaly lineament of the CSZ, and the southeastward rotation of the N-trending metamorphic fabrics of the subaerial section of the horst (Supplementary Figures S1B, S2B).
The CSZ extends southeastwards from the Chisi area to continue beneath the Rukwa Rift, where it is sub-parallel to the rift border faults (Figure 1B, 2A). Just southeast of the termination of the CSZ magnetic lineament, the >15 km-wide Mughese Shear Zone (MSZ) which separates the Ufipa and Mbozi Terranes of the Ubendian Belt (Figure 1B), extends beneath the Msongano Trough (bifurcation of the Rukwa Rift) and continues southeast into the Karonga Basin (Figure 1B, 2B). Overall, the CSZ-associated aeromagnetic and geomorphic structures extend for >600 km from the Luama and Tanganyika rifts, southeastwards through the Rukwa Rift (Figure 1B). Although our mapping suggests an along-trend and perhaps genetic relationship between the CSZ and the Mughese Shear Zone (Figure 1B), we clarify that at the time of this contribution, there is no available data demonstrating that the Mughese Shear Zone is also a subduction-related suture. In the absence of this information, we define the southeast termination of the CSZ as the termination zone of its magnetic anomaly lineament beneath the Rukwa Rift (Figure 1B, 3A).
Our 3D grid of the depth-distribution of intra-basement magnetic sources along the Rukwa Rift (Figures 3A–C, Supplementary Figures S3A–B, S4A–B) reveal a steeply-dipping, NW-trending zone of magnetic sources that extend to 12 km depth; this feature is spatially collocated with the surface trend of the CSZ aeromagnetic lineament (Figure 3B). Northeast of these CSZ-related magnetic sources, a narrow sub-vertical block of very shallow (<6 km deep) magnetic sources is spatially colocated with the Lupa Fault. This zone of Lupa Fault-related shallow sources separates the CSZ-related sources from another sub-vertical cluster of moderately deeper (∼9 km-deep) magnetic sources that are spatially collocated with the Katuma Terrane (Figures 3B–D).
The CSZ and the Early-Rift (Karoo) Structure
The Karoo-age basin of the Rukwa Rift widens southeastwards from c. 16 km in the northwest to c. 57 km at the terminus of the CSZ magnetic lineament, before narrowing to <16 km towards the southeast (Figure 2B). The Karoo intra-basinal faults (KIF, 329° ± 9.6; Figure 2Bi) are dominated by a fault cluster, spaced 4–6 km apart and striking oblique to the Lupa Fault (311°). The fault cluster is collocated with the CSZ magnetic lineament and trends parallel to the lineament (Figures 4A,B). Although, some of the KIF faults dip to the SW, most of them dip to the NE (Figure 2B). A Karoo isopach map shows that the thickest sections (>1 km-thick) of the Karoo-age units are generally confined to the northeast of the CSZ anomaly (yellow polygon in Figure 2B; also see Figures 2C,D). Adjacent to the Katuma Terrane and CSZ lineament (i.e., northwestern half of the rift), the Lupa Fault has a relatively high dip (∼69°); this decreases south-eastwards to <40° (Figure 4C). Also, within the rift, prominent basement ridges cluster along the CSZ, some of which appear to be fault-bounded (Figure 2B). We note the strong alignment between the CSZ mean trend (326°), KIF mean trend (329° ± 9.6), and that of all (Permian to Quaternary) rift faults (ARF, 330°; Figure 2Bii).
Strain Distribution Within the Rukwa Rift During Karoo Extension
In the northwestern half of the Rukwa Rift, the proportion of Karoo-phase tectonic extension accommodated by the KIF increased southeastwards from ∼12 to 64% (Figures 4C,D). This trend is coincident with an increase in across-strike separation between the Lupa border fault and the CSZ, from <10 km in the NW to ∼30 km at the SE terminus of CSZ magnetic lineament (Figure 4C; see also Figure 4A). However, southeastward from the CSZ terminus to the southeast tip of the basin, total extension was largely accommodated by the Lupa Fault (up to 83%; Figure 4C). Also, NW of the CSZ terminus, the curve for intra-basinal fault absolute extension tracks that of the total absolute extension, whereas SE of the CSZ terminus, total absolute extension curve is not tracked by that of the intra-basinal fault, rather, it is tracked by the Lupa Fault absolute extension (Figure 4C). The southeastward increase in the percentage of total extension accommodated by the Lupa Fault is consistent with the southeastward increase in the magnitude of Lupa Fault’s offset of the Top-Basement which shows a more pronounced increase just southeast of the CSZ terminus (see “Lupa Fault offset of Top-Basement” curve in Figure 4C). Northwest of the CSZ terminus, Lupa Fault’s offset of the Top-Basement shows a range of 2–6.4 km over a distance of 120 km, whereas SE of the CSZ terminus, the basement offset increases from ∼5.5 km to >9 km within ∼20 km distance.
CONTROLS OF THE CSZ AND TERRANE BOUNDARY ON EARLY-RIFT FAULTING, STRAIN DISTRIBUTION, AND BASIN ARCHITECTURE
Border Fault Development
The geometrical and spatial relationships between the Karoo rift-related structures, the CSZ, and the adjacent basement terrane boundaries reveal how strain was localized and spatially partitioned during the early phases of extension in the Rukwa Rift. The Lupa Fault is the largest rift-related structure in the Rukwa Rift, having formed at the very onset of rifting, thus representing the border fault (e.g., Kilembe and Rosendahl, 1992; Morley et al., 1992, 1999; Wheeler and Karson 1994). Studies suggest that the Lupa Fault localized along terrane boundaries (Katuma-Wakole boundary in the NW and Lupa-Mbozi boundary in the SE) and that its NW-SE trend is influenced by the structural fabrics in the bounding Katuma Terrane (Figures 1B, 3B–D; Daly et al., 1989; Wheeler and Karson, 1994; Theunissen et al., 1996; Lemna et al., 2019; Heilman et al., 2019). However, the observations supporting these hypotheses were based on the shallow geometries of structures observed in the field or the plan-view structural trends of metamorphic fabrics expressed in aeromagnetic data.
The sub-vertical dips described by the cluster of magnetic sources beneath the Katuma Terrane (Figure 3B) support previous studies that argue that the Katuma-Wakole terrane boundary, and fabrics within the Katuma Terrane, are steeply dipping. However, the Lupa Fault itself shows an abrupt and significant decrease in dip just southeast of the Katuma Terrane termination (Figure 4C), where it is coincident with the E-W-trending Usagaran Belt and Lupa Terrane (Figure 5A). Therefore, we suggest that both the Katuma-Wakole Terrane boundary and the tectonic structures in the Katuma Terrane are responsible for the steep dip of the Lupa border fault in the NW; in contrast, to the SE, the absence of favorably oriented intra-basement structures result in the fault having a lower dip.
[image: Figure 5]FIGURE 5 | (A): Satellite DEM hillshade map of the Rukwa Rift, overlaid with the Karoo structural features (faults and basement ridges), Karoo isopach map (from Morley et al., 1992, 1999), Chisi Shear Zone magnetic anomaly, and the relevant surrounding basement terranes. (B): Frequency-azimuth distribution of all the faults (Permian-Quaternary) in the Rukwa Rift (digitized from Morley et al., 1992). ARF = “All Rukwa Rift faults” and black arrow showing their mean trend; LF = “Lupa Fault” and blue arrow showing its approximate trend; CSZ = “Chisi Shear Zone” and brown arrow showing its approximate trend within the rift axis.
The sub-vertical dip of the CSZ-related magnetic sources and southwest dip direction of the Lupa Fault (Figure 3C) also suggests that the deepest sections of the border fault could merge with the shear zone at the deeper crustal levels, although it would require a southwestward dip for the CSZ at depth. If this spatial and potentially kinematic relationship is true, we infer a depth-dependent partitioning of the control of structural inheritance on the early development of the Lupa border fault, such that the upper sections of the fault exploited the Katuma-Wakole Terrane boundary and structures in the Katuma Terrane, and the deepest section exploited the Chisi Shear Zone.
Intra-Basinal Faulting
The collocation and parallel trends of the KIF and CSZ suggest that the CSZ largely controlled the localization of the Karoo intra-basinal faulting (Figure 4A, 5A). The prominence of NE-dip direction of the KIF faults (Figure 4A) suggests that the KIF exploited the NE-dipping metamorphic fabrics along the CSZ (Figure 2A). The confinement of the main Karoo-age rift fill between the Lupa Fault and CSZ (where present) (Figure 5A) indicates that the KIF cluster directly influenced the first-order sediment distribution during the early phases of extension. The Karoo-age basin is widest in the northwest where the CSZ is present (CSZ rotates from NW to NNW trend, away from the Lupa Fault), further indicating the influence of the CSZ and its geometry on the extent of the early rift-related depocenter (Figure 4A). The apparent confinement of earliest rift-related sediments also provides further age constraints on the timing of formation of the intra-basinal fault cluster. Overall, these observations indicate that the shear zone and terrane boundary represent discrete zones of inherited mechanical weakness in the crust where brittle deformation was accommodated during the early stages of continental extension.
Early-Rift Paleotopography
The Karoo-age rift topography is likely dominated by the footwall uplift along the Lupa border fault in the northeastern basin margin (Van der Beek et al., 1998; Morley et al., 1999). However, the clustering of basement ridges along the submarine part of the CSZ, likely representative of early syn-rift erosionally-resistant topography, is consistent with observations of topographic ridges along the CSZ onshore (Figure 1B and Supplementary Figure S2A). Elsewhere, prominent, erosionally-resistant topographic ridges define the surface expression of the Mughese Shear Zone (Kolawole et al., 2018), which appears to be a southeast continuation of the CSZ trend in the Karonga Basin (Figure 1B). Such ridges represent elevated topographic domains that may represent important sediment sources (e.g., Gawthorpe and Leeder, 2000). Thus, the chain of ridges along the CSZ represents intra-basinal sediment-source regions near the southwestern basin margin, indicating an additional importance of the CSZ during initial sedimentation in the Rukwa Rift.
Early-Rift Distribution of Extension
Our analyses show that within the northwestern section of the basin, Karoo-age tectonic extension was largely accommodated on both the CSZ-related intra-basinal faults (KIF) and the Lupa border fault (Figures 4C,D); in fact, during this initial phase of extension, more strain was accommodated on intra-basinal faults than the (developing) border fault. In contrast, southeast of the CSZ termination beneath the basin (or at significantly large separation distance), extension was primarily accommodated along the Lupa border fault. These suggest that during the early phase of rifting, there was a competition for extensional strain localization between the CSZ and the Katuma-Wakole terrane boundary in the northwest. Due to the southward increase in separation between the CSZ and Katuma-Wakole/Lupa-Mbozi terrane boundaries, and the absence of CSZ in the southeastern section of the Karoo-age basin, tectonic extension was then primarily accommodated along the Lupa Fault, which ultimately exploited the Lupa-Mbozi terrane boundary (Figures 4C,D). The significant increase in the Lupa Fault Top-basement offset just south of the CSZ termination (Figure 4C) also supports the dominant localization of extensional strain on the border fault in the southeastern section of the basin where the CSZ-related KIF is absent. Thus, we suggest that the CSZ strongly controlled the early-phase distribution of tectonic extension along the Rukwa Rift.
This along-rift partitioning of strain resulted in a lateral change of the overall Karoo-age rift geometry from a shallower graben in the northwest, to a deep half graben in the southeast. This along-rift change in rift geometry was previously thought to be primarily related to variation in border fault strain accommodation controlled by oblique extensional kinematics (Morley et al., 1992). Also, the obliquity of the intra-basinal faults relative to the border fault trend (Figures 4B, 5B) has been used as a basis for inferring pull-apart and oblique extension kinematics for the rift development (Kilembe and Rosendahl, 1992; Chattopadhyay and Chakra, 2013). However, detailed structural interpretation from seismic reflection data revealed a minor component of strike-slip-related deformation along the rift (Morley et al., 1999). Thus, we here suggest that the observed obliquity of intra-basinal faults to border fault trend is primarily controlled by the focusing of extensional strain along prominent pre-existing discrete zones of basement weakness during the early phase of rifting. The geometrical alignment of the intra-basinal faults to the CSZ trend could have been influenced by local stress rotation (SHmax) into CSZ-parallel/sub-parallel trend during the early rift phase; a mechanism that has been proposed to explain the influence of weak basement fabrics on the present-day orthogonal extension kinematics along the Rukwa Rift (Morley, 2010). This resolves a long-standing controversy related to the geometrical structure and kinematics of rift faulting in the Rukwa Rift. Elsewhere along the Rukwa Trend, farther northwest of the Rukwa Rift, the Busindi border fault of the Luama Rift exploited the NW continuation of the CSZ (Figures 1B, 3D), demonstrating the broader influence of the CSZ on the development of the other Karoo rift segments of the Rukwa Trend. In the Tanganyika Rift, the along-rift distribution of tectonic extension is influenced by the lateral variation of the inherited crustal rheology (Wright et al., 2020), further demonstrating the strong influence of structural inheritance on the early localization and distribution of extension along continental rifts.
Post-Karoo Rift Architecture
Geological and geophysical evidence for post-Karoo strike-slip deformation has been recorded along the Rukwa Rift (Wheeler and Karson, 1994; Delvaux et al., 2012; Heilman et al., 2019), possibly associated with a plate-scale compressional event (Daly et al., 1991; Delvaux et al., 2021). However, the analyses of seismic reflection profiles across the Rukwa Rift show that post-Karoo strike-slip or compressional deformation in the basin was very minor (Morley et al., 1999). Therefore, it is not likely that the plate-scale compressional event significantly altered the karoo-age fault patterns in the Rukwa Rift.
The CSZ and adjacent terrane boundaries continued and still continue to influence rift geometry long after the Karoo phase of extension. First, the mean trend of the rift faults, all combined (Permian to Quaternary), generally remains the same as the Karoo-age mean intra-basinal fault trend (Figures 2Bi–ii; Morley et al., 1992; Kilembe and Rosendahl, 1992). Second, the along-strike projection of the CSZ southeast of its magnetic anomaly termination is coincident with location and orientation of the Msongano Trough, which represents a southeastward continuation of the Rukwa Rift during the Cenozoic rifting phase (Figure 5A). We suggest that the extension of the KIF to the CSZ termination zone already established the incipient graben of the Msongano Trough during the Karoo rifting phase (Figure 5A, 6). We suggest that the CSZ and its colinear Mughese Shear Zone, along which the Msongano Trough developed (Figure 5A), both constitute coupled discrete zones of weakness in the basement that accommodated the continuous lateral southeastward propagation of the KIF as a narrow graben during the post-Karoo phases of extension. Thus, the present-day bifurcation of the Rukwa Rift into the Songwe and Msongano troughs (Figure 1C) was established during the very earliest stage of rifting. In addition, the southeastern border fault of the Rukwa Rift (Ufipa Fault; Figure 2B) which developed in the Cenozoic, largely exploited the tectonic fabrics of the Ufipa Terrane (Heilman et al., 2019).
[image: Figure 6]FIGURE 6 | Cartoon illustrating some of the key observations in this study, showing how the structure of discrete zones of basement weakness influenced strain localization styles and along-rift distribution of extension during the early phase of tectonic extension in the Rukwa Rift.
More broadly, in the Cenozoic Tanganyika Rift, located northwest of the Rukwa Rift (Figures 1A,B), the rift basin is segmented (Sander and Rosendahl, 1989; Muirhead et al., 2019; Wright et al., 2020). The segmentation occurs at the proposed splay of the CSZ magnetic lineaments (Figure 1B). The Ruzizi and East Kigoma sub-basins are separated by the northern section of the East CSZ splay, whereas the East and West Kigoma sub-basins are separated by the southern section of the East Splay, and the West Kigoma and Kalemie Sub-basins are separated by the CSZ segment extending into the Luama Rift. In essence, not only did the CSZ influence the early-phase architecture of the Karoo-age Rukwa and Luama rift basins, but also the structure of the relatively younger Tanganyika Rift. The spatial collocation of Cenozoic hydrothermal vents within different sections of the CSZ in the Tanganyika Rift (diamond symbols in Figure 1B) highlights the deep reaches of the rift faults that exploited the basement weakness of the shear zone.
Implications for Early-Stage Architecture of Continental Rift Basins
Our study of the Rukwa Rift suggests that early-phase rift strain is significantly accommodated by intra-basinal faults, contrary to observations in some other juvenile magma-poor continental rifts (e.g., Nixon et al., 2016; Muirhead et al., 2019), but it is localized onto pre-existing structures. The early-phase strain localization in the Rukwa Rift occurred via two different styles with associated deformational mechanisms. One style (Style-1 strain localization) is the localization of a large rift fault onto a narrow discrete zone of basement weakness, such as prominent basement terrane boundaries (this study), pre-existing fault zones, and narrow ductile shear zones, in which case the structures of the weak zone and the fabrics of the adjacent basement may influence the fault geometry (Figure 6). An example of this is the development of the Livingstone Fault in the Karonga Basin, northern Malawi Rift (Wheeler and Karson, 1989), the Thyolo border fault in the Shire Rift Zone (Wedmore et al., 2020b), and splay faulting at a terrane boundary during the Late Cretaceous extension between Zealandia and Australia (Phillips and McCaffrey, 2019b). A second style (Style-2 strain localization) is the localization of a fault cluster (or fault belt) onto a broader discrete zone of basement weakness, such as wide pre-rift shear zones or subduction suture zones (this study), in which case the individual fault strands may exploit the smaller-scale mechanical heterogeneities within the broad zone of basement weakness (Figure 6). An example of Style-2 localization is the development of a fault cluster along the western margin of the Karonga Basin, northern Malawi Rift, where the fault cluster exploited the >15 km-wide Precambrian Mughese Shear Zone (Kolawole et al., 2018). Therefore, we hypothesize that during the earliest stages of continental rifting, strain initially localizes on pre-existing zones of crustal weakness, and the style of localization may be associated with the type of the inheritance and character of the inherited structure. In addition, we note that whilst pre-existing structure may exert a strong control on strain distribution and localization during the earliest phase of continental extension, the established early rift template, may persist through the subsequent phases of the stretching stage of rifting (i.e., prior to the necking and hyper-extension stages).
CONCLUSION
We investigated the distribution of strain during the earliest phase of extension in the Rukwa Rift, a Phanerozoic multiphase magma-poor rift basin that developed along the trend of the Precambrian Chisi Shear Zone (CSZ) and terrane boundary shear zones in East Africa.
Here are our main findings: 
1) During the earliest phase of extension, although the border fault, Lupa Fault exploited the colinear Katuma-Wakole and Lupa-Mbozi terrane boundaries, the CSZ facilitated the early localization and development of a prominent intra-basinal fault cluster.
2) In the northwestern section of the rift, the presence and proximity of the CSZ and the Katuma-Wakole terrane boundary facilitated a competition for strain localization between the CSZ and the adjacent terrane boundary, whereas in the southeastern section where the CSZ is either absent or at a significantly large distance, strain is primarily localized along the Lupa-Mbozi terrane boundary.
3) The along-rift variation in early phase rift geometry, rift margin paleotopography, and depocenter extents were largely controlled by the CSZ.
4) The along-rift distribution of early-phase extension was largely influenced by structural inheritance, such that in the northwestern section of the rift, significant extension is accommodated by the intra-basinal fault cluster that exploited the CSZ, whereas in the southeast, extension is largely accommodated by the Lupa border fault.
5) Two styles of early-phase strain localization in which a.) strain is localized onto a narrow discrete zone of basement weakness in the form of a large rift fault (Style-1 strain localization), and b.) strain is localized onto a broad discrete zone of basement weakness in the form of a fault cluster (Style-2 strain localization).
6) Whilst pre-existing basement structure may exert the strong control on strain distribution and localization during the earliest phase of extension, the established early rift template, may persist through the subsequent phases of the stretching stage of rifting.
Our findings offer a window into the early stages of continental extension along a young evolving magma-poor rift, where early strain is not accommodated only by the border fault as suggested by existing magma-poor early-rift models; instead, strain focuses relatively quickly on a large border fault and intra-basinal fault clusters that follow pre-existing intra-basement structures. This study reveals the influence of structural inheritance on early-phase rift geometry and along-rift partitioning of strain along magma-poor rift basins.
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On September 5–7, 2018, a series of tremors were reported in Nigeria’s capital city, Abuja. These events followed a growing list of tremors felt in the stable intraplate region, where earthquakes are not expected. Here, we review available seismological, geological, and geodetic data that may shed light on the origin of these tremors. First, we investigate the seismic records for parent location of the orphan tremors using a technique suitable when a single-seismic station is available such as the Western Africa region, which has a sparse seismic network. We find no evidence of the reported tremors within the seismic record of Western Africa. Next, we consider the possibility of a local amplification of earthquakes from regional tectonics, reactivation of local basement fractures by far-field tectonic stresses, post-rift crustal relaxation, landward continuation of oceanic fracture zones, or induced earthquakes triggered by groundwater extraction. Our assessments pose important implications for understanding Western Africa’s intraplate seismicity and its potential connection to tectonic inheritance, active regional tectonics, and anthropogenic stress perturbation.
Keywords: intraplate seismicity, tremors, interferometric synthetic aperture radar, structural inheritance, seismology, polarization, West Africa
INTRODUCTION
On September 5–7, 2018, a series of low-magnitude tremors hit Nigeria’s capital city in Mpape, Abuja (Government Report, 2018). These events followed a series of earthquakes felt in the region since 1933, a stable, intraplate setting, otherwise not being earthquake-prone (Akpan and Yakubu, 2010; Akpan et al., 2014; Tsalha et al., 2015). This seismicity highlights the issue of seismic hazards in the Western Africa region and the need for an improved seismic monitoring network (Alaneme and Okotete, 2018; Afegbua et al., 2019). Nigeria is located in the southern part of the Neoproterozoic Trans-Saharan Mobile Belt, separating the Archean West African Craton, Congo Craton, and the Archean-Proterozoic Sahara Metacraton. Within this mobile belt, a large continent-scale system of elongate rift basins (aulacogens) developed during the Cretaceous, among which is located the Benue Trough on whose flank the Abuja city is located (Figure 1A). The extent of areas that historical seismicity felt in Nigeria encompasses regions within the failed rifts and areas of the exposed basement on the flanks of the rift basins (Figure 1A). Note that in the context of this paper, the term “tremor” is used in its general meaning with no particular emphasis on the processes that are attributed to a tremor activity, such as fluid migration and slow slip events, observed in some volcanic and tectonic settings (Rogers and Dragert, 2003; McCausland et al., 2005; Nadeau and Dolenc, 2005; Wech et al., 2012; Montgomery-Brown et al., 2013).
[image: Figure 1]FIGURE 1 | (A) West African seismicity and tectonics, showing the epicenters (circles) for earthquakes in the past decade with M3.0 and greater, ocean fracture zones (red lines), and the seismic network (triangles) available for seismic detection. The 2018 earthquake events (red circles) are outside the Abuja area (red polygon north-east of TORO). OTFZ = oceanic transform fault zone (oceanic fracture zone). Tectonic structures are from Pérez-Díaz and Eagles (2014). The Mesosoic failed rifts shown in yellow lines define the West African Rift System. (B) Final selection of five stations (green triangle) used to search for an earthquake with a hypothetical epicenter (red star) located in Nigeria (NG). Gray stations do not pass the data quality selection criteria. Note that although TAM (S5) has good quality data, it is not used for single station detection since it only has one horizontal channel operating during the time of interest.
Compared to historical events, the series of shakings reported on September 2018 is located within the northern edge of Abuja. Because the capital city of Abuja is highly populated and relatively affluent, the considerable shaking (which was felt by most of the residents) was reported by the local news agencies and picked up by increased social media activity. Although the local population felt these events, very little observational evidence exists for the origin of the shaking and its connection to local geology, or regional tectonics. Here, we present the available geological and geophysical constraints that may offer clues about the shaking and examine the available seismic, geologic, and geodetic measurements and discuss several viable hypotheses regarding the origin of the felt shaking connected to the local or regional tectonics and anthropogenic activities. In particular, we evaluate the hypotheses that these events are due to 1) local amplification of earthquakes from regional tectonics, 2) distant teleseismic events large enough to be felt in Western Africa, 3) reactivation of local basement fractures by far-field tectonic stresses, post-rift crustal relaxation, or landward continuation of oceanic fracture zones, or 4) local anthropogenic activities such as groundwater extraction.
A comprehensive search of the global earthquake catalog in the decade leading up to September 2018 does not turn up any events located within Nigeria, although we point out that in the Western African region, these catalogs are incomplete below moment magnitude 4 (Kadiri and Kijko, 2021). In the region, most of the events are clustered around oceanic transform faults, with only a few inland earthquakes. Similarly, all earthquakes in 2018 occurred along the oceanic transform fault, except for a single event on February 2019, located in the country of Guinea about 10° northwest of Nigeria (Figure 1). Therefore, we examine the available seismic data from the Nigerian seismic network (Afegbua et al., 2011), supplementing them with seismic stations from the Western African region where long-term real-time monitoring is available. We conduct a rigorous search of the seismic record using a single-station detector method to examine the first two hypotheses, which investigate the possibility of the shaking being related to distant earthquakes and their ability to reactivate preexisting fault systems that may be preferentially primed for failure (Han et al., 2017; Neves et al., 2018). We then complement the seismic investigation with other geological and geophysical datasets. Surface geology and basement structure are investigated using high-resolution satellite images and aeromagnetic data, and the observed patterns compared to the inferred prevailing stress field and the general trends dictated by the opening and closure of the failed rifts located close to the Abuja capital city. A final analysis explores the anthropogenic controls on earthquake nucleation and whether these may be related to the hydrological cycle within Nigeria. We measure surface deformation using Interferometric Synthetic Aperture Radar (InSAR) and correlate the observed patterns with the ongoing anthropogenic activities such as groundwater pumping and the addition of dams in the study area. Overall, the assessments presented in this study pose important implications for understanding Western Africa’s intraplate seismicity and its connection to regional tectonics and local geology.
METHODS
Single-Station Seismology
Ideally, the detection of a low-magnitude local or regional event would require a proximal high-quality seismic array. Western Africa, on the other hand, has a sparse distribution of real-time seismic stations. Even recently deployed small-aperture seismic arrays located in Western Africa, e.g., Nigeria (Afegbua et al., 2011) and Ghana (Ahulu and Danuor, 2015), do not currently archive data on global waveform databases and only a few are real-time. Therefore, we use a single-station location method that is based on polarization analysis using eigen-decomposition of ground displacement (Vidale, 1986; Park et al., 1987; Bai and Kennett, 2000; Simons et al., 2009) for event detection, seismic phase identification (Earle, 1999), and source localization (Böse et al., 2017). Alternative methods such as beamforming analysis, which is widely applied to pin-pointing earthquake source direction (Rost, 2002; Rost et al., 2006; Nakata et al., 2019), are challenging to apply because of the sparsity of high-quality, continuously recording, and small-aperture seismic arrays present at regional distances to the location of the largest reported shaking.
The single-station location technique is based on the same principle for which polarization analysis is most commonly used, i.e., orienting seismometers on the bottom of the seafloor (Stachnik et al., 2012; Zha et al., 2013; Doran and Laske, 2017; Scholz et al., 2017) or identifying misoriented horizontal channels (Ojo et al., 2019). Used in this mode, the arrival direction (azimuth) and the distance of a seismic event can be inferred from a three-channel seismogram recorded on a single station on the African continent. The geographical orientation of the seismic channels is then determined, given a known arrival direction of a particular seismic phase (often the compression and Rayleigh waves). In the earthquake-location mode, however, the idea is reversed. We assume the channel orientations are known (or can be corrected for); then, in principle, we fix the source orientation by determining the azimuth of the incoming waves. The key idea is to identify the polarization of particular seismic phases which are parallel to the wave propagation (e.g., compressional and Rayleigh wave phases) and use this to determine the wave-arrival azimuth. A differential time between the first arriving compressional wave and other phases (e.g., S, Love, and Rayleigh), in conjunction with a given earth model, prescribes the epicentral distance and completes the process, providing coordinates of the earthquake.
The adaptation of polarization analysis for single-station event location (Magotra et al., 1987; Magotra et al., 1989; Frohlich and Pulliam, 1999; Agius and Galea, 2011; Böse et al., 2017) increases the likelihood of detecting earthquakes with smaller magnitudes. In our adaptation, we incorporate benefits from the coherence (Vidale, 1986) and covariance technique (Jurkevics, 1988; Schulte-Pelkum et al., 2004; Park and Ishii, 2018) and include multimode identification (Bai and Kennett, 2000; Bai and Kennett, 2001). Our idea bears some similarity to the technique proposed for locating Mars-quakes (Böse et al., 2017), or the identification of the source location of ambient seismic noise or micro-tremors (Koper and Hawley, 2010; Zha et al., 2013). We describe a successful application for locating the epicenter of moderate-to-large teleseismic earthquakes. We then describe the application to a few high-quality stations recording during the 3 days with the largest shaking, i.e., stations on the GEOSCOPE network (Roult et al., 2010), the Global Seismic Network (GSN) (Lay et al., 2002), and the Nigerian Seismic Network.
While single-station event location is sufficient for distinguishing between a teleseismic and a local/regional event, when more than one station is available, the uncertainty or bias (error) from a single-station detection can be improved by performing a second-stage association analysis (Ringdal and Husebye, 1982; Shearer, 1994; Ekström, 2006). This allows us to improve the confidence estimate for the location by comparing the estimated source locations from multiple stations when they are available. Suppose all the single-station locations agree (within uncertainty) that the hypothesized source location (Abuja, Nigeria) is not the epicenter of the detection, in that case, we can rule out this null hypothesis and explore the alternative hypothesis that the shaking is from a different source location (i.e., of teleseismic origin). We require only two stations to confirm detection for a particular source location. Application to the 360 polarization records derived from each of the five closest stations to Nigeria results in a space-time probability of a possible event detection (Böse et al., 2017) (see Supplementary Appendix for a detailed discussion of technique).
Structural Mapping From Aeromagnetic Data Analysis and Satellite Images
The largest shaking may have resulted from seismogenic slip on local faults or due to local amplification. To explore how local geology in and around Abuja may have contributed to significant shaking intensity, following standard practice, we analyze the subsurface structure and the spatial distribution of the sedimentary cover. The Abuja area is located in low magnetic latitude. Thus, we first perform a reduction of the magnetic data to the magnetic equator (RTE, e.g., Li and Oldenburg, 2001) using an IGRF 2005 model. This transformation corrects for the skewness of the magnetic anomalies due to the oblique angles of magnetization at large distances from the magnetic pole.
We then upward-continue the RTE-corrected aeromagnetic grid to remove noise and apply a vertical derivative filter to better resolve the gradients that correspond to the geological structure. Further, we estimate the distribution of depths to the top of the magnetic sources (i.e., crystalline basement) using the Source Parameter Imaging (SPI) method (Smith et al., 2002; Smith and Salem, 2005). Although this technique has an accuracy of ±20%, it can reliably show the relative spatial pattern of the depth of the burial of the magnetized basement (e.g., Kolawole et al., 2018). Volcanic rocks are absent in the Abuja area; thus, the Precambrian metamorphic rocks and granitic intrusives define the primary magnetic basement. In order to identify the dominant structural trends associated with basement deformation (and possibly faulting) in the area, we manually digitize the linear traces defined by edges in the filtered (vertical derivative) aeromagnetic grid. Further, we map fracture systems in basement exposures in satellite images (Google Earth©) and compare with the aeromagnetic fabric trend to better constrain the dominant basement structures that may correspond to faulting.
InSAR Deformation Field
To map the surface deformation, we use 80 SAR images acquired in the ascending orbit of the Sentinel-1A/B C-band satellites between 2018/01/19 and 2020/09/05. We performed an advanced multitemporal SAR interferometric analysis to retrieve rates and time series of surface deformation over the study area. The analysis began with co-registering SLC images to a reference image, which includes a standard matching algorithm using a digital elevation model (DEM), precise orbital parameters, and amplitude images (Sansosti et al., 2006). For the Sentinel-1A/B datasets, the step mentioned above is followed by an enhanced spectral diversity (ESD) approach (Yagüe-Martínez et al., 2016; Shirzaei and Bürgmann, 2017). Using this dataset, we generate a set of high-quality interferograms, considering only those with short perpendicular and temporal baselines. We also apply a multi-looking operator of 32 and 6 pixels in range and azimuth to obtain a ground resolution cell of ∼75 m × 75 m. To calculate and remove the effect of topographic phase and flat earth correction (Franceschetti and Lanari, 1999), we used a 1-arcsecond (∼30 m) Shuttle Radar Topography Mission DEM (Farr et al., 2007) and precise satellite orbital information. To identify the elite (i.e., less noisy) pixels, we only consider pixels with an average temporal coherence larger than 0.65. In analogy to Global Navigation Satellite System (GNSS) stations, these elite pixels form a network of SAR observation points, for which we estimate the time series and rate of line-of-sight (LOS) surface deformation. To retrieve the absolute (unwrapped) phase values for sparsely distributed elite pixels, we applied a minimum cost flow (MCF) algorithm. Although the precise orbits are used, a few interferograms were still affected by a ramp-like signal, which was corrected by fitting a second order polynomial to their unwrapped phase (Shirzaei and Walter, 2011). We further applied several wavelet-based filters to correct for effects of spatially uncorrelated topography error and topography correlated atmospheric delay (Shirzaei and Bürgmann, 2012). Subsequently, we applied a re-weighted least square approach iteratively to invert the corrected measurement of the unwrapped phase at each elite pixel and solve the time series of the surface deformation. We further reduce the effect of residual atmospheric errors by applying a high pass filter based on continuous wavelet transform to the time series of surface deformation at each elite pixel. Finally, we estimate the long-term LOS deformation rates as the best-fitting line slope to the time series of surface deformation at each elite pixel.
DATA AND RESULTS
Earthquake Detection with a Sparse Network
We use the following station-selection criteria: 1) waveform data recorded during tremor activity archived and retrievable from a global waveform database, e.g., IRIS, 2) good back-azimuth coverage relative to Nigeria, 3) availability of three-channel seismograms necessary for polarization analysis, 4) high signal to noise ratio, and 5) correct orientations for the horizontal channels or new analysis reflecting the proper orientations (e.g., Ojo et al., 2019). Only five stations out of the ten initially selected pass our selection criteria, and their locations provide relatively good azimuthal coverage around Nigeria (see Figure 1B and Tables 1, 2). We focus on the 3 days from September 5–7, 2018, when anecdotal reports agree on the strongest shaking in Nigeria, 1) three reports on September 5: ∼13:30, 16:30, and 19:00 UTC, and 2) two on September 6 and 7: 01:30 and 05:30 UTC. We scan hour-long records of three-component seismograms at each station, allowing for a half-hour to extend detection duration. Our dataset results in 360 polarization records, representing 72-hour-long records (for the 3 days) at each of the five stations. A data quality check reveals that two of the five stations are particularly useful for seismic detection (i.e., G.TAM and G.DBIC). In particular, stations NJ.TORO, which the closest station to the main interest area, Abuja, is very noisy and is impractical for detection on its own (see Figures 1A, 2). This analysis further highlights the challenge of earthquake location and the value of a single-station event detector.
TABLE 1 | Stations used to discriminate local and teleseismic events originating from Western Africa. Station G.TAM has only one horizontal channel, station II.ASCN is an island station, and station PM.PFVI is located in Portugal, but with very little propagation in the Atlantic Ocean. We include II.RAYN, which is a very quiet station, to broaden the back-azimuth coverage, even though it is technically in the Middle East.
[image: Table 1]TABLE 2 | Hypotheses test using distance and azimuth statistics. Low error confirms hypotheses H1.
[image: Table 2][image: Figure 2]FIGURE 2 | Seismograms at stations in or close to Nigeria using an 80 min time window. Traces are amplitude normalized. Stations used for further analysis, marked in black, are those that pass the data selection criteria (green triangles in Figure 1B). In each trace, the first P (blue) and S (red) arrivals of the M6.6 Hokkaido event are shown with the station code to the top.
Null Detection and Other Coincidences
We analyze the continuous data stream in hour-long sections during the 3 days of the largest reported shaking. In this 3-day scan, we detect a notable event in the hour following 18:00 UTC on September 5th with good SNR on most stations (Figure 2). Our attempt to associate the other tremor sequences to either a previously undetected global or regional event proved inconclusive (Supplementary Figures S5A–D). For the September 5 event, the stations detect P and S arrivals within only slight timing variations. We cross-reference our detection with the USGS earthquake catalog. The arrival time of the seismic phases is correctly matched with a source location that is consistent with the M6.6 Hokkaido Eastern Iburi, Japanese earthquake (Figures 3, 4B). We note that this event is neither local nor regional (<30°) but clearly of teleseismic origin (compare Figures 4A,B with Figure 3). Despite the large station-earthquake distances (80–120°), we detect clear body-wave and surface-wave phases on the high-quality stations located around Nigeria. Even for the station at the largest epicentral distance (GT-DBIC), strong PP and SS phases are visibly detected and identified by our phase detector (Figure 3 and Table 2).
[image: Figure 3]FIGURE 3 | Phase detection using polarization analysis applied to data recorded at the five high-quality stations during the Hokkaido event of September 5, 2018. The waveforms are for an 80 min-long time window, where time 0:00 is 20 min before the P arrival at each station following the event origin. The detected arrival of P and S waves is marked with blue and red dashed lines, respectively, while the first arriving linearly polarized surface wave is shaded in gray. The predicted arrival time calculated using the earthquake parameters and an earth model is indicated with dots and labels indicating the phase.
[image: Figure 4]FIGURE 4 | Station locations relative to two hypothetical epicenters (star). (A) For a local or regional event originating from Nigeria or within Western Africa, all stations are expected to be within 30° of the event location (red star). (B) For the Hokkaido event, distance is 60–120° and azimuth 270–320° (compare Figure 5).
The closest stations to the Japanese event are able to pick up at least one of the two direct P and S arrivals. For example, station II-RAYN demonstrates that our method provides effective picks for four of the incoming phases (P, PP, S, SS, L, and R: Figure 3). At stations MN-WDD and IU-FURI located at an epicentral distance less than 90°, we precisely identify all the main P and S arrivals, except for the reflected SS phase. At station II-MBAR, which is even further away (>90°) from the source location, our method is still able to detect the diffracted phases (Pdiff and Sdiff). However, at station GT-DBIC which is located ∼120° from Japan, we are unable to detect the first-arriving diffracted Pdiff waves and only able to detect the diffracted Sdiff phase (with a slight time shift compared to the travel time predictions using the ak135 Earth model) and the reflected PP and SS phase. Association of the single-station detections shows that three of the five stations (WDD, FURI, and MBAR) provide a location match with an error <5°, while the other two stations (DBIC and RAYN) agree on the epicentral distance with some bias in the azimuth direction (Figure 5). This is clear evidence that the seismic event detected at all our stations is coincident in space and time with the teleseismic Japanese event reported by the global catalog and felt in Nigeria on September 5th.
[image: Figure 5]FIGURE 5 | Single-station location of Hokkaido, Japan, in the event reference frame (compare with station-event geometry in Figure 1B). All stations identify the correct epicentral distance and azimuth range (except for DBIC and RAYN with an azimuth bias of −50°).
Our search for a source-origin in Western Africa was inconclusive, which may suggest a low magnitude event that may have been attenuated before being detected by the regional seismic network. We emphasize that of the five events reported in anecdotal records; we are able to associate a single event to a teleseismic earthquake originating in Hokkaido, Japan, on September 5, 2018 (18:07 UTC). This event, from far-away Japan, triggered multiple landslides (∼6,000) that lasted for a few minutes (Yamagishi and Yamazaki, 2018; Kameda et al., 2019; Shao et al., 2019; Wang et al., 2019). None of the other tremors in the sequence identified by anecdotal records are conclusively associated with either a local or teleseismic event. We explore briefly what explanation, if any, exists between the felt shaking and this landslide event. Alternatively, we evaluate how the local geology around Abuja could host the reactivation of existing faults. We also consider the possibility of induced earthquakes triggered by groundwater extraction.
Geological Framework from Aeromagnetic and Satellite Data
We integrate available surface and subsurface geological and geophysical datasets to constrain the first-order geological features in the Abuja area that could have localized or amplified ground shaking. First, we delineate satellite-scale fracture systems in basement outcrops using Google Earth satellite images at a spatial resolution of 5 m (e.g., Kolawole et al., 2019). Then, we utilize high-resolution aeromagnetic data first to map sub surface structural fabrics in order to obtain information on the potential trends of fault lineaments in the crystalline basement and then to model the distribution and thickness of the sedimentary over-burden (e.g., Grauch and Hudson, 2007; Kolawole et al., 2018). The aeromagnetic data used in this study were acquired country-wide between 2005 and 2007 by the Nigerian Geological Survey Agency (NGSA), with 500 m line spacing and 80 m mean terrain clearance. The aeromagnetic data were provided as a grid of 100 m cell size.
Delineated Geological Structures in the Abuja Area
The satellite-scale fracture systems in the basement outcrops, mapped in the satellite images of the Abuja area (Figures 6A,B), show dominant trends of 049° ± 3.6° (NE-SW) and 136° ± 3.7°(NW-SE) (Figure 6C). Also, the larger-scale basement fabrics, delineated in filtered aeromagnetic data (Figure 6D), show dominant trends of 048° ± 6.4° (NE-SW), 124° ± 6.1° (NW-SE), and 086° ± 5.4° (E-W) (Figure 6E). Further, our depth-to-basement map, generated from the SPI transform of the aeromagnetic data (Figures 6F,G), shows that most of the Abuja area and mainly the areas where the tremor was felt are located within a small sedimentary basin. The thickness of this sedimentary cover ranges between ∼200 and 800 m (Figure 6G). Although the three prominent trends (NE, NW, and E-W) can be observed in the northern half of the area where basement outcrops dominate, the NE-trending lineaments appear to dominate the southern part where the basin is located (Figure 6D).
[image: Figure 6]FIGURE 6 | (A) Satellite topography hillshade map of the Abuja area of the Federal Capital Territory (F.C.T.), Nigeria, showing areas where the tremor was felt (source: BBC Africa Hausa). (B) Google Earth© satellite image of a part of the Abuja area showing an example of satellite-scale fractures in the granitic basement outcrops. (C) Rose diagram showing the azimuth-frequency distribution of the satellite-scale outcrop fractures in the entire Abuja area shown in Figure 6A. SH = maximum horizontal compressional stress orientation (source: Heidbach et al., 2016). Inset: map of Nigeria showing the location and orientation of SH data (blue arrows), location of Abuja (red-yellow star), and Mesozoic rift basins (BT = Benue Trough; BB = Bida Basin). (D) The vertical derivative of the reduced to the equator (RTE) aeromagnetic map of the Abuja area. White lines represent the trends of basement magnetic anomaly lineaments. For “SH,” see 6 (C). (E) Rose diagram showing the azimuth-frequency distribution of the aeromagnetic lineaments, which represent the subsurface structural fabrics. The mean trends of the NW and NE dominant sets coincide considerably well with those of the satellite-scale outcrop fractures. (F) Depth to basement map, generated from the Source Parameter Imaging (SPI) transform of the aeromagnetic data, and the associated (G) cross-section, showing that the areas where the tremor was felt are located within a small sedimentary basin.
InSAR Ground Deformation Map
Figure 7 shows the rate of LOS displacement field and selected time series at the sites of rapid subsidence. The negative values (cool colors) correspond with movement away from satellite, hereafter, subsidence. The map is characterized by widespread subsidence up to 35 mm/yr. Roughly the zone of subsidence is bounded by the administrative divides, suggesting an anthropogenic drive. A rapidly declining trend characterizes the selected time series of LOS displacement at sites (b), (c), and (d) until 2020. The slightly rising time series (Figure 7E) also follows a similar pattern, whose rising trend is interrupted by 2020. This behavior change might be attributed to the COVID-19 global pandemic, which has caused a reduction of economic activities worldwide.
[image: Figure 7]FIGURE 7 | InSAR deformation map obtained from Sentinel-1A/B ascending orbit (heading ∼347° and incidence angle ∼38.5°) SAR images for period 2018/01/19–2020/09/05. (A) LOS linear velocity. Colder colors indicate movement away from satellite or subsidence. Black polygons show administrative divisions. (B)–(E) Time series of LOS displacement at four locations shown in panel (A). The gray shading indicates a 1-sigma uncertainty range for the estimated time series.
DISCUSSION
Origin of Tremor: Perspective, Interpretation, and Outstanding Questions
In our study, we were able to associate only one of the tremor sequences to an event in the global catalog. Our attempt to associate the other events in the tremor sequences to either a previously undetected global or regional event proved inconclusive. This lack of corroborating seismic evidence confirming anecdotal reports could be due to either of the following: 1) the inaccuracy of the timing or the number of the reports; 2) localized low-magnitude shaking not detectable by the seismic station closest to Abuja, due to the quality of the data recovered from that seismic station (i.e., TORO). While this is an unsatisfactory conclusion, it emphasizes the need for high-quality data in regions that are often ignored due to the assumption of lack of seismicity. We also demonstrated that one of the reported tremor activities in Abuja, Nigeria, and recorded by the Western African stations coincides with the Hokkaido Eastern Iburi, Japanese earthquake of September 5, 2018. It is very puzzling that this moderate-sized earthquake (∼M6.7) generated enough seismic energy to be felt in the capital city of Nigeria, considering that Japan is located at considerable teleseismic distances (∼112°). Here, we discuss a few plausible scenarios that may offer more insights into these results taken together.
Hypothesis I: A Unique Teleseismic Event
Moderate teleseismic events are unlikely to cause significant shaking at such a considerable distance. However, we are persuaded to explore the possibility that there is a direct connection to the M6.6 Hokkaido Eastern Iburi, Japanese earthquake on September 5, 2018, given a large number of coseismic landslides (Zhang et al., 2019) generated significant long-period surface wave energy that propagated to large distances without much dissipation (Allstadt, 2013). Landslides can be effectively modeled by single forces, where the orientation of the force exerted on the ground is in the direction opposite to landslide acceleration, generating maximum surface wave amplitudes along the trajectory of mass loss (Kawakatsu, 1989; Ekström et al., 2003; Tsai and Ekström, 2007). For shallow landslides with estimated mass volumes and a simple trajectory, it should be straightforward to model the effective forces, using synthetic seismograms (Ekström and Stark, 2013). However, the Hokkaido Iburi Earthquake triggered ∼6,000 landslides with complex trajectories (Figure 8), distributed over a large area making this a difficult task. Despite this complexity, we observe that the aggregate spatial distribution of the landslides can explain surface-wave radiation in the direction of Nigeria (310°, which is in the NW/SE direction from Japan) (Figure 8).
[image: Figure 8]FIGURE 8 | (A) Google Earth© satellite image of the Hokkaido landslide region showing the 270 km2 extent of coverage of the affected area. (B) A representative satellite image showing the distribution of the individual landslides and the manually digitized axial trends (long axes) of the landslides (see Dataset S1 for digitized data). (C) Azimuth-frequency distribution of the mapped axial trends of the coseismic landslides.
A comprehensive inventory of landslides (Wang et al., 2019; Zhang et al., 2019) document important characteristics that fit this pattern: a large concentration of 65% of the landslides (21 per square-km) in an elliptical area of 173 squared-km with major axis oriented NNW/SEE at 327.7° (within 18° of the direction of Abuja). We expect that a considerable portion of the radiated surface-wave energy is connected to the coseismic landslides separate from the triggering earthquake, which has been modeled as a deep-crustal earthquake with different rupture processes, and surface wave radiation patterns (Gou et al., 2019; Hua et al., 2019; Kobayashi et al., 2019; Zang et al., 2019). Although we report an event detection, we do not expect significant shaking from radiated energy from the landslide.
Hypothesis II: Local Amplification of Earthquakes from Regional Tectonics
Previous studies have documented the occurrence of earthquakes in the Western African continental region and especially within continental Nigeria (Blundell, 1976; Wright, 1976; Williams and Williams, 1977; Scheidegger and Ajakaiye, 1985; Ajakaiye et al., 1987). These earthquakes have been attributed to 1) the inland continuation of oceanic fracture zones (Blundell, 1976; Wright, 1976) or 2) seismicity associated with faulting along the Cameroon volcanic line (Tabod et al., 1992; Nfomou et al., 2004). The apparent extension of the oceanic fracture zones across the continent-ocean boundary towards the shoreline in the Gulf of Guinea (Figure 1A; Granot and Dyment, 2015) may explain the clustering of historical seismicity close to the shorelines (Figure 1A), but may not explain the events reported from areas further inland. We note that historical tremors that were felt in the inland areas (north central part of Nigeria) are distributed across both the failed rifts and areas of the exposed basement on the rift flanks (Figure 1A).
We consider an alternative hypothesis that the series of shakings felt in the study area (Abuja, north central Nigeria) may be related to the local amplification of earthquakes associated with the active tectonics along the offshore oceanic fracture zones (transforms), or along the active Cameroon Volcanic Line in the east. The Abuja area is located within the broad basement complex terrain of Nigeria (i.e., outboard of the Mesozoic failed rifts), where the basement rocks are dominated by Precambrian migmatite gneiss and granitic intrusions (Oyawoye, 1964). The granitic intrusions occur as prominent topographic-highs in the landscape, and the gneissic host rocks occur as topographic-lows where small basins of unconsolidated sediments commonly accumulate. Our estimation of basement undulations in the Abuja area shows that the locations where the tremor was felt are within a small sedimentary basin (Figure 6G), indicating a vulnerability of the local geology of the Abuja area to seismic amplification. Although the oceanic transforms, coastal areas, and areas near the Cameroon Volcanic Line show historical seismic activity (Figure 1A), our catalog search did not identify any event along the offshore oceanic transforms or the Cameroon volcanic Line that coincides with the timing of the shaking.
Hypothesis III: Reactivation of Local Basement Fractures and Fault Systems by Post-Rift Crustal Relaxation or Far-Field Tectonic Stresses
Although we report inconclusive evidence for an earthquake in Nigeria, we emphasize that the absence of evidence is not the evidence of absence, considering the poor data quality from the closest station (TORO). As mentioned earlier, the historical earthquakes in Nigeria have been attributed to the inland continuation of oceanic fracture zones through the Precambrian basement shear zones (Blundell, 1976; Wright, 1976; Odeyemi, 1989; Anifowose et al., 2006; Odeyemi, 2006). However, these Precambrian basement shear zones (cyan dotted lines in Figure 1A) show a NNE trend that is markedly distinct from the ENE-to-NE trends of the oceanic fracture zones. Rather, the oceanic fracture zones show better spatial and azimuthal correlation with the NE-trending Benue Trough (failed Mesozoic rift) than the onshore basement shear zones (Figure 1A). In addition, there exists no surficial evidence of recent fault scarps or collocated active brittle exploitation along the trend of the basement shear zones. Therefore, we examine the brittle structures in the basement of the Abuja area which is located on the flank of the Benue Trough, with a view of possible local seismic reactivation of pre-existing basement fracture systems.
Our analysis of the exposed basement fracture systems (Figures 6A–C) and deeper structures of the aeromagnetic lineaments (Figures 6D,E) show common prominent sets of conjugate NE-SW and NW-SE trends. Thus, we interpret these structural trends as the dominant patterns of the basement fracture systems and faults in the Abuja area. We note that the Abuja area is located near the nexus of two Mesozoic rift basins (failed rifts), the NW-trending Bida Basin and NE-trending Benue Trough (Figures 1A, 6C). The basins are composed of basement-rooting structures associated with the opening (Mid Cretaceous) and closing (Late Cretaceous) of the Western and Central African Rift System. We find that the axial trends of these two rift structures are parallel to the most prominent structural trends in the Abuja area (Figure 6C). This suggests that the pre-existing discontinuities in the Abuja area are most likely inherited from the Mesozoic extensional tectonic deformation. We propose that these basement structures may be reactivated either by far-field tectonic stresses or post-rift relaxation of the crust. This reactivation can be accompanied by seismicity or developed aseismically.
Unfortunately, there exists no published stress field data in the interior of Nigeria (Heidbach et al., 2018). Nevertheless, to provide a first-order assessment, we consider the closest available measurement of the in situ azimuth of 176° for the maximum horizontal compressional stress (SHmax from borehole breakout) at a location in SW Nigeria (Figure 6C inset; Heidbach et al., 2018). If these available stress data are representative of the current σ1 magnitude and orientation in the Abuja area, the NW-trending fractures are more critically oriented for reactivation (in strike-slip mode) than those in the NE and E-W trends. We recommend future studies to explore the in situ stress field across the region in order to better understand the susceptibility of the inherited structures to seismic reactivation.
Based on the geological considerations presented above, we infer that in the Abuja area, there exist basement discontinuities that could be optimally oriented for seismic reactivation by stress perturbation of the assumed current stress field. On a regional scale of the Western Africa sub-continent, we highlight the occurrence of earthquakes in the Mesozoic rift structures and the Precambrian basement domains (earthquakes in Termit Basin, Benue Trough, Yola-Doba Basin, Ahaggar Massif, and West African Craton in Figure 6A), suggesting that inherited brittle structures in the basement pose important seismic hazards across the region. Overall, we emphasize that the faults and fracture systems of the failed Mesozoic rift basins in the Western Africa region (West African Rift System, Figure 1A) represent critical seismic hazards in the region that may be capable of hosting damaging earthquakes.
Hypothesis IV: Induced Earthquake Triggering by Groundwater Extraction
The widespread subsidence observed in the study area is consistent with those measured in other metro areas around the world and is likely to be associated with fluid (primarily groundwater) extraction (Chaussard et al., 2014; Miller and Shirzaei, 2015; Miller et al., 2017; Miller and Shirzaei, 2019; Herrera-García et al., 2021). A change in near-surface hydrologic loading has the potential to alter the local and regional stress field (Amos et al., 2014; Johnson et al., 2017a; Johnson et al., 2017b; Carlson et al., 2020; Johnson et al., 2020), which can encourage earthquake nucleation and may weakly modulate seismicity (Heki, 2003; Johnson et al., 2017a). In regions where elastic loading maintains a strong periodic signal, the same cyclic pattern is observed in seismic catalogs (Heki, 2003; Ader and Avouac, 2013). Furthermore, stress and pressure in the crust can be altered due to fluid injection and extraction, triggering earthquakes (Wang, 2001; Wang and Kümpel, 2003; Segall, 2010; Ellsworth, 2013; Segall and Lu, 2015; Shirzaei et al., 2016; Keranen and Weingarten, 2018; Kwiatek et al., 2019; Zhai et al., 2019; Zhai et al., 2021). The stress and pressure gain is a function of pumping and injection location, flux, and accumulated volume, while the rate of radial fluid migration is mainly controlled by crustal permeability (Wang, 2001; Segall and Lu, 2015).
Fault failure may occur when shear stress exceeds the fault shear strength for a given effective normal stress. Shear stress can be altered due to non-zero differential stress changes caused by the imparted stress. Also, effective normal stress depends on the magnitude of the stresses and the orientation of the fault in the tectonic stress field. The magnitude of fault-normal stresses can be reduced due to increased pore fluid pressure. However, establishing a threshold for stress and pressure change to trigger an earthquake is not trivial (e.g., Talwani and Acree, 1985). It is often assumed that faults are near critically stressed, if they have not ruptured recently (Townend and Zoback, 2000). Therefore, a small perturbation of the stress field due to the loading effect and fluid diffusion may trigger some earthquakes. Some examples include seasonal modulation of seismicity due to hydrological loading cycles (Christiansen et al., 2007; Johnson et al., 2017a; Carlson et al., 2020), triggering earthquakes due to tides (Wilcock, 2001; Tanaka et al., 2002), and induced seismicity due to pore pressure change by seasonal precipitation or snowmelt (Saar and Manga, 2003; Hainzl et al., 2006; Montgomery-Brown et al., 2019).
Despite scientific evidence from elsewhere, in the Abuja case study, investigating the hypothesis that the events similar to that of September 2018 are of hydrological origin is not straightforward due to the lack of dense hydrological observations (e.g., groundwater levels and stream discharge) and a complete seismic catalog. Therefore, we call for future efforts to generate new observations and develop models that constrain spatiotemporal variations in components of total water storage and establish a link to the local and regional tectonics and seismicity. Such data and models will further enhance the knowledge of water availability and improve the local communitie’s resilience to drought in the era of climate change.
Summary: Preferred Hypotheses and Strategies for Further Tests
Our exploration of the limited yet very important geological and geophysical datasets has shed light on the most plausible cause of the shaking experienced in Abuja between September 5 and 7, 2018. Based on the available InSAR analysis, we find the strongest support for the hypotheses that these events were triggered by groundwater extraction (H-IV). Similarly, recently published strain rate modeling from country-wide GNSS network covering the period of 2012–2015 (i.e., before the 2018 tremors; Bawa et al., 2020) shows a localized subsidence zone (negative dilation) that is collocated with a prominent subsidence zone in our analyses (see location b of Figure 7A). This subsidence anomaly is located directly over the Jere Irrigation Project, which was reportedly active at the time of the reported tremors. Following closely, it is the hypothesis that at least one of the felt events could have been triggered by the remote teleseismic event in Japan (H-I). While this idea is plausible, we have no actual data to confirm this hypothesis, because the closest seismic station did not record good enough data to investigate this hypothesis any further (see examples, Han et al., 2017). This again underscores the need for a high-quality geodetic and seismic network in the region. Similarly, a thorough examination of both hypotheses related to local fault reactivation by regional tectonics would require a high quality seismic and geodetic network to evaluate its plausibility for future events (H-II and -III). All the evidence taken together, we point out that, although the Abuja area is located on a stable intraplate region within the continent, transient strain rates, e.g., recharge and discharge of aquifers, can be more important than the background tectonic strain rates when it comes to triggering an earthquake swarm (Sykes, 1978; Wolin et al., 2012; Calais et al., 2016; Gardonio et al., 2018). The Western African crystalline basement is dominated by inherited crustal weaknesses that may then fail due to the transient stress release. Should such events reoccur in the future, further evaluation of our proposed hypotheses would definitely benefit from a renewed geophysical investigation of the Western African region, which is currently grossly understudied and poorly instrumented.
CONCLUSION
We investigated the source of ground shaking reported during September 5–7, 2018, in the Abuja area, central Nigeria. We reviewed previous seismic activity in the region, speculated on how the shaking is related to unique teleseismic events, or may be connected to other alternative explanations, i.e., anthropogenically triggered, or whether regional tectonics and local geology could have made the region more susceptible to triggered fault rupture and amplification of seismic shaking. We explored the spatial and temporal origins of the shaking using seismology and studied the basement structure and surface deformation using aeromagnetic and SAR data. We found the strongest support for seismicity related to anthropogenic groundwater extraction. While other hypotheses cannot be ruled out completely for the case study presented here, we point out that more work is needed to establish a better understanding of the potential connections between inherited basement structure, active regional tectonics, and anthropogenic stress perturbations.
Data and Resources
All the seismic data used in this study are publicly available through USGS and IRIS. The MATLAB code for polarization was originally developed by Matt Haney based on the covariance method and coherency method discussed by Vidale (1986). M_idist (Pawlowicz, 2020) is used to calculate the distance between the station and source location and the corresponding azimuth, and Matlab_TauP based on (Crotwell et al., 1999) is used to calculate the travel time of seismic phases given a list of event parameters (such as origins and magnitude). We use the irisFetch FDSN event web service method (irisFetch.Events) to retrieve seismic data. Information on earthquake location, magnitude, and focal mechanisms are obtained from the NEIC-PDE and USGS catalogs.
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The lithospheric build-up of the African continent is still to a large extent unexplored. In this contribution, we present a new Moho depth model to discuss the architecture of the three main African cratonic units, which are: West African Craton, Congo Craton, and Kalahari Craton. Our model is based on a two-step gravity inversion approach that allows variable density contrasts across the Moho depth. In the first step, the density contrasts are varied for all non-cratonic units, in the second step for the three cratons individually. The lateral extension of the tectonic units is defined by a regionalization map, which is calculated from a recent continental seismic tomography model. Our Moho depth is independently constrained by pointwise active seismics and receiver functions. Treating the constraints separately reveals a variable range of density contrasts and different trends in the estimated Moho depth for the three cratons. Some of the estimated density contrasts vary substantially, caused by sparse data coverage of the seismic constraints. With a density contrast of Δ ρ = 200 kg/m3 the Congo Craton features a cool and undisturbed lithosphere with smooth density contrasts across the Moho. The estimated Moho depth shows a bimodal pattern with average Moho depth of 39–40 km for the Kalahari and Congo Cratons and 33–34 km for the West African Craton. We link our estimated Moho depth with the cratonic extensions, imaged by seismic tomography, and with topographic patterns. The results indicate that cratonic lithosphere is not necessarily accompanied by thick crust. For the West African Craton, the estimated thin crust, i.e. shallow Moho, contrasts to thick lithosphere. This discrepancy remains enigmatic and requires further studies.
Keywords: African cratons, gravity inversion, Moho depth, Archean lithosphere, tectonic regionalization, Kalahari Craton, Congo Craton, West African Craton
1 INTRODUCTION
Knowledge of the lithospheric architecture of cratons is crucial for understanding continental assembly in the Archean and Paleoproterozoic. While most cratons are characterized by a deep lithospheric keel and flat topography (Artemieva, 2009; Artemieva and Vinnik, 2016), African cratons display variable signatures of topography and lithosphere (Fishwick and Bastow, 2011; Hu et al., 2018; Celli et al., 2020). Furthermore, the crustal structure of the African cratons is to a large extent unknown (Szwillus et al., 2019). Here, we investigate the African continent and highlight the variable architecture of individual cratons, based on a new crustal model.
The African continent is to a large extent composed of Archean cratons and Proterozoic Belts that surround and connect them (Begg et al., 2009). It consists of three main cratonic units, namely the West African Craton, the Congo Craton and the Kalahari Craton. Other portions include the smaller Uganda and Tanzania Cratons, as well as the enigmatic Sahara Metacraton (e.g., Sobh et al., 2020). To document the lithospheric architecture of these cratons seismic tomography is a powerful method.
Stable cratonic platforms contrast to the surrounding mantle by an anomalous high seismic velocity (e.g., Artemieva, 2009; Lebedev et al., 2009; Celli et al., 2020). For central and southern Africa, surface-wave tomography shows a variable velocity structure beneath the cratonic regions (Fishwick, 2010). Full-wave ambient noise tomography suggests multiple cratonic roots within the Congo Craton (Emry et al., 2019). However, both approaches are limited by data availability (Fishwick, 2010) and depth resolution (Emry et al., 2019). Recent seismic tomography with massive data sets reveals a clearer image of the extension and internal structure of the lithosphere beneath the African cratons (Celli et al., 2020). The individual cratons are more fragmented and partially eroded than previously assumed, and smaller cratonic bodies like the Cubango and Niassa Cratons have been proposed (Celli et al., 2020). This cratonic fragmentation might also be reflected in the topography, which is the first-order signature for continental studies.
Generally, the flat topography of stable cratonic platforms indicates long-term stability of the underlying lithosphere (François et al., 2013). The African continent shows a bimodal pattern with higher topography in the south and east and lower topography in the west (Doucouré and de Wit, 2003). Of the three main cratonic units the Kalahari Craton stands out with anomalous high topography, which originates from upwelling mantle flow, representing parts of the African superswell (Lithgow-Bertelloni and Silver, 1998) and/or low density of the mantle lithosphere (Artemieva and Vinnik, 2016). In contrast to that, the West African Craton shows the flat topography typical of cratons, implying long-term stability (François et al., 2013).
Topographic signals are not only sourced from anomalies in the deeper lithosphere or asthenosphere, identified by gravity or seismic data, but invoke a contribution of isostatically compensated crust (Fishwick and Bastow, 2011). This is especially relevant for smaller cratonic bodies like the elevated Cubango Craton (Celli et al., 2020). Quantifying the Moho depth helps to identify topographic patterns that deviate from the isostatic state, indicating additional intercrustal or upper mantle sources. To fully understand the cratonic fragmentation and the topographic patterns of the African continent a continental Moho depth model is required.
On a continental scale, the African Moho depth has been the subject of earlier studies with variable quality and accuracy. For example, a comparison of the gravity-based model of Tugume et al. (2013) with global models shows strong differences in the Moho depth, which are explained by individual data characteristics and different modelling techniques (van der Meijde et al., 2015). In another study, integrated modeling of elevation, geoid, and thermal data was performed to define a continental Moho model (Globig et al., 2016). While inversion of satellite gravity data provides a homogeneous resolved Moho depth model, seismic and seismological models suffer from sparse data distribution. Szwillus et al. (2019) used the USGS Global Seismic Catalogue of (Mooney, 2015) to quantify the uncertainty of active source seismic Moho depth estimates to more than 5 km for the majority of the African continent. Focussing on the three main cratonic units, only the Kalahari Craton is covered by a dense network of seismic stations. Analysis of receiver functions shows a heterogeneous crustal structure with short wavelength variations (Youssof et al., 2013). An individual study of the West African Craton shows little to no correlation for Moho models, which are obtained by seismic tomographic inversions, receiver functions, and gravity and magnetic data (Jessell et al., 2016). All these studies highlight that the Moho depth for the African cratons is to a large extent unknown.
In this study, we shed new light on the architecture of the African cratons by applying a two-step gravity inversion. Our approach is based on inversion of satellite gravity data using laterally variable density contrasts and pointwise seismic estimates as qualitative constraints to define the best-fitting Moho model (Haas et al., 2020). This method is extended by allowing flexible density contrasts of the individual cratons. The outcome is a new continental Moho depth model. We use this model to investigate the coupling between Moho depth, density contrasts, topography, and seismically imaged lithosphere. We highlight the variability of the individual cratons with a special focus on the West African Craton.
2 DATA AND METHODS
In this section, we first describe the gravity data and the seismic data used to constrain the gravity inversion. Next, we present how we obtained a new regionalization map for Africa, based on the AF2019 tomography model (Celli et al., 2020). This regionalization defines the boundaries for the density contrasts that are varied during gravity inversion. Here, we briefly describe the general steps of this inversion and focus on new improvement that we have introduced. For full technical details the reader is referred to Haas et al. (2020).
2.1 Gravity and Sediment Data
Gravity inversion of the Moho depth requires a regularly gridded initial data set. Theoretically, all gravity and gravity gradient components are available. Haas et al. (2020) showed that the vertical gravity gradient gzz is the best-suited component to invert for the Moho depth on continental scale. Therefore, we chose gzz as initial gravity data for the inversion.
Figure 1 shows the gzz component of the GOCE gravity gradients at 225 km height (Bouman et al., 2016). The data are corrected for global topographic effects, as well as far-field isostatic effects (Szwillus et al., 2016). Haas et al. (2020) gives the details on selecting densities and reference depth for the topographic and isostatic corrections.
[image: Figure 1]FIGURE 1 | Vertical gravity gradient at 225 km height, corrected for topographic and far field isostatic effects. This data set serves as input for the inversion.
When possible, gravity data are corrected for the effect of sediments when applied to inversion for the Moho depth (e.g. Uieda and Barbosa, 2016; Zhao et al., 2020). However, the thickness of a large portion of the African sedimentary basins is unknown. The large uncertainties on lateral and depth extension of the sediment basins make them inappropriate to use as a reliable constraint for correction of the gravity data. In the Supplementary Material we show how the inversion performs with gravity data that has been corrected for the gravitational effect of sediments (Supplementary Figures S1–S6).
2.2 Seismic Data Base
To constrain a gravity-inverted Moho depth additional information on the Moho depth is required, such as a continental data base containing active and/or passive seismic depth estimates (e.g., Uieda and Barbosa, 2016; Haas et al., 2020). Here, we compile a new data base for our study area and decompose it into active (AS) and passive seismic Moho estimates, which are mostly obtained by receiver functions (RF). For the Moho estimates derived by active source seismics we use the data as listed in the USGS Global Seismic Catalogue (Mooney, 2015), which mostly represents reversed refraction data (Szwillus et al., 2019). Additionally, we add active source seismic estimates of the continental data base of Globig et al. (2016). The USGS data base contains data for both the continental and oceanic domains, while the data base of Globig et al. (2016) contains data points over the continent only. For the second data base, we use the continental passive seismic Moho estimates as presented in Globig et al. (2016). We add recent receiver function studies in Namibia (Heit et al., 2015), Botswana (Yu et al., 2015; Fadel et al., 2018), Egypt (Hosny and Nyblade, 2016), Malawi (Sun et al., 2021), and Ethiopia (Wang et al., 2021).
In the next step, each data set is binned on a 1° lateral grid using inverse distance weighting (Figure 2A). This avoids small-scale clusters of seismic stations that may bias the estimated Moho depth and ensures that both gravity and seismic Moho depth are at the same coordinates, superseding a posterior interpolation of the gravity data. We select a search radius of 80 km for the inverse distance weighting. A representative study area in southern Africa shows that 34 receiver functions are removed during the interpolation (Supplementary Figure S7). At the same time, local clusters of different Moho depth estimates are removed, while the general trend of the receiver functions is preserved (Supplementary Figure S7). The final database contains 835 seismic stations, in which both components are almost equally represented (450 AS stations vs. 385 RF stations). For 91 of the stations, AS and RF data give different Moho depth estimates (Figure 2B) with differences up to ±15 km. This discrepancy motivates us to treat active and passive seismic constraints separately when applied to gravity inversion.
[image: Figure 2]FIGURE 2 | Location of the seismic stations, binned on a 1° grid. (A) Active source seismic estimates (AS), marked as black triangles, and receiver functions (RF), marked as pink inverted triangles. (B) Differences of AS and RF estimates at overlapping stations. Red colours indicate deeper RF estimates, blue colours deeper AS estimates. The inset histogram shows the cumulative differences.
2.3 K-Means Clustering of Seismic Tomography
A regionalization map is obtained by clustering seismic tomography data. We applied the k-means algorithm, which is an unsupervised machine learning algorithm. It has been frequently used to cluster seismic tomography data of different scale and resolution (e.g., Lekic and Romanowicz, 2011; Schaeffer and Lebedev, 2015; Garber et al., 2018; Eymold and Jordan, 2019). Compared to other algorithms, it is very fast and efficient. When applied to seismic tomography, it aids in identifying a certain number k of velocity-depth or ‘centroid’ profiles. Each single velocity-depth profile of the tomographic model is then allocated to a cluster in order to minimize the distance to the centroid profile.
The number of clusters k is the parameter that allows a high degree of freedom when clustering data. For a given data set, the number of clusters depends on its size and shape, as well as the target resolution. Lekic and Romanowicz (2011) applied the k-means algorithm to a set of upper mantle tomographies and found that k = 6 clusters “naturally group into families that correspond with known surface tectonics”. Schaeffer and Lebedev (2015) adapted this method to provide a regionalization of their model SL 2013sv, producing six clusters that are translated into different tectonic units.
We tested this approach for the continental seismic tomography model AF2019 of Celli et al. (2020). AF2019 is an azimuthally anisotropic S-wave tomography model for Africa, extending from the crust to the mantle transition zone. In agreement with the parametrization of Schaeffer and Lebedev (2015) we clipped the model AF2019 to 30–350 km, which covers the lower crust and the underlying mantle lithosphere, and sliced the model at 10 km intervals. By using this depth extension, we map distinct tectonic domains that represent the entire lithospheric architecture, rather than internal crustal features. Setting the upper boundary of the model to 30 km additionally ensures that structures of the upper mantle in regions of shallower crust are mapped as well. To be consistent with the measured height of the gravity data and the regularization of the inversion we resampled the model laterally to 1°, which is roughly 100 km (Haas et al., 2020).
We used the elbow method to identify an appropriate number of clusters k for the given data set. Varying the cluster numbers between k = 1 and k = 12, we find no statistical justification for a certain cluster number (Supplementary Figure S8). Instead, k = 6 clusters separate the tomography model in three distinct continental and oceanic tectonic domains that are in accordance with the definition introduced by Schaeffer and Lebedev (2015) (Supplementary Figure S9). Interestingly, the same number of clusters has been independently chosen for models with very different resolution, indicating that the choice of k = 6 reflects distinct seismotectonic units and is not affected by the resolving power of each model. Therefore, we choose k = 6 to represent the seismic tomography in terms of distinct tectonic domains (Figure 3). Compared to the previous regionalizations of Lekic and Romanowicz (2011) and Schaeffer and Lebedev (2015), our new regionalization map shows greater detail in the structure of all three cratons and particularly in the West African and Kalahari Cratons, previously seen as large, uniform blocks, retaining the resolution of AF2019 and validating their robustness across depths.
[image: Figure 3]FIGURE 3 | Tectonic regionalization map of the AF2019 tomography model. The clusters are translated into distinct tectonic domains, based on the definitions of Lekic and Romanowicz (2011) and Schaeffer and Lebedev (2015). The three continental cratons are indicated as WA=West African Craton, CO=Congo Craton, K=Kalahari Craton.
2.4 Two-step Gravity Inversion
We take the vertical gravity gradient gzz at 225 km height as initial data to invert for the Moho depth. During the inversion, the density contrast at the Moho depth is kept laterally variable, as defined by the regionalization map. Together with the seismic data base the regionalization map constrains the estimated Moho depth.
We improve this approach by splitting the determination of lateral density variations into two steps. This ensures that closed polygons of the same tectonic domain can be varied individually. From a technical point of view, the imaged cratons of the African continent are well suited to be varied individually, as they form three coherent polygons, keeping the computational effort of the inversion reasonable (Figure 3).
In the first instance, the two hyperparameters, i.e. reference Moho depth zref = 32 km and reference density contrast Δ ρref = 400 kg/m3, as well as an initial Moho depth of z0 = 30 km are used to discretize a tesseroid model. According to Haas et al. (2020) Aref is obtained by calculating the gravitational effect of shifting z0 by δz = 1 km. Hence, the dimension of each tesseroid is 1° in lateral direction and 1 km in vertical direction. Using these values, we calculate the Jacobian Aref only once. Aref contains the gravitational effect of every gzz data point (column of matrix) for every tesseroid (row of matrix). In the inversion, we select a range of Δ ρ = 200 : 50: 600 kg/m3, which is in accordance in terms of the compositional change at the Moho depth (Rabbel et al., 2013).
The two-step gravity inversion is based on the selection of tectonic units that are assigned with density contrasts during the inversion. The two steps are as follows:
1. Vary the density contrast for all tectonic units except the cratons (Figure 4A).
2. Vary the density contrast for cratons only (Figure 4B). Each craton is treated separately. Take the preferred density contrasts of step 1 for surrounding tectonic units.
[image: Figure 4]FIGURE 4 | Schematic overview on the two steps of the gravity inversion. The triangles indicate the location of AS and RF stations, respectively. (A) Step 1: Vary density contrasts of the units Precambrian, Phanerozoic, Ridges, Oceans, Oldest Oceans. Cratons are masked by white colour. (B) Step 2: Vary density contrasts of individual cratons, namely West African Craton (dark green), Congo Craton (green), Kalahari Craton (light green). Other tectonic units are masked by white colour.
In the first step, nine density contrasts are varied for five tectonic domains, giving a number of n = 95 = 59.049 combinations. For a certain density contrast i the Jacobian is defined as:
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Where the regionalization defines a craton, Δ ρi is set to Δ ρref.
For each iteration i a Moho depth zi is estimated, derived from the Jacobian Ai (see Eqs. 4–6 in Haas et al., 2020). Together with the seismic estimates zseis the inverted Moho depth zi is used to calculate the RMS
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where m is the number of seismic stations. Acknowledging the different station types the RMS is calculated for AS and RF stations separately (RMSAS and RMSRF). Afterwards, both RMS values are combined to a single value RMSi,Comb, weighting the RMS of AS against the RMS of RF:
[image: image]
Q defines how much weight is given to the fit of the AS stations. We select Q = 2. This gives double weight to the RMS of the AS stations, as in continental scale data compilations receiver functions of different studies are prone to higher uncertainties (Szwillus et al., 2019). The specific density grid Δ ρi, defining the best fitting RMSi,Comb, is stored for the next step.
In the second step, the density contrast of the three cratonic units are varied, resulting in n = 93 = 729 combinations. Δ ρ for the other units is taken from the first step. Finally, the density contrasts that define the best-fitting RMSi,Comb are taken to calculate the final Moho depth.
Splitting the density contrast variations in two steps significantly improves the total number of possible variations from n = 98 = 43.046.721 to n = 95 + 93 = 59.778 combinations, making this approach computationally very efficient. For details, the reader is referred Haas et al. (2020).
3 RESULTS
Figure 5 shows the density curves for the best-fitting models of both inversion steps, as defined by the combined RMS. The distribution for the individual constraints are documented in the Supplementary Material (Supplementary Figure S10). For the oceanic domains, including ridges, we estimate a density contrast between Δ ρ = 300 − 450 kg/m3 (Figure 5A). The flat curve for ridges is caused by different sensitivities of the constraints (Supplementary Figure S10). For the two continental domains, Precambrian Fold Belts and Phanerozoic, we estimate higher density contrasts. Phanerozoic is expressed as a pronounced maximum at a density contrast of Δ ρ = 600 kg/m3, whereas Precambrian Fold Belts show a rather flat distribution with a preferred density contrast of Δ ρ = 450 kg/m3. For the cratons, the Congo Craton reflects a distinct maximum at Δ ρ = 200 kg/m3, which is the lowest density contrast tested (Figure 5B). Like for the other domains, different sensitivities of AS and RF constraints cause shifts of the individual density curves (Supplementary Figure S10). For the Kalahari Craton, an intermediate density contrast of Δ ρ = 350 kg/m3 is preferred, while the West African Craton shows a smooth distribution of density contrasts with a slight plateau of higher density contrasts (Figure 5B).
[image: Figure 5]FIGURE 5 | (A) Distribution of the density contrasts for the 1,000 best-fitting models of the first inversion step. (B) Distribution of the density contrasts in the second inversion step. Due to a limited number of model solutions only 70 models are compared with each other. Both distributions are shown for the combined RMS of both constraints. (C) Final estimated density contrasts at the Moho depth for the best-fitting model in a gridded space.
In a gridded space, the density contrasts illustrate higher values for continental compared to oceanic domains (Figure 5C). However, for the continents, the range of estimated density contrasts is wider than for the oceans. In the north, the West African Craton is indistinguishable from its surrounding, as the adjacent Precambrian Fold Belts fit the same density contrast (Δ ρ = 450 kg/m3). In the south, the Kalahari Craton slightly contrasts to the surrounding fold belts Δ ρ = 350 kg/m3 vs. Δ ρ = 450 kg/m3). As the most prominent anomaly on the continent, the Congo Craton is clearly distinguished from the Precambrian Fold Belts (Δ ρ = 250 kg/m3 vs. Δ ρ = 450 kg/m3).
The differences of the estimated density contrasts are partly reflected in the corresponding Moho depth (Figure 6A). Offshore, deeper Moho correlates with ridge features like the Walvis Ridge and the Mascarene Plateau in the Indian Ocean. With an average Moho depth of 32.9 km Ridges and Backarks are overestimated in our Moho model (Table 1). There are two reasons for the deep Moho at ridges: First, the gravity data may contain a remnant signal of thermal anomalies in the oceanic lithosphere. For oceanic ridges, this effect is expected to be strongest, as the oceanic lithosphere is very young and hot (Chappell and Kusznir, 2008). Second, parts of the East African Rift System, which is densely covered by seismic stations, fall into the same cluster, causing a bias towards the continents (Figure 4A). For older oceanic lithosphere and deep ocean basins, the Moho depth is mainly shallower than 15 km.
[image: Figure 6]FIGURE 6 | (A) Final estimated Moho depth. Black solid contours indicate the extent of the West African Craton (WA), Congo Craton (CO) and Kalahari Craton (K), as seen in surface geology. Black dashed contours represent smaller cratons and individual shields. 1: Reguibat, 2: Man-Leo, 3: Gabon-Cameroon, 4: Bomu-Kibali, 5: Angola, 6: Kasai, 7: Uganda, 8: Tanzania, 9: Bangweulu, 10: Zimbabwe, 11: Kaapvaal. Contours are taken from Begg et al., 2009. Other tectonic domains that are discussed in the text are indicated in white italic letters. AT: Atlas Mountains, HO: Hoggar Mountains, TI: Tibesti Mountains, OB: Oubanguides Mobile Belt, MB: Mozambique Basin, WR: Walvis Ridge, MP: Mascarene Plateau. White dotted lines indicate the +4% dVs contours between 80–150 km, calculated from the AF2019 model. (B) Topographic map with same contours of cratonic and shield extent as in a). White dotted lines indicate the 40 km contour of the estimated Moho depth of a).
TABLE 1 | Estimated density contrasts and distribution of seismic stations. STD = standard deviation.
[image: Table 1]On the African continent, western and northern Africa are characterized by a rather homogeneous Moho, extending from 30 to 35 km depth. Compared to the oceanic domains the estimated Moho depth is more constant for the individual domains, especially for the cratons, which is expressed by low standard deviation values (Table 1). With an average Moho depth of 33.5 km (Table 1) the West African Craton does not contrast from the surrounding mobile belts. Deeper Moho depths for West and North-East Africa correlate with high topography, including Atlas, Hoggar, and Tibesti Mountains.
As the largest tectonic domain in Central Africa, the Moho of the Congo Craton reaches depths deeper than 50 km in the Kasai Shield, which is the deepest structure of the African continent. However, the average Moho depth is 39.7 km, indicating a Moho with a rather heterogeneous geometry. Towards the northern Oubanguides Mobile Belt the Moho depth displays a sharp contrast. This is well established in the Gabon-Cameroon and Bomu-Kibali Shields, where the Moho depth reveals deep anomalies. In between the two shields and at the eastern boundary, the Moho depth is uplifted to around 35 km.
The adjacent Archean shields to the east (Uganda, Tanzania and Bangweulu) are characterized by an intermediate continental Moho depth around 40 km. In the Afar region further north, the Moho depth reaches up to 50 km.
The deep Moho of the Congo Craton extends through the Proterozoic fold belts inside the Kalahari Craton, which has an average Moho depth of 39.9 km (Table 1). The Moho depth for the internal Archean sub-cratons (Kaapvaal and Zimbabwe) is similar. This gives a homogeneous Moho depth of the Kalahari Craton, as expressed by a low standard deviation of 2.1 km (Table 1). Only the eastern boundary coincides with a sharp contrast in the Moho depth. Here, the Moho depth changes from 40 km in the Kalahari Craton to less than 30 km in the Mesozoic Mozambique Basin.
In many regions, the deep Moho depth correlates with high topography, i.e., in the East African Rift System, Tanzania Craton, Bangweulu Block, and parts of the Kalahari Craton (Figure 6B). In the southwestern Congo Craton, the high topography of the Angolan Shield partly correlates with a deep Moho. Towards the northern part of the Congo Craton, topography decreases to less than 500 m, while the deeper Moho is maintained to a large extent.
Our models for the Moho depth and associated density contrasts are estimated by the best-fitting Moho model compared to the initial seismic stations. Figure 7 shows the fit to the seismic stations for AS and RF constraints separately. For the AS constraints, the estimated Moho depth is more than 10 km deeper in the East African Rift System and the Cameroon Volcanic Line (Figure 7A). The latter is constrained by five stations north of the Congo Craton. West of the Kalahari Craton several station clusters reveal Moho depth estimates more than 10 km shallower. Locally, the differences between Moho depth estimates and AS constraints can be higher than 20 km (Figure 7C). However, most stations are binned between ±10 km. With a mean value of 1.51 km the estimated Moho depth is slightly deeper than the AS constraints.
[image: Figure 7]FIGURE 7 | Fit of the estimated Moho depth to the seismic constraints. Red colours indicate a deeper estimated Moho depth, while blue colours indicate a shallower Moho depth compared to the seismic constraints. (A) Estimated Moho depth minus AS constraints, (B) Estimated Moho depth minus RF constraints, (C) Histogram of differences for AS constraints, (D) Histogram of differences for RF constraints.
For the RF constraints, the estimated Moho depth of the East African Rift System is deeper as well (Figure 7B), even though the difference is less strong as for the AS constraints. The well covered Kalahari Craton, as well as the Tanzania and Uganda Shield show a good fit with differences mainly within ±4 km. In the area of the Gabon-Cameroon Shield the estimated Moho depth is locally more than 12 km shallower. To the north, in the adjacent Cameroon Volcanic Line, this trend changes and the Moho depth estimate is only up to 4 km deeper than the RF constraints.
Interestingly, the cumulative histogram shows a better fit for the RF estimates compared to the AS estimates (Figure 7D), which is also expressed in the RMSRF value (4.96 km RF vs 7.53 km for AS). There are two reasons for the better fit of the RF estimates: First, offshore stations lack in the RF data base. As a consequence, the overestimated Moho depth for ridges are not reflected in the RMS. Second, more RF than AS estimates are available for the continent, resulting in a good match of RF estimates with the gravity-estimated Moho for large parts of the Kalahari, Tanzania, and Uganda Cratons.
4 DISCUSSION
4.1 Limitations of the Estimated Density Contrasts
The significance of the estimated density contrasts for each tectonic domain is manifested in the peaks of the density curves (Figure 5). Haas et al. (2020) showed that station coverage and amplitude of the gravity signal control the estimated density contrast distributions. This observation is also valid for the African continent, even though the poor station coverage in some tectonic domains hampers a progressive increase of density contrasts with tectonic age, as observed in the Amazonian Craton and its surroundings (Haas et al., 2020). The estimated density contrasts for the Phanerozoic domain and for the Congo Craton are located at the boundaries of the given range, representing realistic petrological assumptions (see Data and Methods). Nevertheless, the trend of the estimated density contrasts shows a flattening of the curve for the Phanerozoic domain, indicating that the estimated density contrasts are close to the theoretical peak. For the Congo Craton, the curve represents the dependence of the estimated density contrasts to a low number of receiver functions.
For the Phanerozoic domain, the seismic stations are predominantly located in mountainous regions (Atlas, Great Rift Valley, and Cameroon Volcanic Line), which are characterized by a deeper Moho that isostatically compensates the high topography. This coincides with a high density contrast across the Moho, which is also confirmed by gravity inversions in mountain ranges (e.g., Zhao et al., 2020). In the East African Rift System, the Moho depth is overestimated compared to both seismic constraints because of an unaccounted gravity signal of the upwelling mantle. Contrary to this, for the Cameroon Volcanic Line the AS constraints show a worse fit to the estimated Moho depth compared to the RF constraints of Tokam et al. (2010). However, in the same study, a deeper Moho depth between 43–48 km for the northern Congo Craton is identified, which is in stark contrast to our estimated Moho depth.
The impact of the poor station coverage is highly evident in the cratonic units. For the Congo Craton, the density curve of the AS constraints is flat, because no constraints are located in the Congo Craton (Supplementary Figure S10 and Table 1). Here, only few receiver functions that are located in the vicinity of the Congo Basin (Tokam et al., 2010) can be used to make any assumptions on Moho depth and density contrast. Given the sparse distribution of seismic stations and the uncertainties of sediment thickness, the Congo Craton contrasts to the surrounding fold belts by a distinct low density contrast, which fits in the classical view of smooth density transitions in cratonic lithosphere. However, the impact of the available sediment data on the estimated Moho depth illustrates that it is almost impossible to predict the Moho depth precisely. Clearly, more seismic stations are required to shed light in the crustal architecture of the Congo Basin and Congo Craton.
The West African Craton reflects the smoothest density curve of all cratons, which is caused both by the lowest station coverage of all tectonic units and the low amplitude of the gravity data (Table 1 and Figure 1). Generally, a low gravity signal inherently implies a flat Moho geometry. That means, even if the West African Craton was densely covered by seismic stations, the estimated Moho depth would not change significantly. Coincidentally, a wide range of density contrasts can explain the observed gravity signal, like it is the case for the West African Craton.
The large Moho depth variations between gravity and receiver functions estimates on a small scale illustrate the limits of the constraining procedure. Velocity contrasts do not necessarily coincide with density contrasts, especially between different tectonic settings, and variations in temperature and anisotropy can affect the local velocity structure (e.g., Fullea et al., 2021). To overcome this discrepancy a more detailed analysis on combining the characteristics of both methods is required. One strategy forward would be to calculate synthetic receiver functions from the initial density model, using published density to velocity conversions (e.g. Julià, 2007; Masters et al., 2011).
4.2 Comparison With Other Moho Depth Models
In this section, we compare our estimated Moho depth model on continental scale with the continental model of Globig et al. (2016) (Globig-Moho) and the global model of Szwillus et al. (2019) (Szwillus-Moho). The Globig-Moho represents the latest continental Moho model, while the Szwillus-Moho is a global Moho model, obtained by interpolation of active source seismics only. It is derived by the USGS GSC data base that serves as pointwise constraint in our inversion. Therefore, a comparison with the Szwillus-Moho reflects the difference to the seismic Moho depth in a gridded space.
Like our estimated Moho depth model the Globig-Moho shows a deeper Moho for central and southern Africa, including the Congo and Kalahari Cratons (Figure 8A). However, the bimodal pattern is not as pronounced as in our model. In the Globig-Moho, the West African Craton progressively thickens towards the Atlas Mountains and thins towards the West African coast. In our model, the Moho of the West African Craton is mainly flat. The difference map shows a long-wavelength trend that documents the upper mantle contribution in the geoid anomaly map that Globig et al. (2016) used as input data (Figure 8C). Similar to our model, the Globig-Moho in the Afar region is characterized by a deep Moho. The deep Moho depth of both models represent isostatic compensation caused by high topography. This is also reflected in the gravity data (Figure 1). The question is then how representative the isostatic state is for the Afar region. As the Afar region is underlain by an active plume, isostasy might be an inappropriate representation of the lithospheric state (Czechowski, 2019). Our Moho model rather shows the hypothetic isostatic state caused by the elevated topography in the Afar region.
[image: Figure 8]FIGURE 8 | Comparison of Moho depth models. (A) Moho depth model of Globig et al. (2016), which is only defined for the African continent. (B) Moho depth model of Szwillus et al. (2019). (C) Difference of our estimated Moho model minus Globig-Moho. (D) Difference of our estimated Moho model minus Szwillus-Moho. Contours indicate cratons and shields, taken from Figure 6.
The Szwillus-Moho predominantly displays long-wavelength structures that arise from the sparse coverage of seismic stations (Figure 8B). As in all data-sparse regions, like the West African and Congo Cratons, the Szwillus-Moho represents global mean values for continental Moho depth. Therefore, these two cratons cannot be differentiated. The only region where the Moho depth varies on small scale is the East African Rift System. Here, the Moho depth deepens from 20 km in the Afar Region to 45 km in the Ethiopian Highlands and back to 25 km in the Great Rift Valley of Ethiopia. In our model, this region is characterized by a Moho more than 12 km deeper than the Szwillus-Moho (Figure 8D). Most probably, the differences reflect an unaccounted gravity signal of the underlying Afar plume.
The general difference pattern reflects stronger amplitudes compared to the Globig-Moho. A shallower Moho is located in the East African System and Congo Craton, as well as in the southern Kalahari Craton, whereas deeper Moho can be found in the Mozambique Basin and Damara Belt, separating the Congo Craton from the Kalahari Craton. The comparison to the Szwillus-Moho reproduces the difference of the pointwise constraints (Figure 7A), as well as the difference to average continental Moho depth in data sparse regions in a gridded space.
4.3 Correlation Between Archean Crust and Archean Lithospheric Mantle
The general architecture of mid-Archean lithosphere is characterized by thick lithosphere and a shallow and sharp Moho (Artemieva, 2009; Abbott et al., 2013). In Paleoproterozoic regions, the crust gradually thickens and the Moho gets more diffuse in terms of vp/vs-ratios (Abbott et al., 2013; Yuan, 2015). The West Australian Craton can be regarded as a classic example that fulfills those criteria (Yuan, 2015). However, cratonic regions like the West African Craton might not fit in this uniform picture. In what follows, we investigate how the three African cratons fit in this uniform picture and link the gravity-derived Moho depth to the geographic extension of cratons, as imaged by seismic tomography (Celli et al., 2020).
Cratonic lithosphere can be affected by various mechanisms. On the one hand, the composition and temperature of cratonic mantle lithosphere can be modified by metasomatism and plume activity (e.g., Lee et al., 2011; Kusky et al., 2014; Dave and Li, 2016; Wenker and Beaumont, 2018). On the other hand, its thermal boundary layer can be mechanically eroded or recycled into the convective mantle. In addition, it is often proposed that in the Archean the denser lower crust was delaminated and recycled into the convective mantle, therefore before cratonization (Abbott et al., 2013). Using seismic tomography, bedrock geology, and diamondiferous kimberlites, Celli et al. (2020) showed that a large portion of the African cratons has been eroded by mantle plumes.
The lateral extension of the Congo and Kalahari Cratons coincides with a Moho deeper than 40 km (Figure 6A). This could suggest late-to post-Archean crustal thickening before stabilization of the crust. However, the stabilization of the Kalahari Craton is dated to mid-Archean (Abbott et al., 2013 and references within). For the Kalahari Craton, magmatic underplating triggered by the Karoo volcanism might be an alternative explanation for the deep crust (Cox, 1993). However, 3D modelling suggests that the high topography is largely isostatically compensated by the crust, accompanied by lateral changes in lithospheric mantle density (Scheiber-Enslin et al., 2016). In this study, only a small portion of the topographic signal is explained by buoyant asthenosphere, causing excess elevation of the African superswell (Lithgow-Bertelloni and Silver, 1998). We follow the study of Scheiber-Enslin et al. (2016) and interpret the deep Moho depth of the Kalahari Craton as isostatic compensation of high topography. The same mechanism might explain the deep Moho for the Congo Craton, even though missing data of stabilization age and Neoproterozoic subsidence of the Congo Basin are additional sources that need to be considered. Located in the center of the Congo Craton, the lighter sediments of the Congo Basin may uplift the Moho depth a few kilometers. However, the overall pattern of deeper Moho depth is preserved (Supplementary Figure S4). Furthermore, large uncertainties in the sedimentary data base hamper a valid assessment of the gravitational effect.
Some Archean shields are not imaged by seismic tomography (Figure 6). This is evident for the Angolan Shield, as well as the Uganda and Tanzania Cratons. Celli et al. (2020) propose that the missing cratonic root for the Angolan Shield is the result of Tristan Plume activity, and for the Tanzania and Uganda Cratons by ongoing activity of the Afar Plume. Our estimated Moho depth shows that Archean crust is still preserved, while the underlying lithosphere has been partially eroded, indicating that the crustal structure has been affected only little by the process of cratonic destruction. At the southeastern edge of the Angolan Shield, the deep Moho partly correlates with high topography (Figure 6B). This small scale topographic uplift ocurred in the Neogene, forming the so called Angola dome (Klöcking et al., 2020). The uplift of the Angola dome might be sourced from a small positive temperature anomaly in the asthenosphere, causing thinning of the overlying mantle (Klöcking et al., 2020), while the deep Moho has been preserved (Figure 6A). Such a rejuvenation of the lithospheric mantle has also been observed for other cratons like the Wyoming Craton and the North China Craton (Gao et al., 2004; Zhao et al., 2009; Dave and Li, 2016).
The West African Craton is in stark contrast to the other African cratons. While seismic tomography reveals a large lateral extension of cratonic lithosphere, the Moho depth is shallow and does not differentiate from the surrounding tectonic units. The sediments of the Neoproterozoic Taoudeni Basin contribute only minor the estimated Moho depth (Supplementary Figures S4, S5). As the West African Craton amalgamated in the Paleoproterozoic (e.g., Block et al., 2015), the Moho depth is expected to be deeper than older cratons (Abbott et al., 2013). This raises the following question: Which process (es) caused the thinning of the crust without affecting the lithosphere?
Analysis of geological and geochronological data from NW Ghana suggests that the lower crust was largely exhumed and juxtaposed against the shallow crust during the Eburnean orogeny (2.15–2.0 Ga, Block et al., 2015). This exhumation involves extensional detachments that stretch and thin the upper crust, providing the space in the upper crust for the lower crust to flow into. The horizontal flow of the weak lower crust from regions of thicker crust towards regions of thinner crust would result in a thinner continental crust and a flat and shallower Moho. However, this process of gravitational collapse is often driven by to the convective removal of the thermal boundary layer of the lithosphere, which leads to thinning of the entire lithosphere (Rey et al., 2001; Rey et al., 2017). The preserved buoyancy of the Archean keel at the time of the Eburnean Orogeny may have prevented the recycling of the lithosphere thermal boundary layer into the convective mantle. Nevertheless, the association of a thinned crust, with a preserved thick lithospheric root remains enigmatic.
5 CONCLUSION
We have investigated the variable lithospheric architecture of the African cratons, based on a new gravity-derived continental Moho depth model. The model is constrained by a state-of-the-art tectonic regionalization map, calculated from the AF 2019 tomography model, and an updated seismic data base. This data base comprises different acquisition types that we distinguish between active source seismics and receiver functions.
Our two-step gravity inversion updates the method of Haas et al. (2020) by allowing flexible density contrasts for individual tectonic units. This splitting in two steps strongly decreases computation time. The estimated density contrasts at the Moho reveal large differences between the different tectonic domains and between the individual cratons. For the Congo Craton, we identify a density contrast of Δ ρ = 200 kg/m3. The Kalahari Craton is the best-constrained tectonic unit and shows an intermediate density contrast of Δ ρ = 350 kg/m3, which is typical of what we expect between the lower continental crust and the mantle. Uncertainties in the estimated density contrasts arise from different measuring techniques and sparse data coverage. This is well reflected in the poor distribution of density curves for the West African Craton.
The estimated Moho depth shows a bimodal pattern with deeper crust for the Congo and Kalahari Cratons and shallower crust for the West African Craton. The sediments of the intracratonic Congo and Taoudeni Basins, whose architecture is largely unknown, do not significantly change this observed pattern. We have demonstrated that the differences between the estimated Moho depth and the seismic constraints are not necessarily constant for both constraint types. This is well reflected in the Cameroon Volcanic Line, where the estimated Moho depth model fits receiver function constraints better than those from active source seismics.
We have analyzed the coupling between our Moho depth model and high seismic velocities in the mantle, as imaged by seismic tomography for the cratonic regions. For the southern and central cratons, the lithospheric keel matches with a deep Moho depth. Here, the deep Moho depth more likely represents an isostatic root of elevated topography and thick Archean crust. Contrary to that, the deep lithosphere of the West African Craton coincides with a flat and homogeneous Moho depth. Lower crustal exhumation with subsequent crustal flow and gravitational collapse cannot explain the observed pattern. Thus, for the West African Craton the observed lithospheric architecture remains enigmatic.
Clearly, more data from both active and seismic methods is required to further investigate the lithosphere of the West African and Congo Cratons. This would also help to disentangle the role of the yet very poorly explored big intracratonic sedimentary Congo and Taoudeni Basins for cratonic evolution.
In a next step, the variable build-up of the cratonic portions, as seen by the joint gravity inversion and seismological regionalization approach, should be tested for another continent. Moho depth variations between gravity and receiver functions estimates could be further investigated by calculating synthetic receiver functions from the accompanying density model. Special focus should be put to the coupling of the crustal and lithospheric structure, which is crucial for understanding the cratonization and destabilization of Earth’s early crust.
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In the Main Ethiopian Rift (East Africa) a complex tectonic history preceded Tertiary rifting creating pre-existing discontinuities that influenced extension-related deformation. Therefore, this area offers the opportunity to analyze the control exerted by pre-existing structures on continental rifting at different scales. In this paper we present an overview of such an influence. We show that at a large scale (up to ∼800–1,000 km) rift localization has been controlled by a lithospheric-scale inherited heterogeneity corresponding to a Precambrian suture zone, separating two different lithospheric domains beneath the plateaus surrounding the rift. The inherited rheological differences between these two lithospheric domains, as well as the presence of pre-existing lithospheric-scale transversal structures, largely controlled the along-axis segmentation and symmetry/asymmetry of different, ∼80–100 km-long rift segments. Inherited transversal structures also controlled the development of off-axis volcano tectonic activity in the plateaus surrounding the rift. At a more local scale (<80 km), inherited fabrics controlled the geometry of normal faults and the distribution and characteristics of rift-related volcanism. These observations document a strong control exerted by pre-existing structures on continental rifting at all different scales.
Keywords: continental rifting, extensional tectonics, East African Rift System (EARS), Main Ethiopian Rift (MER), pre-existing structures, tectonic inheritance
INTRODUCTION
Continental rift systems normally develop within a previously deformed lithosphere in which the distribution, architecture and evolution of deformation may be strongly influenced by pre-existing structures. Indeed, inherited mechanical heterogeneities (from the lithospheric scale, e.g., suture zones, to the upper crustal scale, e.g., foliations, shear zones, folds, faults, dykes) either weaker or stronger than the surrounding material, are able to significantly influence the pattern, propagation and overall evolution of continental rifts (e.g., Rosendahl, 1987; Dunbar and Sawyer, 1989; Smith and Mosley, 1993; Vauchez et al., 1998; Morley, 1999; Corti, 2012; Buiter and Torsvik, 2014; Purcell, 2017; Will and Frimmel, 2017).
Many extensional settings suggest such a control, including the North Sea (Bell et al., 2014; Phillips et al., 2019), the Rhine graben system (e.g., Schumacher, 2002; Michon and Sokoutis, 2005; Edel et al., 2007), the Tertiary rifts of Thailand (Morley et al., 2004; Pongwapee et al., 2019) and, finally, the East African Rift System (Chorowicz, 2005; Vétel and Le Gall, 2006; Corti et al., 2007; Brune et al., 2017). Furthermore, several works show that many rifts developed in different, successive extensional phases (Whipp et al., 2014; Deng et al., 2017; Phillips et al., 2019; Wu et al., 2020), with normal faults formed during initial extensional events exerting a strong control on the structural architecture developed during the later rifting phases (Bell et al., 2014; Duffy et al., 2015; Henstra et al., 2015, 2019; Deng et al., 2018; Wang et al., 2021). Such a control exerted by early normal faults on structures formed during later extension is also supported by crustal and lithospheric scale analogue models (e.g., Corti et al., 2007; Sokoutis et al., 2007; Autin et al., 2013; Molnar et al., 2017, 2019, 2020; Zwaan and Schreurs, 2017; Maestrelli et al., 2020; Wang et al., 2021; Zwaan et al., 2021a).
The Main Ethiopian Rift (MER), in the East African Rift System (EARS), offers the possibility to analyse the control at different scales of pre-existing structures on rifting. Ethiopia has been indeed affected by several tectonic events that preceded Cenozoic rifting, from complex Precambrian phases of collision to extension during the Mesozoic (e.g., Korme et al., 2004; Chorowicz et al., 1994; Abbate et al., 2015 and references therein). This long tectonic history created pre-existing structures that controlled the development of the Ethiopian sector of the EARS from a regional to a local scale; the control of these mechanical heterogeneities (which are defined at different scales in the following sections) is the focus of this review paper.
TECTONIC SETTING
The MER is the northernmost portion of the EARS, extending from the Afar region in the north, to the Turkana depression in the south (Figure 1). This region of rifting results from active extension between the Nubia and Somalia Plates (e.g., Ebinger, 2005; Corti, 2009), with geodetic measurements indicating that extension is currently occurring in a roughly E-W direction at rates of ∼4–6 mm/yr (e.g., Bendick et al., 2006; Saria et al., 2014; Birhanu et al., 2016). Extension in the northern EARS, Gulf of Aden and the Red Sea occurred contemporaneously with, and after, an intense phase of flood basalt volcanism at ∼32–30 Ma (Wolfenden et al., 2004), which possibly resulted from upwelling of the African Superplume (e.g., Ritsema et al., 1999), although more complex scenarios have been recently proposed (e.g., Chang et al., 2020).
[image: Figure 1]FIGURE 1 | Tectonic setting of the Main Ethiopian Rift. (A) Present-day plate kinematics of the East African Rift (modified from Corti et al., 2019). Black arrows show relative motions with respect to a stable Nubian reference frame; values besides arrows indicate motion in mm/yr. NU: Nubian plate; SO: Somalian plate; VI: Victoria microplate. (B) Main rift-related faults differentiated in Boundary and Wonji (axial) faults; indicated is the subdivision in the different segments: Northern MER (NMER), Central MER (CMER), Southern MER (SMER). Whitish pattern indicates the transversal lineaments of Yerer-Tullu Wellel (YTVL) and Goba-Bonga. (C) Inherited structures in Ethiopia (modified from Korme et al., 2004; Gani et al., 2009). Dashed lines indicate NE-SW- to N-S-trending basement foliations; solid lines illustrate E-W structures, corresponding to the main transversal lineaments affecting the rift; greyish pattern represents NW-SE-trending structures corresponding to sedimentary Mesozoic basins (AG: Anza graben; OB: Ogaden basin; SSR: South Sudan rifts).
The MER is subdivided into three main sectors: Northern MER (NMER), Central MER (CMER) and Southern MER (SMER) (Figure 1). These sectors differ in terms of age and pattern of deformation, volcanic activity and lithospheric characteristics (e.g., Mohr, 1983; WoldeGabriel et al., 1990; Hayward and Ebinger, 1996; Bonini et al., 2005; Corti, 2009).
In the NMER, significant tectonic activity is localised at the rift axis along a belt of Pleistocene-Holocene volcano-tectonic structures, the so-called Wonji Fault Belt (WFB, e.g., Mohr, 1962; Boccaletti et al., 1998; Ebinger and Casey, 2001). The WFB is characterized by swarms of short, closely-spaced faults with minor vertical displacement, with associated focused volcanic activity and magma intrusion (e.g., Boccaletti et al., 1998; Tommasi and Vauchez, 2001). Large-offset boundary faults defining prominent marginal escarpments in this rift sector are interpreted to have accommodated deformation in the Mio-Pliocene, but they have been deactivated during the Pleistocene (e.g., Wolfenden et al., 2004; Casey et al., 2006; Keir et al., 2006). Voluminous magma intrusion beneath the axial WFB since 2 Ma caused important modifications of the composition, thermal structure and rheology of the crust/lithosphere in this rift sector (e.g., Beutel et al., 2010; Daniels et al., 2014). As a result, a combination of magma intrusion and normal faulting accommodates extension in this rift sector (e.g., Keranen et al., 2004; Dugda et al., 2005; Mackenzie et al., 2005; Keir et al., 2006; Bastow et al., 2010).
In the CMER and SMER, the large boundary faults are well developed and less eroded than in the Northern MER, and geological, geodetical and seismicity data indicate that they still accommodate significant extension (Gouin, 1979; Keir et al., 2006; Pizzi et al., 2006; Agostini et al., 2011; Kogan et al., 2012; Molin and Corti, 2015; Corti et al., 2020). This occurs together with a decrease in the amount of extension taken up by axial Wonji faults, which are considered to be in an incipient stage of development in the CMER, but almost absent in the SMER (e.g., Ebinger et al., 2000; Agostini et al., 2011). Similarly, the volume of Quaternary volcanism decreases southwards and the volcano-tectonic activity within the rift is sparse in the SMER and limited to the rift margins.
All these variations of the distribution and characteristics of the tectonic and magmatic activity along the rift axis have been interpreted to reflect a transition from initial rifting in the SMER, with marginal deformation and rift morphology dominated by faulting, to more advanced rifting stages in the NMER, where prominent axial intrusion, dyking and related normal faulting testify a phase of magma-assisted rifting that precedes continental break-up (e.g., Kendall et al., 2005).
The several tectonic events that affected Ethiopia since the Precambrian created different sets of inherited structures that exerted an important control on Cenozoic rifting and can be classified into three main groups (Figure 1C; e.g., Korme et al., 2004): 1) Rift-parallel or subparallel structures (NE-SW- to N-S-trending) are mainly related to deformation connected to the closure of the Mozambique Ocean during the Proterozoic and to a suture zone which formed in relation to this event. 2) Roughly E-W structures correspond to Neoproterozoic weaknesses (e.g., faults, fractures) sub-parallel to the trend of the Gulf of Aden. 3) NW-SE-trending structures correspond to sedimentary basins (e.g., Ogaden basin, Anza graben, South Sudan rifts) and associated normal faults formed during Mesozoic extension, which in turn likely reactivated pre-existing Precambrian major crustal weakness zones.
CONTROL OF PRE-EXISTING LITHOSPHERIC WEAKNESSES ON RIFT LOCALISATION
Along with other processes (e.g., magma intrusion), the presence of large-scale zones of weakness such as ancient suture zones (e.g., Buiter and Torsvik, 2014), whose rheology is different from the surrounding regions, facilitates deformation of a continental lithosphere which would be otherwise too strong to be deformed by the available tectonic forces (e.g., Buck, 2004). This is why rift structures typically localise within pre-existing zones of weakness at a lithospheric scale, which tend to strongly favour extensional deformation (e.g., Dunbar and Sawyer, 1989; Buiter and Torsvik, 2014).
Previous studies in the MER based on geophysical data suggest that initial rift location has been controlled by a lithospheric-scale, up to ∼800-1000 km-long, pre-existing Precambrian suture (Figure 2; e.g., Gashawbeza et al., 2004; Bastow et al., 2005; Daly et al., 2008; Keranen and Klemperer, 2008; Keranen et al., 2009; Cornwell et al., 2010; Purcell, 2017), resulting from the closure of the Mozambique Ocean and accretion of East to West Gondwana. Ophiolites composing this suture zone have been dated between 880 and 690 Ma (Kroner et al., 1992; Claesson et al., 1984; Pallister et al., 1988). The existence of such a suture zone, which puts in contact 870 Ma Neo-Proterozoic juvenile crust with 2 Ga Archean basement (Kazmin et al., 1978; Vail, 1983; Berhe, 1990; Stern et al., 1990; Stern, 1994, 2002; Abdelsalam and Stern, 1996), is supported by differences in crustal/mantle properties between the Ethiopian and Somalian plateaus surrounding the rift. Several geophysical data (crustal thickness and bulk crustal Vp/Vs ratios, resistivity from magnetotelluric data, arrival-time body-wave tomographic models and effective elastic plate thickness) indicate indeed a strong and homogenous Somalian plateau, which contrasts with the more heterogeneous Ethiopian plateau composed of a strong and thick northern portion and a thinner and weaker southern portion (Figure 2; e.g., Corti et al., 2018a and references therein). The reactivation of this weakness zone is interpreted to have occurred at the eastern margin of the upwelling mantle plume, not above its center (e.g., Bastow et al., 2008), as documented in other flood basalt provinces (e.g., Deccan, Greenland, Parana, Central Atlantic; Courtillot et al., 1999). Magmatic activity and melt upraising through the upper mantle and crust may have promoted thermal and mechanical weakening of the continental lithosphere, possibly contributing its extension-related deformation (e.g., Díaz-Alvarado et al., 2021). The curved plan-view geometry of this inherited weakness significantly influenced the trend of the Cenozoic faulting (e.g., Mohr, 1962; Kazmin et al., 1980), with a variation from roughly N-S-trending in the south to roughly NE-SW-trending in the North. This resulted in an along-axis variation of the kinematics of rifting, from orthogonal in the southern MER to moderately oblique in the northern MER (Keir et al., 2015; Erbello et al., 2016), which had a major control on the segmentation and structural architecture of the rift (Corti, 2008). Notably, the reactivation of an inherited weak zone oblique to the plate motion vector is able to impose a local reorientation of the extension direction at the rift margins, as illustrated in below Section 6.
[image: Figure 2]FIGURE 2 | Pre-rift lithospheric domains and location of Cenozoic volcano-tectonic activity in the MER (modified from Keranen and Klemperer, 2008). Cenozoic extension follows the rheological boundaries between two distinct Proterozoic basement terranes, underlying the Ethiopian and Somalian plateaus; this lithospheric weakness zone corresponds to an ancient suture zone (see text for details).
CONTROL OF LARGE-SCALE TRANSVERSAL STRUCTURES ON OFF-AXIS DEFORMATION, RIFT INTERACTION AND LINKAGE
Transversal Lineaments and Off-Axis Deformation
The MER is characterised by the occurrence of major transversal lineaments, which affect the rift floor and the plateaus surrounding the rift valley (Figure 1; e.g., Abebe Adhana, 2014 and references therein). Specifically, the main structures correspond to the roughly E-W to WNW-ESE-trending Yerer-Tullu Wellel and Goba Bonga volcano-tectonic lineaments (Figure 1, Figure 3), causing deformation and volcanic activity to extend for hundreds of kilometres into the southern portion of the Ethiopian plateau and marking the transition between the different MER sectors. At a regional scale, these transversal structures have been interpreted to reflect the reactivation of inherited Neoproterozoic weaknesses roughly parallel to the trend of the Gulf of Aden (e.g., Abbate and Sagri, 1980; Abebe et al., 1998; Korme et al., 2004; Abebe Adhana, 2014; Corti et al., 2018b). As explained below, geophysical data support indeed the influence of inheritance on the development of these structures. The Yerer-Tullu Wellel lineament corresponds to a significant gradient in the thickness of the crust and marks the boundary between the northern and southern portions of the Ethiopian Plateau (Figure 2; Keranen and Klemperer, 2008). The P wave velocity model of Bastow et al. (2008) in its 75 km depth slice shows discrete low velocity anomalies that extend from the rift valley into the Ethiopian Plateau, beneath the Yerer-Tullu Wellel and Goba Bonga lineaments (see their Figure 7). A combination of a thermal anomaly and partial melting in response to asthenospheric upwelling and decompression, in turn related to localized lithospheric extension and thinning, best explains these low velocity anomalies beneath the two transversal lineaments (e.g., Bastow et al., 2010; Gallacher et al., 2016). The Goba Bonga lineament is also characterised by lower values of the elastic thickness of the lithosphere (Te; Pérez-Gussinyé et al., 2009), which shows a decrease from values of up to 40 km beneath the Ethiopian plateau to values of 10–15 km (Pérez-Gussinyé et al., 2009) in a narrow E-W domain corresponding to the transversal structure (see Figure 3). These zones of thinned crust or lithosphere beneath the Yerer-Tullu Wellel and Goba Bonga lineaments were possibly caused by either inherited lithospheric thinned regions or by syn-rift extension exploiting pre-rift weakness zones. Overall, this indicates a pre-rift, structural control on the current structure of the lithosphere (Corti et al., 2018a).
[image: Figure 3]FIGURE 3 | Structural scheme of the Goba Bonga lineament (from Corti et al., 2018b) superimposed on a map of the elastic thickness of the lithosphere (Te), modified after Pérez-Gussinyé et al. (2009). Low Te values (<10–15 km) are observed in a narrow region extending in a roughly E-W direction in the region corresponding to the extent of the Goba Bonga lineament.
Rift Interaction and Linkage
At its southern termination, the MER interacts with the Kenya Rift within the Turkana depression, a low-land where deformation, seismic activity and Pleistocene-Holocene volcanism are distributed over a width of more than 450 km (Figure 4; e.g., Ebinger et al., 2000). Within this anomalously wide region of ongoing tectonic and magmatic activity, extension is accommodated by numerous small normal faults with limited vertical displacement. This is in striking contrast with the narrow rift valleys to the north and south, characterized by a typical rift valley morphology dominated by large fault escarpments and boundary faults with large vertical displacement. Previous studies have suggested an influence of the Mesozoic-Early Paleogene tectonic phase on the later extensional deformation related to the EARS (e.g., Brune et al., 2017; Corti et al., 2019; Emishaw and Abdelsalam, 2019): the location of the diffuse Cenozoic tectono-magmatic activity has been likely controlled by the presence of a wide region of thinned crust, trending NW-SE and resulting from Mesozoic extension (Anza graben, South Sudan rifts; Figure 4). More specifically, the anomalously wide rift zone is likely caused by the N-S direction of propagation of the Main Ethiopian and Kenya rift systems into this NW-SE-trending region of thinned crust and stronger mantle lithosphere (e.g., Brune et al., 2017). In this region, the Kenyan and Ethiopian rift valleys are left-laterally deflected away from one another, avoiding a direct linkage to form a thoroughgoing N-S depression (Brune et al., 2017). Therefore, the presence of pre-existing transversal structures has a strong influence on the interaction and linkage of major rift segments.
[image: Figure 4]FIGURE 4 | Tectonic setting of the Turkana depression and surrounding regions, with Quaternary faults, seismicity and Quaternary volcanoes superimposed on a SRTM (Nasa Shuttle Radar Topography Mission, 30 m resolution) digital elevation model (modified from Brune et al., 2017). CB: Chew Bahir basin; HH: Hurri Hills; KS: Kino Sogo belt; LA: Lake Abaya; LT: Lake Turkana; LV: Lake Victoria; MV: Marsabit volcano; RR: Ririba Rift; SV: Suguta Valley; TE: Turkwell Escarpment. Areas encircled by red lines are the main deformation domains. Inset in the bottom right shows the crustal thickness in the region (from Benoit et al., 2006). Also illustrated are simplified cross sections highlighting the different architecture and distribution of deformation in the Turkana depression with respect to the Kenyan and Ethiopian rifts.
CONTROL OF PRE-EXISTING STRUCTURES ON RIFT SEGMENTATION AND SYMMETRY
Recent studies in the MER (e.g., Corti et al., 2018a) have shown that the pre-rift structure of the Ethiopian and Somalian plateaus at two sides of the reactivated ancient suture zone has a major control on rift architecture and segmentation.
The eastern margin of the MER, where the lithosphere beneath the Somalian Plateau is strong and homogeneous (e.g., Keranen and Klemperer, 2008; Corti et al., 2018a), is characterised by the presence of a more or less continuous system of large boundary faults (Figures 1, 5). Conversely, the western margin shows significant along-axis variations, with segments marked by large boundary faults (Ankober, Fonko-Guraghe, Gamo-Gidole) alternating with sectors characterised by flexures, with gentle monoclines dipping towards the rift axis (Figures 1, 5). This has been interpreted to reflect a more heterogeneous and complex structure of the Ethiopian plateau lithosphere than the Somalian, with the Ethiopian plateau characterised by a strong northern portion and a southern portion with a thinner and weaker crust (Figure 5; e.g., Keranen and Klemperer, 2008). This southern portion is marked by the presence of the E-W Yerer-Tullu Wellel and Goba Bonga volcano-tectonic lineaments (Figure 5). Where these pre-existing weaknesses intersect the rift at a high angle, major boundary faults are absent from the western margin and are instead replaced by gentle flexures; this, together with well-developed faults on the eastern side, gives rise to an overall asymmetry of the rift (Figure 5). Instead, where large boundary faults characterise the western margin, the rift is symmetric (Figure 5). Notably, southeast of Addis Ababa, the eastern rift margin is characterised by a prominent shift to the East, which occurs in spatial coincidence with the Yerer-Tullu Wellel volcano-tectonic lineament (Figures 1, 5). This coincidence has been interpreted to reflect an influence exerted by the E-W-trending pre-existing weakness on the plan-view geometry of the rift valley at this latitude (e.g., Korme et al., 2004).
[image: Figure 5]FIGURE 5 | Along-axis variations in the structure of the Main Ethiopian Rift (modified from Corti et al., 2018a). (A) Interpreted variations in rift symmetry and polarity: single arrows indicate the polarity of the different rift sectors; double arrows indicate symmetry of rifting. Whitish boxes indicate the hypothesised plan-view extent of the transversal structures: Yerer-Tullu Wellel (YTVL) and Goba-Bonga (GBL) volcano-tectonic lineaments. Rift segments labelled as NMER: Northern MER; CMER: Central MER, SMER: Southern MER. Other labels indicate the main rift escarpments as follows, An: Ankober; Ar: Arboye; AS: Agere Selam; FG: Fonko-Guraghe; GG: Gamo Gidole; LA: Langano Asela; S: Sire. (B) Map of depth of the Moho in the MER, modified after Keranen et al. (2009). (C) Simplified geological profiles across different sectors of the MER, with vertical exaggeration of x10. WFB: Wonji Fault Belt; SDZ: Silti Debre Zeit volcanic belt.
In summary, the above observations indicate that the MER is characterized by a segmentation strongly controlled by the inherited lithospheric structure, which results in 80–100 km-long rift segments with alternating symmetric/asymmetric basins.
CONTROL OF PRE-EXISTING STRUCTURES ON LOCAL-SCALE FAULT GEOMETRY AND ARCHITECTURE
Pre-existing structures have a significant influence on the geometry and segmentation of extension-related normal faults at a more local (<80 km) and shallower scale. The architecture and kinematics of boundary faults at the margins of the CMER and NMER are strongly influenced by the oblique inherited weakness described in Section 3. The boundary faults are at surface en-echelon arranged and oblique to both the pre-existing weakness (i.e., the rift trend) and the orthogonal to the regional plate motion vector; they trend orthogonal to the local direction of extension (Figure 6; Corti et al., 2013; Philippon et al., 2015). Inversion of fault-slip data and detailed analysis of fault kinematics in analogue models of oblique rifting indicate indeed a pure dip-slip motion on these faults, in which (given the oblique orientation with respect to the extension direction) a strike-slip component of motion could be expected (Corti et al., 2013; Philippon et al., 2015). This documents a reorientation in the extension direction at the margins of the rift, where the local extension direction does not correspond to the regional plate divergence, resulting in a pure dip-slip motion in an overall oblique kinematics (e.g., Morley, 2010; Corti et al., 2013; Figure 6).
[image: Figure 6]FIGURE 6 | Reorientation of the extension direction at the Asela-Langano margin. The local direction of extension at boundary and internal faults is indicated with light blue and red arrows, respectively; the regional direction of extension is illustrated with the big white arrows. Inset in the bottom right shows the relationship between the rift trend (or its perpendicular), the regional direction of extension (or plate divergence, PD) and the trend of the greatest horizontal principal strain (εh1) in the different portions of the oblique rift (modified from Corti et al., 2020).
Examples of an important control of inherited structures like fractures, faults, foliations, and dikes on the geometry of individual faults or fault segments are evident in the Gofa Basin and Range and in the Chew Bahir basin, in southern Ethiopia (Figures 7, 8). In these regions, large boundary faults are typically highly segmented, with many short interacting segments characterised by sharp changes in orientation giving rise to zig-zag geometries and angular patterns (e.g., Moore and Davidson, 1978; Vétel et al., 2005; Vétel and Le Gall, 2006). Typically, the orientation of the boundary fault segments mimics the trend of foliations or mylonite zones indicating a strong control exerted by pre-existing basement structures (Figures 7, 8; Moore and Davidson, 1978). Faults parallel to the extension direction are related to reactivation of basement fabrics rather than to recent transcurrent faults (Moore and Davidson, 1978; Philippon et al., 2014).
[image: Figure 7]FIGURE 7 | (A) Digital elevation model (NASA-SRTM) of southern Ethiopia. CB: Chew Bahir; GP: Gofa province. (B) Geological map of the Chew Bahir basin and surrounding areas, illustrating the pattern of foliation on the basement. (C) Typical angular pattern of boundary faults of the Chow Bahir basin (see text for details); (D) structural sketch. (E) Distribution of inherited basement fabrics and boundary faults, illustrated as plots of weighted fault azimuths. Note the similarity between the trend of basement fabrics and that of boundary faults, supporting that the development of the latter is strongly influenced by basement inherited weaknesses. Panels (A), (C), (D), (E) modified from Corti (2009); panel (B) modified from Philippon et al. (2014).
[image: Figure 8]FIGURE 8 | Field examples of structures affecting the Precambrian basement in the southern MER: (A) magmatic foliation and (B) Cenozoic fault plane affecting basement and cutting quartz vein and aplitic dike in the Gofa province; (C) System of sub parallel fractures reactivated and associated to a major normal fault (not visible of the left) in the Chew Bahir basin; (D) basement foliation sub parallel to the major fault plane delimiting the Chew Bahir basin.
A similar control has been suggested by recent works in the Ririba rift, at the southern termination of the Ethiopian Rift (Corti et al., 2019). In this rift, besides the angular fault pattern and the parallelism between faults and inherited fabrics, the main boundary faults are characterised by an anomalously low displacement/length ratio (i.e. long faults have very low displacement) and by displacement/length (D-L) curves (with flat top profiles, low-end gradients and low D-L ratio values) typical of a ‘constant length model’ of fault growth (see Supplementary Fig. 4 in Corti et al., 2019). This growth model is representative of reactivated fault systems in which fault lengths are inherited from underlying structures and established almost instantaneously on geological timescales, as also suggested for the nearby Kino Sogo fault belt in Kenya (Vétel et al., 2005; Vétel and Le Gall, 2006).
Another typical example is the Langano (or Haroresa) Rhomboidal Fault System (Le Turdu et al., 1999), located East of Lake Langano (Figure 9). In this area, the NE-SW-trending Asela-Langano escarpment curve to acquire a NW-SE trend and the interaction between NE-SW and NW-SE-trending structures give rise to a complex pattern of normal faults, with typical S- or Z-shaped plan-view geometries (Figure 9). This pattern and the curvature of the escarpment have been suggested to be controlled by a major NW-SE pre-existing crustal weakness zone, roughly parallel to the trend of the Red Sea (e.g., Korme et al., 2004). The existence of such pre-existing transverse structure close the Lake Langano is also supported by gravity data (Korme et al., 2004) which evidence the presence of NW-SE graben below the rift depression. A similar example of control on the local-scale fault pattern of inherited structures includes NW-SE faults East of Addis Ababa (Wolenchiti area) defining a NW-SE-trending graben filled by Pleistocene diatomite deposits (Korme et al., 2004).
[image: Figure 9]FIGURE 9 | Digital elevation model (NASA-Shuttle Radar Topography Mission, SRTM 30 m resolution; left panel), and faults superimposed onto a SRTM digital elevation model (right panel) of the Langano Rhomboidal Fault System. Inset in the bottom right shows a schematic representation of the possible influence of a NW-SE-trending inherited weakness on the fault pattern. See text for details.
CONTROL OF PRE-EXISTING STRUCTURES ON THE DISTRIBUTION VOLCANISM
Many examples in the MER document a strong control exerted by pre-existing structures on the distribution of volcanic vents and edifice geometries. In the Ririba rift, at the southern termination of the MER, the Quaternary volcanic fields are aligned in a NE-SW direction and show no apparent relationship with the N-S-trending Pliocene boundary faults of the rift (Figure 10) therefore indicating that these structures do not exert a control on the pathways of magma ascent. This volcanism aligns parallel with regional, NE-SW/NNE-SSW-trending pre-existing lineaments (such as the Buluk Fault Zone in Figure 10) suggesting that the distribution of volcanic centres may have been controlled by these major deep inherited structures (e.g., Vétel and Le Gall, 2006; Corti et al., 2019; Franceschini et al., 2020). Magma ascent along these pre-existing structures may have been caused by abandonment of the Ririba rift and consequent deactivation of the main rift faults, and a stress re-organization due to gradients in crustal thickness (Franceschini et al., 2020). This resulted in buoyancy forces causing a local stress field with maximum horizontal stress orthogonal to the Turkana depression, enabling the uprising and emplacement of magma along NE-SW pre-existing structures. At a more local scale, the distribution of vents and their preferential directions of elongation (within individual volcanic fields) suggest a second-order control by inherited basement fabrics (Franceschini et al., 2020), as documented by the above-mentioned angular networks of minor normal faults observed in the area. Overall, the Ririba example supports that major, lithospheric-scale inherited structures may represent zones of crustal weakness that magma can exploit during its ascent, controlling the volcanic spatial and temporal evolution, volcanic morphology, magma volume, and eruptive dynamics (e.g., Le Corvec et al., 2013; Wadge et al., 2016).
[image: Figure 10]FIGURE 10 | Schematic relations between the distribution of the Quaternary volcanic fields of Dilo, Mega and Huri Hills (orange ellipses) and major inherited structures (dashed lines in the figure) such as the BFZ (Buluk Fault Zone), modified from Franceschini et al. (2020). Black arrows schematically indicate the main compressive stress resulting from buoyancy forces in the area related to variations in crustal thickness and topography. See text for details.
In a recent compilation, Maestrelli et al. (2021) suggested that at least some calderas in the MER (e.g., Fantale, Kone, Gedemsa and Corbetti) may have experienced a tectonic control exerted by pre-existing faults reactivated during the collapse (i.e., fault-controlled caldera rim; Figure 11). Furthermore, Acocella et al. (2002) hypothesized a control exerted by inherited structures, reactivated during rift extension, on the localization for Fantale, Kone and Gedemsa calderas. In this regard, Lloyd et al. (2018) suggested the presence of a E-W deep rooted inherited structures controlling the localization and the structural setting of the Corbetti Caldera. As supported by Corti et al. (2018b), this structure may be related to the regional-scale Goba Bonga lineament.
[image: Figure 11]FIGURE 11 | Structural control on collapsed caldera margin at (A) Fantale, (B) Kone Volcanic complex (KVC), (C) Gedemsa and (D) Corbetti. Red dashed lines indicate caldera ring faults controlled by inherited structures reactivated during the collapse. Red stars mark volcanic emission points (modified from Maestrelli et al., 2021). Ko: Kone caldera; Kr: Korke caldera; Bi: Birenti caldera; MtB: Mount Birenti; Co.: Corbetti; L. Aw, Lake Awasa; Aw: Awasa caldera remnants.
Previous works have also suggested the influence of inherited structures on the development of off-axis (or flank) volcanoes (Figure 12). Such volcanic edifices are located in the plateaus surrounding the rift, in an off-axis position with respect to the tectonic depression; a classic example of this volcanism is the Galama range, located in the Somalian plateau (Figure 12). Different models of magma generation and/or migration have been applied to explain the development of such volcanism (e.g., Bonini et al., 2001; Maccaferri et al., 2014; Chiasera et al., 2018). However, in most of the different models, the final uprising of magma at shallow crustal levels, resulting in the alignment of dikes and scoria cones in an area of thicker crust, has been related to ascending mafic dikes exploiting pre-existing basement faults and fractures slightly oblique to the rift margins (Mohr and Potter, 1976; Chiasera et al., 2018). Off-axis volcanism is also associated with pre-existing E-W lithospheric structures corresponding the Yerer-Tullu Wellel and Goba Bonga transversal lineaments (Abebe Adhana, 2014; Corti et al., 2018b).
[image: Figure 12]FIGURE 12 | Satellite image (left) and main off-axis volcanoes (right) in the Somalian Plateau. Red dashed lines indicate the trend of inherited fabrics that possibly feed the volcanoes.
DISCUSSIONS AND IMPLICATIONS FOR REACTIVATION OF PRE-EXISTING STRUCTURES DURING CONTINENTAL RIFTING
Understanding how the pre-existing structure of the continental lithosphere influences rifting is of primary importance, as it may have an impact on several aspects of the rifting process and its outcomes. These may include the potential architecture (e.g., symmetry/asymmetry) of resulting passive margins, the possible segmentation of oceanic domains and transform faults separating them, the characteristics (length, depth extent, segmentation) of seismogenic faults (with implications for maximum magnitude of earthquakes), the distribution, volumes, and dynamics of associated volcanism (influencing volcanic risks and geo-resources such as geothermal energy). Because of this, the relationship between the Proterozoic crustal/lithospheric framework and the pattern of rift-related structures in East Africa has attracted considerable debate over the last decades (see Purcell, 2017).
Examples from the MER provide useful insights into this debate. Specifically, these examples document a significant control exerted by inherited heterogeneities at all different scales, which is illustrated in Figure 13.
[image: Figure 13]FIGURE 13 | Schematic illustration of the control exerted by inherited heterogeneities at different scales in the MER. From regional-scale to local-scale, we observe: (A) Rift localization controlled by Proterozoic suture. YTVL: Yerer-Tullu Wellel transversal structure; (B) Rift segmentation and asymmetry induced by large-scale transversal structures; (C) Off-Axis volcanism controlled by large-scale transversal structures; (D) Local-scale architecture controlled by inherited basement fabrics; (E) Distribution and setting of volcanism controlled by local scale-inherited structures.
At a large scale (up to ∼800–1,000 km), the localisation of extensional deformation and the plan-view geometry of the rift valley is largely controlled by a NE-SW- to N-S-trending, lithospheric-scale Precambrian suture zone (Figure 13A). Suture zones may be indeed weaker than the normal lithosphere, because of processes including increased heat production in the thickened crust and the presence of inherited faults that can weaken the crust (Buiter and Torsvik, 2014). This explains why suture zones are typically reactivated during extension and localize extension-related deformation, as documented in many examples worldwide (see review in Buiter and Torsvik, 2014). In Ethiopia, the along-axis variations in the trend of the suture and the resulting rift valley, determine along-axis differences in the kinematics of rifting, from orthogonal in the southern MER to moderately oblique in the northern MER, which have important implications for rift architecture and evolution (see Keir et al., 2015).
Within the rift, the inherited rheological heterogeneities and different strength of the lithospheric domains surrounding the rift, and the presence of transversal structures, control the interaction between the Ethiopian and Kenyan rift, as well as the along-axis segmentation of the rift valley (Figure 13B). Specifically, the strength difference (or similarity) of the lithosphere beneath the plateaus controlled the development of 80–100 km-long rift portions characterised by asymmetry (or symmetry) of the rift valley. Recent analysis from other continental rifts (e.g., Malawi Rift, Upper Rhine Graben; Laó-Dávila et al., 2015; Grimmer et al., 2017) support that along-axis variations in inherited structures (e.g., basement fabrics) have a significant influence on basin architecture and segmentation, and on the characteristics of the rift margins.
Roughly E-W, lithospheric-scale inherited weaknesses control the development of off-axis volcano-tectonic activity in the plateaus surrounding the rift, an activity which may extend hundreds of kilometres away from the rift (Figure 13C). Transversal pre-existing structures may have controlled other characteristics of the MER, such as its plan-view geometry and its deflection southeast of Addis Ababa. Similar controls have been described in other regions of East Africa: for instance, the inherited Aswa Shear Zone has been suggested to control rift deflection in northern Kenya and the transfer of strain from the Western Branch to the Eastern Branch of the EARS (e.g., Purcell, 2017 and references therein).
At a local scale (<80 km), pre-existing structures may control the geometry of extension-related normal faults, causing anomalous fault patterns (Figure 13D): when controlled by inherited structures, normal faults may deviate from linear to zig-zag or sigmoidal plan-view geometries, with atypical displacement/length (D/L) curves and fault lengths established almost instantaneously on geological timescales (constant length model of fault growth). Examples from other sectors of the EARS (e.g., Malawi) confirm that pre-existing basement fabrics may have an important influence on the architecture of later rift-related faults (e.g., Williams et al., 2019; Wedmore et al., 2020; Kolawole et al., 2021). However, this may not always be the case: other studies have shown that pre-existing weaknesses only locally control border fault geometry at subsurface (e.g., Hodge et al., 2018) or that high-angle normal faults may cut through low-angle basement fabrics (e.g., Ebinger et al., 1989). In the Kenya rift, recent studies (Muirhead and Kattenhorn, 2018) points to a complex time-evolution of inheritance during rifting, with reactivation of pre-existing structures documented to postdate rift initiation and occur in an advanced rifting stage. In this case, later activation of inherited fabrics may reflect a complex contribution by magma-assisted deformation (Muirhead and Kattenhorn, 2018). A time-dependent reactivation of inherited structures has been also documented in other regions of the EARS, such as the Turkana depression of southern Ethiopia and northern Kenya. There, contrarily to what suggested for the Kenya rift, field analyses and seismic reflection data indicate that some NE-SW-trending basement structures have been reactivated during initial rifting but then abandoned during progressive extension, given their non-optimal orientation with respect to the roughly E-W extension direction (Nutz et al., 2021). Similarly, NW-SE-trending faults related to a previous Cretaceous-Early Paleogene extension phase are non-optimally oriented with respect to the roughly E-W extension of Cenozoic rifting. In this case, geodetic observations, and analysis of present-day deformation (Knappe et al., 2020) indicate no reactivation of these pre-existing faults during later extension, as also supported by analogue modelling of extension in the region (Wang et al., 2021). These analogue models indicate that the absence of fault reactivation may be related to a limited development of structures during the early rift phase, with a small volume of crust affected by pre-existing weak zones and a low reduction in strength in the brittle crust, and to their obliquity with respect to the later extension direction. In general, the strength contrast between the undeformed crust and that affected by pre-existing structures and the orientation, size and depth of inherited faults with respect to the extension direction are controlling factors in the reactivation of pre-existing structures as documented in many modelling works (e.g., Bellahsen and Daniel, 2005; Maestrelli et al., 2020; Molnar et al., 2017, 2019, 2020; Osagiede et al., 2021; Samsu et al., 2021; Schori et al., 2021; Wang et al., 2021, Zwaan and Schreurs, 2017; Zwaan et al., 2021a,b).
Inherited structures also control the patterns of migration and emplacement of rift-related magmas (Figure 13E), which may at some places show no direct relations to rift related faults and rather cut them. The MER examples support that pre-existing structures may control the spatial and temporal evolution of volcanic activity, its volume and eruptive dynamics, as observed in other parts of the EARS (such as the Chyulu Hills in the Kenya Rift; e.g., Mazzarini and Isola, 2021) and other regions undergoing extension (e.g., Gómez-Vasconcelos et al., 2020).
CONCLUDING REMARKS
We have shown how inherited structures have controlled the development of the MER from regional to local-scale. In general, as typically observed in other rift settings, the influence of inheritance on rift-related deformation is rather obvious at a regional scale, as rift valleys localise within lithospheric-scale weak zones avoiding stronger regions. Similarly, large, lithospheric-scale transversal structures influenced the MER segmentation, symmetry and off-axis volcanic activity. Examples in the MER document a local-scale influence of inherited structures on normal fault geometries and rift-related volcanism. However, comparison with other examples from the EARS suggests that the relations between pre-rift structures and individual rift basins or faults are more complex and several aspects of fault reactivation at a local scale remain enigmatic. These include, among others, the time-space variations of reactivation during rift progression and its dependence on parameters such as: the volume of crust affected by pre-existing weak zones and/or their dimensions, the strength contrast required for their re-use, and their dip and orientation with respect to the extension direction. Additional detailed studies in locations where we can clearly analyse, in 3D, crustal faults and ancient structures are therefore needed to improve our knowledge of these complex relations.
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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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We applied the receiver function (RF) technique on high-quality teleseismic earthquake data recorded by the RiftVolc broadband network from February 2016 to October 2017. We calculate RFs at 17 stations, which are inverted to estimate Vs, and Vp/Vs structure beneath the Central Main Ethiopian Rift and the Eastern plateau. The observed slow S-wave velocity (Vs) in the uppermost crust (<6 km depth) is interpreted as sedimentary and/or volcanic layers. Beneath the rift valley, crustal Vs is heterogeneous both laterally and with depth. In particular, slow Vs (∼2–3 km/s) is localised beneath volcanic centres in the upper-mid crust but ubiquitously slow in the lower crust with Vs as low as ∼3.5 km/s common. The slow lower crust is associated with high Vp/Vs ratios of ∼1.9–2.0. The Vs and Vp are consistent with the observed seismic velocities, and interpreted the presence of the small fraction (<5%) of partial melt from previous seismic imaging studies of the lower crust. In addition, the velocity contrast is small between the lower crust and upper mantle. The results suggest that partial melt in the lower crust beneath magmatically active rifts might be more widespread than previously thought and an important component of the magma plumbing system. In contrast, Vs is far more homogeneous and faster beneath the Eastern Plateau, with a distinct velocity contrast between the crust and upper mantle suggesting less crustal deformation than what is observed beneath the central rift zone.
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INTRODUCTION
The Main Ethiopian Rift (MER) is an active continental rift where magmatic intrusion is thought to play a key role by accommodating extension and thermally weakening the lithosphere (Kendall et al., 2005; Daniels et al., 2014). Since the start of the Ethiopia-Afar Geoscientific Lithospheric Experiment (Bastow et al., 2011) in the early 2000s, consecutive and successful controlled and passive seismic deployments helped to delineate the seismic structure of the MER crust, especially the P-wave velocity (Vp) structure and crustal thickness (e.g., Ebinger et al., 2017). A major finding of previous P-wave images is that the Vp of the crust beneath the MER is faster than that of standard continental crust (Zandt and Ammon, 1995), a feature interpreted as caused by post-Miocene mafic intrusions that have accommodated extension (e.g., Keranen et al., 2004; Mackenzie et al., 2005).
More recently, however, the advent of ambient noise tomography at periods sufficiently short has facilitated imaging of shear-wave velocity (Vs) of the crust (e.g., Kim et al., 2012; Chambers et al., 2019). Results from these studies show that the MER crust has far slower Vs than the standard continental crust, with the absolute magnitude of the velocities in places interpreted to require the presence of partial melt (e.g., Chambers et al., 2019). The joint crustal seismic properties of relatively fast Vp and slow Vs are peculiar and poorly explored in previous literature. In addition, all previous constraints on the Vs structure of the MER come from models derived from surface wave imaging techniques, such as ambient noise tomography, with a lack of independent constraints provided by alternative methods.
In order to address this and provide additional and independent constraints on the Vs structure of the MER crust, we applied the receiver function (RF) techniques using open-source codes from Computer Programs for Seismology (CPS) (Herrmann and Ammon, 2004) to estimate the velocity of the crust and upper mantle. To this effect, we have used 17 new seismic stations deployed as part of the 2016–2017 RiftVolc project (Greenfield et al., 2019; Lavayssière et al., 2019) to improve our understanding of the spatial variations of the crustal Vs structure within the central MER (CMER) and adjacent Eastern Plateau. In addition, we use the RF technique to constrain the Vp and Vp/Vs ratio. In investigating the heterogeneous structure, we have chosen two vertical cross-sections to represent the area of our study (Figure 1). One profile (A–A′) is along the rift, and the other profile is across the rift (B–B′). This study improves on the previous velocity models and Moho depth estimates of the CMER and Eastern Plateau (Dugda et al., 2005; Keranen et al., 2009) by using a relatively large number of broadband seismic stations compared with the previous studies.
[image: Figure 1]FIGURE 1 | The black rectangle is the study area in the Central Main Ethiopian Rift. Profile AA′ is along the eastern side of the Central Main Ethiopian Rift floor (along-rift) profile. Profile BB′ is the across-rift profile. Green reversed triangles represent the station location of 17 stations. Red -reversed triangles represent the locations of Corbetti (CO), Aluto (AL), and Tulu Moye (TM) calderas. The red thin and dense line represents the faults of the Main Ethiopian Rift (MER) (Corti et al., 2020). The bottom left corner inset shows the regional map, with a square for the area of our study. Names of the lakes are labelled by pink-coloured letters as AY (Abaya), HW (Hawasa), SH (Shala), AB (Abayata), LN (Langano), ZW (Ziway), and K (Koka).
TECTONIC SETTING AND CRUSTAL STRUCTURE
The CMER formed within the Oligocene Ethiopian flood basalt province and is thought to have initiated at between ∼20 and ∼10 Ma (e.g., Wolfenden et al., 2004; Bonini et al., 2005; Corti, 2009). The extension was initially localized to several ∼60-km-long, NE-SW striking, high-angle (>60°) border faults that bound the rift, such as the Boru-Toru and the Goba-Bonga structural lineament on the western side of the rift, and the Asela-Sire Border Fault on the eastern side of the rift (Bonini et al., 2005; Corti et al., 2020). Since the Quaternary, the locus of tectonic and magmatic activity within the CMER is thought to have become focused to a ∼20-km-wide zone of small offset faults, aligned cones, and active volcanic centres within the rift valley floor known as the Wonji Fault Belt (WFB), and also at a few rift marginal magmatic systems, such as the Silti-Debre Zeyit Fault Zone (SDFZ) towards the western side of the rift (Woldegabriel et al., 1990; Rooney et al., 2014; Chiasera et al., 2018).
Constraints on the crustal structure in the CMER come from several geophysical techniques including seismology, magnetotellurics (MT), and inversion of gravity data. Constraints on crustal thickness come from sparse RF measurements (Dugda et al., 2005; Keranen et al., 2009; Kibret et al., 2019), the wide-angle controlled-source along-rift EAGLE project line, and the intra-crustal Vs structure using ambient noise tomography (Kim et al., 2012; Chambers et al., 2019).
Previous RF studies in the CMER using relatively sparse station spacing show that the crust is 27- to 40-km thick in the rift (Dugda et al., 2005; Keranen et al., 2009) and 33- to 44-km thick beneath the plateaus (Dugda et al., 2005; Kibret et al., 2019). The crustal structure beneath the Western Plateau is more heterogeneous (33- to 44-km thick) (Keranen et al., 2009) than that beneath the Eastern Plateau (38- to 41 km thick) (Dugda et al., 2005; Keranen et al., 2009; Kibret et al., 2019). Wide-angle controlled-source seismology provides further constraints in the CMER, and Western and Eastern Plateaus. The EAGLE across-rift line shows similar crustal thicknesses of 38–40 km beneath the CMER (Dugda et al., 2005; Maguire et al., 2006; Stuart et al., 2006), and 35–45 and 37–42 km beneath the Western and Eastern Plateaus, respectively (Dugda et al., 2005; Stuart et al., 2006; Cornwell et al., 2010; Hammond et al., 2011; Kibret et al., 2019).
The southern end of the EAGLE along-rift wide-angle controlled-source line is as far south as Lake Hawasa (near HAWA station) and shows a varied along-rift crustal structure in the CMER (Mackenzie et al., 2005; Maguire et al., 2006). The Vp structure, modelled by the wide-angle 2D profile studies, shows that the velocities of the upper crustal layers beneath the rift are 5%–10% higher than outside the rift, a feature interpreted to be caused by mafic intrusions associated with magmatic centres (Mackenzie et al., 2005; Maguire et al., 2006). Consistent with this, 3D controlled-source tomography of the upper crust by Keranen et al. (2004) imaged rift parallel high Vp (∼6.5–6.8 km/s) elongated bodies with a size of 20-km wide and 50-km long, and interpreted them as cooled mafic intrusions that are separated laterally from one another in a right-stepping en-echelon pattern, which corresponds with the surface segmentation of the WFB. These fast Vp regions correlate to a region of distinct positive Bouguer anomalies in gravity studies that are modelled as regions of dense rock (∼3,000 kg/m3) such a gabbro (e.g., Mahatsente et al., 1999; Cornwell et al., 2006).
In addition to the earliest studies revealing crustal structure in the MER based on Vp structure, later studies applied surface waves to render the Vs structure. Ambient noise tomography has been used to construct Rayleigh-wave group velocity maps covering the northern MER (NMER), CMER, and southern MER (SMER), and parts of the surrounding plateaus (Kim et al., 2012; Chambers et al., 2019). Chambers et al. (2019) also presented an absolute 3D Vs model of the crust and uppermost mantle of the region. An important feature of the Vs images is that the MER crust is mostly significantly slower than away from the rift, in contrast to the Vp, which is generally faster within the rift. The absolute Vs of less than 3.20 km/s + 0.03 in the lower crust are difficult to explain except with the presence of a fluid phase in the rock, such as partial melt (Chambers et al., 2019). In addition, slow Vs (<3.6 km/s) in the uppermost crust observed by Chambers et al. (2019) is consistent with the presence of sediments and/or partial melt (Diaferia and Cammarano, 2017).
Some studies reported that the anomalous high temperature is an important player on velocity structure in the case when it can trigger the transition of α–β quartz. In case of hydrated compositions (as one can presume about the current case study for the rift zone), the amphibole breakdown at increasing pressure and temperature produces a discontinuity that can be detected by RF or refraction studies (Guerri et al., 2015; Diaferia and Cammarano, 2017).
Similarly, several MT studies carried out in the CMER identify high conductivity anomalies associated with young surface volcanism (Whaler and Hautot, 2006). These conductive anomalies tend to be imaged in the uppermost crust at <1–2 km, in the upper crust at ∼3–6 km depth, and in the mid-lower crust at 20–25 km depth (Ebinger et al., 2017; Hübert et al., 2018). The shallowest anomaly is interpreted as being caused by hydrothermal fluids, whereas the other deeper high conductivity anomalies are interpreted to be caused by partial melt in the subvolcanic plumbing system (Ebinger et al., 2017; Hübert et al., 2018). Broadly speaking, there is a good correlation between the loci of slow Vs from seismology and high conductivities, giving additional remark to the idea that these anomalies are caused by partial melt (Chambers et al., 2019).
DATA AND METHODS
Data
The data were acquired from the RiftVolc temporary network project that was conducted from February 2016 to October 2017 and recorded by three-component broadband Guralp CMG-6TD and Guralp CMG-ESPCD seismometers with a 50-Hz sampling rate. We downloaded the teleseismic waveform data and instrument responses of the RiftVolc project data archived at the Incorporated Research Institutions for Seismology (IRIS) Data Management Center (DMC).
To constrain the Vs and Vp/Vs structure beneath 17 stations, which are deployed along and across the CMER 60 teleseismic earthquakes with magnitudes, Mw ≥ 6 and source-to-receiver epicentral distances between 30° and 90° (Figure 2) were chosen. However, after calculating the RFs, only 8–38 signals were selected per station based on the percentage of signal power fit (Table 1).
[image: Figure 2]FIGURE 2 | Red circles are locations of the teleseismic earthquakes used for the study. The data collected are in the distance ranging from 30° to 90° in the time range of February 2016 to October 2017. The dark blue triangle is the central location of the 17 seismic stations used in this study.
TABLE 1 | The table shows the names of stations, the percent of signal power fit between observed and synthetic seismograms, and the number of receiver functions (RFs) used in the analysis during the model fit calculations.
[image: Table 1]Data were processed in SAC format. We applied a cosine taper function for the P-waveform signal for a length of 50 s (10 s before and 40 s after the onset of the P-wave arrival) before computing the RFs. To reduce the influence of low-frequency noise on the RFs, all the signals were filtered with a Butterworth bandpass filter of between 0.01 and 5 Hz to ensure the stability of the RFs and to avoid aliasing when decimating the data. Finally, each three-component signal was reviewed to remove signals that contained low signal-to-noise ratios and/or when any of the three components were not recorded properly due to instrument malfunction.
METHODS
We applied an RF technique using time series teleseismic earthquakes to provide constraints on the local velocity structure of the crustal and upper mantle (Langston, 1979; Ammon et al., 1990). To extract the RF for each event, we first window the three-component seismograms starting from 10 s before and 40 s after the predicted P arrival. Selected teleseismic seismograms are rotated to radial (R), tangential (T), and vertical (Z) components from east–west, north–south, and vertical components, respectively. Each pair of horizontal-component signals (i.e., north–south and east–west components) was rotated to their corresponding radial and transverse directions.
A straightforward frequency domain deconvolution can be unstable due to spectral holes in the vertical component, and stabilization of this process can be obtained by either “pre-whitening” (Roninson, 1982; Yilmaz, 2001); or “water-level” algorithms. The former adds a small component of random noise to the vertical component, while the latter sets a lower bound on the magnitude of the denominator terms (the vertical seismogram spectral elements) in a frequency domain spectral division. In this study, converted phases are isolated by iterative, time-domain spiking deconvolution (Gurrola et al., 1995; Ligorria and Ammon, 1999) with pre-whitening to stabilize the filtering. Iterative time domain deconvolution works well even with complex signals. However, regardless of a deconvolution algorithm, the response at the receiver depends on the complexity of structures. Simple structures generally lead to better RF images (Ligorria and Ammon, 1999). After deconvolving the vertical from the radial component, we removed the signature of source, travel path, and instrumental response effects (Langston, 1979; Ammon et al., 1990; Dugda et al., 2005; Kibret et al., 2019) employing the signals coming from four different back azimuths (Figure 3).
[image: Figure 3]FIGURE 3 | This is a sampled receiver function (RF), which is calculated from the deconvolution of the horizontal from the vertical component. The deconvolution is processed from the data collected by the ASSE station from an earthquake coming from a ∼178° azimuth. The diagram shows the direct P and the converted Ps and the PpPs multiples.
The RF technique is a time series when the radial component trace is deconvolved from its vertical component seismogram, where the timing and amplitude of the RF phases are sensitive to the near receiver local Earth structure beneath the seismic station (Langston, 1979). The dominant signal in the first few seconds of the RF is the Ps conversion from the Moho and/or intracrustal velocity contrast followed by reverberated phases within the crust (e.g., Last et al., 1997; Hammond, 2014). In case of using a relatively dense array, RFs can show the fine crustal heterogeneity, anisotropy, and dipping structures (Eckhardt and Rabbel, 2011; Liu and Niu, 2012; Niu and James, 2002; Thybo et al., 2019; Youssof et al., 2013, Youssof et al., 2015).
Each RF was deconvolved for 20 iterations with a limiting error of 0.001 by applying three different Gaussian width parameters of 0.5, 1.0, and 2.5. We applied an iterative deconvolution algorithm (Kiknchi and Kanamori, 1982), which is calculated by the division of the denominator from the numerator (Herrmann and Ammon, 2004). Also, in each case, we allowed iteration to continue until the change in misfit resulting from the addition of a spike was 0.01% (Ligorria and Ammon, 1999). The degree of fit between the synthetic and observed RFs is calculated from the three Gaussian width parameters. A sample of two RFs is selected from 17 stations based on their percent of fit to demonstrate the overall results throughout each step (Figures 4, 5).
[image: Figure 4]FIGURE 4 | (A) and (B) are examples of RFs calculated for signals coming from different azimuths. Positive values were filled with red ink to emphasize prominent features, such as the direct P and the Ps phase, which is the P-to-S conversion.
[image: Figure 5]FIGURE 5 | (A) and (B) are RFs of ASSE and OGOL stations. The ASSE station located on the eastern plateau, which is the best fit RF of this study, whereas station OGOL is located in the central MER (CMER) rift margin near the eastern plateau, which has the largest misfit of all the RFs. Blue-coloured RFs in the background are synthetic, whereas the red-coloured RFs on top are the observed RFs. P represents the direct primary wave, and Ps is the converted phase at the Moho. The numbers on the left show the station name, Gaussian width parameter, percentage of fit, and the applied ray parameters for the specified RF. The numbers to the right of the RFs are the occurrence time of the earthquakes. In (A), two signals and in (B) six signals are calculated twice for the Gaussian width parameters of 0.5 and 1.0.
The study applies the ak135 velocity model (Kennett et al., 1995) as the initial velocity model to calculate the best fit velocity structure. Finally, we identified the level of the model fit of the observed and synthetic models by using both visual inspection and the calculated percentage of signal power fit. When the synthetic signals show a high degree of a misfit from the calculated RFs, both RFs and the synthetic models are automatically discarded.
The observed (red colour) and synthetic (blue colour) RFs (Figure 5) as well as the initial and the final velocity models (Figure 6) are calculated by using programs from Herrmann and Ammon (2004). The final velocity models are calculated from the global velocity model ak135. The calculated absolute velocity values at every 2-km depth are obtained from the inversions of the RFs. The uncertainties of the calculated RFs are estimated from the percentage of fit between the observed and the calculated RF. Subsequently, well-constrained Vs structures of the crust and upper mantle are provided in the 2D profiles.
[image: Figure 6]FIGURE 6 | Panels (A) and (B) are the two representative velocity models for the ASSE and OGOL stations. The nearly vertical start. mod is an initial half space velocity model derived from the ak135 global velocity model (Kennett et al., 1995) and the end. mod is the final and best-fit velocity model. The tmpmod96. xxx are the calculated velocity models from the relatively less fit RFs during an inversion.
We applied the Delaunay triangulation interpolation method to estimate unknown velocities based on several known calculated velocities (Ping et al., 2009). The method uses three velocities at a time by assuming no points inside the circumference of any triangle. We applied this interpolation method as implemented in the GMT plotting software (Wessel et al., 2019) by triangulating and contouring the calculated velocity values to image the 2D velocity versus depth plots.
Crustal thickness and Vp/Vs ratio are estimated from the a priori known Vp value obtained from two-dimensional wide-angle seismic modelling from the EAGLE controlled-source survey (Mackenzie et al., 2005; Maguire et al., 2006) in the region. During our inversion, we calculated Vs values at 2-km-depth intervals. Again, we employed the mathematical model by Last et al. (1997) and Zhu and Kanamori, (2000) to get the Moho depth (H) at each station, where tPs − tP is the time interval between the arrival of the direct P wave and the Moho Ps converted phase, and p is the average ray parameter calculated from RFs.
RESULTS
We computed observed and synthetic RFs at 17 stations where the degree of fit is between 77%–92% (at station OGOL and ASSE, respectively), as shown in Table 1. The range of degree of fit between observed and synthetic seismograms is similar to what is previously reported (70%–90%) in Ethiopia and Kenya by Dugda et al. (2005).
The current RFs are obtained with two clusters of range of back-azimuths of 30°–110o and 185°–260o (Figure 4). The first arrival spike is the direct incident P wave at the surface; however, the subsequent arrivals correspond to the partition of converted and reverberated phases (Figures 3 and 5).
For the two examples of observed RF in Figure 4, we present the RF of each event with the corresponding synthetic RF in Figure 5. In this model, the red-coloured RFs are the observed signals, whereas the blue colour shows the synthetic ones. The observed and synthetic RFs (Figure 5) show a high degree of fit for the Gaussian width parameters of α = 0.5 and α = 1.0.
Figure 6 indicates the 1D velocity models for the chosen two stations. These velocity models are calculated from the blue-coloured synthetic RFs shown in Figure 5. They are calculated in the depth range of 2–100 km. The blue-coloured nearly vertical line is the initial velocity model, which is assumed as a homogeneous half space with a Vs of ∼4.48 km/s, which is the value of most of the lithosphere in the ak135 velocity model (Kennett et al., 1995).
From the calculated 1D Vs models shown in Figure 6, the red-coloured 1D velocity value is the final and best fit calculated Vs model. From the models, the ASSE station, which is located on the Eastern Plateau shows very small heterogeneity in the upper and lower crust. However, station OGOL is located on the CMER floor and shows a heterogeneous velocity structure with a relatively high velocity of up to ∼4.6 ± 0.1 km/s in the upper crust and a relatively low velocity of as low as 3.4 ± 0.1 km/s in the lower crust.
For the remainder of the stations, we have shown the results in the form of the along- and across-rift profiles (Figure 7). Broadly speaking, the velocity models show a distinctive reduction in Vs in the mid to lower crust similar to that observed at OGOL (Figure 6), or a more regular increase in Vs with depth as observed at ASSE (Figure 6). Closer inspection for the stations along the rift shows that the velocity model varies considerably spatially with both styles of velocity structure observed in different places within the rift. In contrast, the across-rift profile shows that the stations on the Eastern Plateau have a velocity structure more similar to ASSE.
[image: Figure 7]FIGURE 7 | Figure (A) The 1D velocity model for the along-rift profile AA′, which is located along the eastern margin of the central main Ethiopian rift profile. (B) The 1D velocity model for the across-rift profile, which includes the rift side (JIMA, JIRE, ODAS, and OGOL) and plateau side (ASSE, SAGU, and BEKO) stations.
The upper to mid crustal high-velocity material (∼4–4.5 ± 0.1 km/s) observed in OGOL is also observed in the rift beneath YIRG, SHAS, KADO, and BESH stations for the depth range of 4–25 km (Figure 7). At these stations and beneath the observed high-velocity upper to mid crust, there is a relatively slow Vs (∼3.5 ± 0.1 km/s) for the depth range of ∼24–45 km. The slow velocity deep crust is commonly beneath normal upper-to-middle crust (4–4.3 km/s) such as beneath the JIMA station. In contrast, beneath JIRE, ODAS, ASSE, and SAGU stations (Figure 7), crustal Vs are relatively homogeneous.
Figure 8B1 shows the 2D Vs structure and Figure 8B2 the corresponding Vp/Vs ratio of the along-rift profile in the CMER obtained from the Delaunay triangulation interpolation method. Throughout the crust, the depth to particular velocity contours generally deepens with proximity to the major volcanic centres. This is especially pronounced in the 5- to 20-km depth range where the Vs increase significantly in regions in between the major volcanic centres. For example, beneath the two high topographic peaks (marked as Aluto and Tulumoye) observed in Figures 8A1,A2, there are slow velocity (<3.8 km/s) and high Vp/Vs ratio zones in the upper-mid crust. A similar slow velocity zone in the upper-mid crust is also observed beneath the Wondo-Genet remnant Mega caldera rim. Vs is generally slow (∼3.1–3.7 ± 0.1 km/s) in the lower crust beneath the CMER, with less spatial variation in velocities compared with that observed in the upper-mid crust. Generally, our findings are consistent with previous ambient noise tomography results showing the presence of slow S-velocity shallow crust beneath mega calderas, such as beneath Aluto and Tulu Moye, and slow Vs found more ubiquitously in the lower crust (Chambers et al., 2019).
[image: Figure 8]FIGURE 8 | (A1) shows a 2D vertical slice along the eastern margin of the central Main Ethiopian Rift, which is obtained from profile AA′ of Figure 1 covering from station YIRG (1,756 m) to CHKA (1,604 m). (A2) shows the Vp/Vs ratio values at various depth points. Red indicates slower velocity and blue faster velocity. B2 shows the values of Vp/Vs for the rift and the plateau side of the profile. Blue indicates low Vp/Vs, and red indicates high Vp/Vs ratio.
Figures 9B1,B2 show the variations in Vs and Vp/Vs structure across the rift, respectively. In a similar fashion to the along-rift profile, the topmost ∼5 km of the upper crust of the across-rift profile is a very low seismic velocity (2.0–3.2 km/s) material. The border fault of the eastern side of the CMER is marked by a topographic step from ∼1,700 m in the rift to ∼2,700 m on the rift margin (Figure 9). Outside of the rift on the rift flank, we observe a fairly homogeneous crustal structure with a distinct lack of slow velocities in the lower crust. Instead, the seismic velocity mostly increases with depth. In addition, there is a sharp increase in seismic velocity at ∼45 km depth, where previous studies based on different methods showed this change as Moho discontinuity (e.g., Mahatsente et al., 1999; Mackenzie et al., 2005; Cornwell et al., 2006), as shown in Table 2. However, similar to the along-rift profile, within the rift on the across rift profile, we see a more heterogenous velocity structure. At 20- to 35-km depths, particularly slow Vs and high Vp/Vs ratios are found beneath the eastern part of the across-rift profile beneath the JIMA and OGOL stations. In this depth interval, the lowest velocities are found beneath the eastern side of the CMER spatially associated with the surface position of the WFB volcanic centres.
TABLE 2 | A summary of the findings of previous gravity and seismic methods studied in the SE plateau and the central main Ethiopian rift valley for the determination of Moho depth.
[image: Table 2][image: Figure 9]FIGURE 9 | (B1) shows a 2D vertical slice across the rift profile BB′ of Figure 1 ranging from JIMA (in Central WFB) with an altitude of 1,659 m to BEKO (Eastern Plateau) having an elevation of 2,848 m. Red indicates slower velocity and blue faster velocity. B2 shows the values of Vp/Vs for the rift and the plateau side of the profile. Blue indicates low Vp/Vs, and red indicates high Vp/Vs ratio.
DISCUSSION
We discuss here the Vs and Vp/Vs structure of the rift obtained from our data analysis in the context of magmatic and tectonic extensional processes, and with the aid of a priori constraints of Vp ∼6.8 km/s (e.g., Dugda et al., 2005; Mackenzie et al., 2005; Maguire et al., 2006). We also compare our findings with constraints inferred from density and conductivity analysis conducted in the area. We use both one- and two-dimensional Vs profiles to interpret velocity variations in the lithosphere to answer basic questions about the nature of the crust and upper mantle when rifting modifies the lithosphere.
S-wave velocity structure within the rift
The slow velocity (2–3 km/s) imaged at 2–6 km depth is similar to the proposed Vs of ∼1.9–2.8 km/s typical of layered sediments (Benoit et al. (2006). This is also in good agreement with the work of Chambers et al. (2019), which interprets a similarly low velocity at the topmost upper crust as sedimentary and/or volcanic layers. This result agree with the interpretation of Cornwell et al. (2006), which interprets the existence of an upper crustal low-density (2,380 kg/m3) layer that represents interspersed volcaniclastics, lava flows, and lacustrine sediments within the rift valley (Wolfenden et al., 2004). In support of this interpretation, the low Vs of the uppermost crust extends to greatest depths within the rift valley than outside of it (Figure 9).
Both profiles shown in Figure 7 represent significant variations in the 1D velocity models. In particular, a number of the stations show elevated seismic velocity at 6–25 km, while others are less fast. When stations are organised spatially from NW to NE in Figure 8A1, the spatial variability of this is clearer. Typically, along rift, in-between the magmatic centres (such as beneath station YIRG, SHAS, KADO, BESH, and OGOL), the high Vs (∼4–4.5 km/s) is present in the upper-to-mid crust. The across-rift profile in Figure 9 shows that these regions of higher Vs in the upper/mid crust are localised beneath the Wonji Fault Belt. The high seismic velocities coupled with their Wonji Fault belt position favours an interpretation of their origin being a solidified mafic intrusion, an interpretation in line with previous seismic imaging (Chambers et al., 2019), and spatially match high positive Bouguer anomalies constrained in gravity studies (Mahatsente et al., 1999; Tiberi et al., 2005; Cornwell et al., 2006). The average slow-velocity (∼3.5 ± 0.1 km/s) regions at ∼24–45 km depth may represent a less mafic modification of a normal continental crust of Vp/Vs <1.85 (Zandt and Ammon, 1995), or a more complex modification from felsic intrusion, and/or presence of partial melt with a Vp/Vs value of >1.9.
Beneath 25-km depth in the lower crust, the 1D models show that the majority of seismic stations show a reduction in Vs in the lower crust to 3.1–3.7 ± 0.1 km/s (Figure 7). Figure 8 shows that this feature is spatially ubiquitous. There is some spatial variability in the magnitude of the velocity inversion (Figures 8A1,A2), with a hint that the most pronounced slow Vs regions in the lower crust are beneath the volcanic centres, such as Aluto, although this pattern is not particularly clear elsewhere. These regions of slow Vs correlate to high Vp/Vs of ∼1.9–2.1. The observation of slow Vs and high Vp/Vs in the lower crust in the rift valley is consistent with the ambient noise tomography by Chambers et al. (2019), which shows that the slowest velocities for all depths within the MER range from 3.28 ± 0.01 km/s at 10-km depth to 3.83 ± 0.01 km/s at 40-km depth. The magnitude of the slow Vs at this depth range, combined with the high Vp/Vs, is consistent with previous deep crustal imaging studies, which combined interpret between 0.5% and 5% partial melt (e.g., Chambers et al., 2019). More tightly constraining melt fraction from the seismic velocities alone is difficult since Vp and Vs measurements are potentially explainable by either lower melt fractions aligned vertically as dikes or more elevated melt fractions aligned as sills (Paulatto et al., 2010; Paulatto et al., 2012; Paulatto et al., 2019; Dvorkin, 2020). However, dominance of horizontal sill-like melt alignment is favoured by inversions for radial anisotropy derived from surface waves for the MER (e.g., Chambers et al., 2021), and petrological models of the deep crustal magma plumbing system globally (e.g., Annen et al., 2006). The interpretation of partial melt in the lower crust is also supported by high conductivities in the lower crust observed in crustal-scale MT studies at comparable depths (Whaler and Hautot, 2006).
Profile AA′ in Figure 8 shows variations in the Vs structure, which provides insights into the crustal-scale magma plumbing system. The ubiquitous slow Vs suggests a diffuse interconnected melt-rich lower crust beneath most of the rift valley, with potentially higher melt concentration beneath the volcanic centres. In contrast, in the upper half of the crust, slower Vs beneath the volcanic centres, with anomalously fast Vs in between the volcanic centres, is consistent with volcanic segment-centred melt supply, in which subvolcanic melt reservoirs focus and store melt, which is delivered episodically mafic intrusion along the rift axis. Such an upper crustal plumbing system has been proposed in Afar on the basis of episodic segment-centred fed dyke intrusions observed with InSAR and seismicity (Keir et al., 2009; Barnie et al., 2016). Here in the MER, a similar subvolcanic plumbing system is consistent with the seismic velocity structure of the upper/mid crust. In addition, in the MER, observations of such rifting episodes are lacking, with geodetic observations of magma-related ground deformation being restricted to volcanic centres such as Aluto and Tulu Moye (Biggs et al., 2011; Albino and Biggs, 2021). Similarly, localised subvolcanic pockets of melt beneath the volcanic centres (Gleeson et al., 2017) suggest localised longer-lived magma bodies in the shallow crust of the volcanic centres. However, our seismic imaging of the deeper crust suggests that the distribution of melt in the lower crust might well be widespread and enable significant melt transport along rift.
S-wave velocity structure of the Eastern Plateau
In contrast to the rift valley floor, the Vs structure beneath the Eastern Plateau is remarkably homogeneous (Figure 9B1). In addition, the distinctive increase in Vs at ∼45 km depth, is remarkably similar to constraints on the Moho depth computed in our study, consistent with a previous wide-angle active source, and passive source RF studies (Mackenzie et al., 2005; Maguire et al., 2006), and adds support observations that the Moho beneath the Eastern Plateau is a sharp and distinctive seismological boundary (e.g., Ogden et al., 2019). This profile shows a smooth transition toward the shoulder compared with the western plateau margin in which sharp lateral contrast between plateau and rift is observed (Chambers et al., 2019). Limited heterogeneity of the crustal and mantle structure beneath the Eastern Plateau is typical of regions of stable continental crust with limited history of deformation and modification by magmatism (e.g., Thompson et al., 2010; Youssof et al., 2013, Youssof et al., 2015). The strong contrast in velocity structure from the Eastern Plateau into the rift (Figure 9) is in sharp contrast to the conjugate side of the rift valley, with the Western Plateau showing evidence for significant magmatic modification (e.g., Mackenzie et al., 2005; Chambers et al., 2019), indicating strong asymmetry to the rifting process. The lack of evidence for magmatic modification of the crust beneath the Eastern Plateau also favours a model of dynamic uplift from a deep-seated asthenospheric anomaly (e.g., Sembroni et al., 2016), as opposed to uplift being compensated by crustal magmatic additions (e.g., Keranen et al., 2009; Chambers et al., 2019).
Our study reveals new important insights regarding the variability in crustal structure and melt fraction on a local scale beneath the volcanic regions of the MER. The results demonstrate the continued need for more future efforts to understand crustal structure and distribution of partial melt in the wider sense beneath and near the East African rift. We would like to point out the need to have more international collaboration—although we would imagine that long-term and sustainable research in Ethiopia really needs local scientists to lead the way.
CONCLUSION
We use RF to delineate the Vs structure of the lithosphere beneath 17 stations in the CMER, which are arranged in two profiles along and across the rift valley. The observed low Vs (∼2–3 km/s) uppermost crust (<6-km depth) is interpreted as sedimentary and/or volcanic layers. Beneath the rift valley crust, Vs is heterogeneous laterally and with depth. In particular, slow Vs and high Vp/Vs ratio is localised beneath volcanic centres in the upper-mid crust but ubiquitously slow in the lower crust. The Vs and Vp are consistent with the presence of the small fraction (<5%) partial melt interpreted in previous seismic imaging studies of the lower crust. In addition, the velocity contrast is small between the lower crust and upper mantle in the rift. The results suggest that partial melt in the lower crust beneath magmatically active rifts might be more widespread than previously thought and is an important component of the magma plumbing system. In contrast, Vs is more homogeneous and faster beneath the Eastern Plateau, with a distinct and sharp velocity contrast observed between the crust and upper mantle at Moho, jointly indicative of very little crustal modification from magmatism.
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Under-Displaced Normal Faults: Strain Accommodation Along an Early-Stage Rift-Bounding Fault in the Southern Malawi Rift
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One of the fundamental problems in continental rift segmentation and propagation is how strain is accommodated along large rift-bounding faults (border faults) since the segmentation of propagating border faults control the expression of rift zones, syn-rift depo-centers, and long-term basin evolution. In the Southern Malawi Rift, where previous studies on the early-stage rifting only assessed border fault structure from surficial and topographic expression, we integrate surface and subsurface data to investigate border fault segmentation, linkage, and growth as proxies for strain accommodation along the Bilila-Mtakataka Fault (BMF) System. We used 30 m-resolution topographic relief maps, electrical resistivity tomography (ERT), and high-resolution aeromagnetic data to characterize the detailed fault geometry and provide a more robust estimate of along-fault displacement distribution. Our results reveal a discrepancy between sub-aerial segmentation of the BMF geometry (six segments), scarp height (five segments) reflecting the most recent episodes of fault offset, and cumulative throw (three composite segments) reflecting the long-term fault offset. We also observe that although the BMF exhibits continuity of sub-aerial scarps along its length, the throw distribution shows a higher estimate at the Northern-to-Central segment relay zone (423 m absolute, 364 m moving median) compared to the Central-to-Southern segment relay zone (371 m absolute, 297 m moving median). The ERT profiles across the relay zones suggest a shallower basement and a possible canyon-mouth alluvial fan stratigraphy at the Central-to-Southern segment relay zone, contrasting the deeper basement and “simpler” electrical stratigraphy at the Northern-to-Central relay. The results suggest a more complex long-term evolution of the BMF than was assumed in previous studies. A comparison of BMF’s maximum displacement-vs-length with those of other Malawi Rift border faults and global normal fault populations suggest that although the BMF has possibly reached its maximum length, it remains largely under-displaced as its 580–837 m maximum displacement is significantly lower than that of faults of equivalent length. We suggest that the BMF may continue to accrue significant strain as tectonic extension progresses in the Southern Malawi Rift, thus posing a major seismic hazard in the region.
Keywords: strain accommodation, normal faults, early-stage rift-bounding fault, bilila-mtakataka fault, under-displaced normal faults, fault scarp height, fault segmentation and growth
1 INTRODUCTION
Normal faults grow as tectonic extension causes them to slip. During continental rifting, normal faults grow by strain accommodation leading to the progressive evolution of their associated rift basins (Calais et al., 2008; Nixon et al., 2016; Muirhead et al., 2019). Strain accommodation, strain transfer, and deformational styles in early-stage continental rifts are often influenced by regional tectonics, stress orientation, lateral variation in crustal stretching rates, pre-existing basement structures, lithology, magmatism, and lithosphere rheology (e.g., Nixon et al., 2016; Peacock et al., 2017; Muirhead et al., 2019; Rotevatn et al., 2019; Wright et al., 2020; Kolawole et al., 2021a; Gouiza and Naliboff, 2021). During continental extension, strain is accommodated by crustal deformation in the form of rift faulting, and the distribution and pattern of faulting can be quantified from a series of structural and tectonic attributes associated with fault growth (Bonini et al., 2005). These attributes include the younging direction of the border faults (Abbate and Sagri, 1980; WoldeGabriel et al., 1990; 2016), the changes in border fault length and the elastic thickness of the lithosphere (Hayward and Ebinger, 1996), lateral variation in ages of syn-rift deposits (Maguire et al., 2003; Furman et al., 2004), and lateral migration of magmatic activity (Zanettin et al., 1979).
In rift basins, upper crustal extension is accommodated by two groups of fault systems: border faults and intra-rift faults (e.g., Corti, 2009). The border faults are the largest faults bounding a rift segment and often accommodate the most offset, whereas intra-rift faults are the smaller faults that are found within the inner depressions of rift basins (Scholz and Contreras, 1998; Goldsworthy and Jackson, 2001; Ebinger, 2005; Corti, 2009; Muirhead et al., 2019). However, the new and recent 2015 multidisciplinary Study of Extension and maGmatism in Malawi and Tanzania (SEGMeNT) project provided seismic data data over Lake Malawi that show some very long intra rift faults with large throws of several km, even larger than the throw of some border faults in Southern Malawi Rift (Scholz et al., 2020; Shillington et al., 2016; 2020).
Large normal faults typically develop by an initial nucleation of isolated segments, which progressively propagate and link up with one another. The interaction and linkage of adjacent propagating fault segments typically create structurally complex areas, referred to as “strain transfer zones” or “relay zones” (e.g., Morley et al., 1990; Morley, 1999; Jackson and Rotevatn, 2013; Childs et al., 2017). These relay zones accommodate the along- and across-axis variations in the magnitude of subsidence of grabens and the elevation of uplifted rift flanks or normal fault footwall blocks (Rosendahl, 1987; Morley et al., 1990; Faulds and Varga, 1998; Morley, 1999).
There exists an empirical relationship between fault length and displacement, which provides insight into the mechanics of fault growth. It presents a useful tool for characterizing the extent and rates of tectonic deformation in continental rift zones (Bergen and Shaw, 2010). Scaling laws of maximum displacement versus fault length exhibit a power-law relationship (e.g., Walsh and Watterson, 1988; Peacock and Sanderson, 1991; Cowie and Scholz, 1992a; Cowie and Scholz, 1992b; Dawers et al., 1993; Manighetti et al., 2001). Normal fault propagation models suggest that faults grow along fault tips, and that there is a proportional increase in the length of the fault and maximum displacement throughout the slip history of the fault (“propagating fault model”, e.g., Walsh and Watterson, 1988; Dawers et al., 1993; Cartwright et al., 1995; Walsh et al., 2003). Another model (“constant-length model”) suggest that the total length of the fault is attained early in the fault history and that most displacement is accumulated after the total length has been established (Walsh et al., 2003; Nicol et al., 2005; Densmore et al., 2007; Schlagenhauf et al., 2008; Jackson and Rotevatn, 2013; Nixon et al., 2016). Rotevatn et al. (2019) proposed a hybrid fault growth model which suggests that normal faults initially grow by lateral propagation in the early stages of the fault lifespan (20–30% of the fault lifespan) to establish the total length of the fault, then, subsequently grow by constant-length model for the rest of the fault lifespan (70–80% of the fault lifespan). Also, recent numerical models by Pan et al. (2020) revealed that normal fault arrays evolve via alternating phases of fault-lengthening and localization. However, the process of strain accommodation by normal fault growth during the early stages of continental extension remains incompletely understood. Since the segments of important rift faults are often established during early-stage rifting, this knowledge-gap limits the complete understanding of the processes that govern the variation of structural architecture along margins of continental break-up.
In this contribution, we investigate the detailed structure and distribution of displacement along the Bilila-Mtakataka Fault (BMF), an active border fault in the Southern Malawi Rift, East Africa (Figures 1A–C), to understand the pattern of fault growth and strain accommodation in areas of early-stage continental extension. This fault is suggested to be seismogenic and may have hosted the M 6.2 earthquake, 9 km NNW of Salima, Malawi at a depth of about 30.3 km (from USGS earthquake hazard program). In addition, the results of the study provide insight into the seismic hazard of large rift-bounding normal faults.
[image: Figure 1]FIGURE 1 | (A) Simplified tectonic map of the East African Rift systems (EARS). Topographic relief basemap is obtained from GeoMapApp (Ryan et al., 2009), (B) Digital elevation model (DEM) hillshade map of the study area highlighting the surface topography, faults, and sub-basins along the Malawi Rift, (C) DEM hillshade map covering the southern Malawi showing structures in both the Southern Malawi Rift and the Shire Rift Zone further south. The fault traces are obtained from Malawi Rift’s fault database in Williams et al. (2021). The inset shows the shallow syn-rift sediments revealed in outcrops of the Chipalamawamba Beds along the Malombe Graben (Van Bocxlaer et al., 2012).
1.1 Geologic and Tectonic Setting of the Malawi Rift
Eastern Africa has witnessed three phases of tectonic extension during the Phanerozoic. The East African Rift System (EARS) represents the third and currently active phase of extension which began in the Oligocene (Delvaux, 1991; Ebinger and Scholz, 2011; Roberts et al., 2012; Ebinger et al., 2019). The ∼750 km-long N-S trending Malawi rift represents a prominent segment of the EARS (Ebinger et al., 1987; Ebinger et al., 1989), and is located near the southern tip of the magma-poor western branch of the rift system (Figures 1A,B). The Malawi Rift is sub-divided into eight distinct 100–150 km-long grabens and half grabens which exhibit alternating polarities along-strike (Laó-Dávila et al., 2015). Using a complete dataset that incorporated seismic imaging across Lake Malawi and estimation of fault throws and displacements, Scholz et al. (2020) provide an alternative and simpler structural framework than Laó-Dávila et al. (2015) for the Malawi Rift where only three main segments are presented. To the north, the northernmost graben, the “Karonga” or North Basin terminates at the Rungwe Volcanic Province, whereas, the southernmost graben of the Malawi Rift is defined by the Zomba Graben which terminates at a zone of exposed basement extending into the Shire Rift Zone (Kolawole et al., 2021b).
Although the Malawi Rift largely developed during the Cenozoic evolution of the EARS, it is proposed to have propagated southwards based on: 1) the extensive outcrops of Cenozoic syn-rift sequences in the northern basins of the rift which are absent in the south (Delvaux, 2001), and southward thinning of the syn-rift sedimentary cover (Specht and Rosendahl, 1989; Flannery and Rosendahl, 1990), and 2) southward decrease in the throw of border faults with corresponding changes in the seismic depositional facies of the syn-rift sequences (Scholz et al., 2020). However, it is also plausible that the initiation of Cenozoic rifting across the entire length of the Malawi Rift could have been synchronous and that rifting occurs at different rates along the rift length (Ojo et al., 2021). Overall, crustal stretching rates decrease from north (4.5 mm yr−1) to south 1.3 mm yr−1 (Stamps et al., 2008; 2018; 2021). The major graben and some associated major border faults in the Southern Malawi Rift are the Makanjira Graben (Bilila-Mtakataka and Malombe faults), and the Zomba Graben (Zomba and Lisungwe faults).
1.2 The Bilila-Mtakataka Fault
The Bilila-Mtakataka Fault (BMF) is one of the most prominent rift-bounding faults in Southern Malawi Rift, characterized by a steep, clean fault scarp of about 4–15 m height, and was first highlighted in Walshaw (1965) and Dawson and Kirkpatrick (1968) based on its clear topographic expression in topographic relief maps (Figures 2A–E) and in the field (Figures 2F,G). Although the fault has been estimated to be an outstanding >100 km-long continuous normal fault scarp (Jackson and Blenkinsop, 1997; Hodge et al., 2018), the subsurface structure of the fault remains unknown. Based on the large length of the BMF, Jackson and Blenkinsop (1997) proposed the possible control of a thick seismogenic layer on the fault evolution. The BMF is suggested to have developed within a strong lithosphere with an effective elastic thickness of about 30 km (Jackson and Blenkinsop, 1993).
[image: Figure 2]FIGURE 2 | (A) Hillshade map of the study area highlighting the surface topography across the Bilila-Mtakataka Fault (BMF) (B) Simplified geologic map of the study area along the BMF showing the major border showing the various lithologic units and BMF and CNF fault traces (BMF—Bilila—Mtakataka Fault; CNF—Chirobwe—Ntcheu Fault) (C–E) Electrical resistivity profiles across the BMF; (C) shows the location of electrical resistivity (ERT) Profiles 1 and 2; (D) shows Profile 3, and (E) shows the location of Profile 4. (D) Inset: Google Earth© image showing the modern sedimentary geomorphological features in the vicinity of ERT profile 3. (F,G) Field photographs of the deployment and acquisition of ERT profiles across the surface escarpment of the BMF.
The surficial geomorphology of the BMF comprises a metamorphic basement that is composed of fractured and weathered basement rock at near-surface but still intact at depth. It is also made up of a deeper fresh basement, above which the syn-rift sediments accumulate in the hanging wall of the BMF. The sediments are primarily alluvial sediments with colluvial lobes confined to the foot of the fault escarpment (Walshaw, 1965). The sedimentary basin in the hanging wall is a fluvio-lacustrine depositional environment with occasional sediment inundation from 100-year cycles of over-flooding events in Lake Malawi (Dulanya et al., 2014; Dulanya, 2017). The fluvio-lacustrine depositional environment is due to several transverse cutting streams that originate from the elevated footwall areas (e.g., Nsipe-Livelezi Shelf watershed) and flow downslope, across the BMF escarpment into the basin where they either empty into Lake Malawi or join the Bwanje River which is the prominent axial stream draining the Makanjira Sub-basin (Figure 2D). The northward-flowing Bwanje River originates from a watershed in an elevated area near Balaka that marks the southern tip of the BMF, separating the Bwanje valley in the Makajinra Trough from the Liwawadzi Valley in Zomba Graben to the south (Walshaw, 1965).
Hodge et al. (2018) investigated the sub-aerial map-view geometry of the BMF trace and controls of basement fabrics using high-resolution satellite topography data and field measurements. Based on the map-view along-trend changes in fault geometry and the along-fault distribution of vertical surface separation, six segments were identified. These segments consist of Ngodzi, Mtakataka, Mua, Kasinje, Chitsulo, and Bilila geometrical segments. The BMF was suggested to have a scarp height distribution that is likely influenced by the map-view fault geometry, and that the fault geometry developed as an exploitation of the local metamorphic foliations (Hodge et al., 2018; 2019). In this contribution, we describe the surface expression of the sub-aerial BMF trace as a representation of its map-view geometrical segmentation, using the names given by Hodge et al. (2018).
2 METHODOLOGY
In this study, we integrate topographic analysis with geophysical imaging of the subsurface structure along the Bilila-Mtakataka Fault (BMF). We obtain along-fault scarp height and footwall height measurements from one arc-second (30 m spatial resolution) Shuttle Radar Topography Mission (SRTM) elevation data. Scarp height provides the sub-aerial component of recent fault throw, and footwall height provides a measure of sub-aerial component of long-term cumulative fault throw. We utilize aeromagnetic transform techniques to generate a depth-to-magnetic basement map which provides estimates of the subsurface component of long-term cumulative fault throw.
Our sampling points from both the SRTM topographic data and aeromagnetic depth-to-basement are approximately the same along the entire trace length of the fault. At each sample point, the estimated throw represents its relative value across a fault surface, i.e., relative to depth, or its maximum value (Tao and Alves, 2019). Profiles were taken perpendicularly across the fault at every 1 km because the sampling interval/fault length ratio (δ) has to be <0.05 for adequate resolution and to avoid loss of vital information. The δ = 0.05 threshold value is recommended for faults of any scale and profiles should be taken at intervals that are <5% of the total length of fault if they are believed to be segmented (Tao and Alves, 2019). We utilize Electrical Resistivity Tomography (ERT) to investigate the fault zone and assess the lateral variation of local hanging wall stratigraphic architecture along the trend of the fault.
2.1 Scarp and Footwall Height Measurements From Digital Elevation Models
The fault scarp indicates the most recent slip along a normal fault. The scarp heights were extracted and measured from a 30-m resolution Shuttle Radar Topography Mission (SRTM)-Digital Elevation Model (DEM). Fault scarps were outlined and traced from a hillshade map created on QGIS using the SRTM-DEM. The scarp height (h) is the vertical distance of the steepest slope along the local footwall elevation. The vertical distance of the local footwall slope is the local footwall elevation, i.e., the top of the local footwall slope to the top of the local hanging wall within which the fault scarp is hosted (h’; Caskey, 1995; Hornsby et al., 2020). We measured the vertical distance of the footwall between the steepest points along the fault scarps (as shown in Figure 3). The scarp heights and local footwall heights were measured and plotted against fault length to produce a displacement-length relationship. The methodology adopted in this study accounts for variables such as ancient topography, weathering and erosion, and structural irregularities due to the subjective nature of this process and observed irregularities along the fault trace. Our measurements are likely to be underestimated as the escarpment continues up to a higher elevation, however, since it is difficult to constrain the component of paleotopography in the footwall elevation, we take a conservative approach.
[image: Figure 3]FIGURE 3 | (A) Elevation profile across the Bilila-Mtakataka and the Chirobwe-Ntcheu faults. (B) How the minimum throw (T) was estimated from the measured scarp height (h) and corresponding points of extraction for aeromagnetic depth to magnetic basement (d). (C,D) examples of scarp height measurements.
We note that the method of scarp height measurement adopted in this study is different from the methodology used by Hodge et al. (2018; 2019) which adopted a semi-automated approach for extraction of relief height from satellite topography data. Their study measured the “vertical separation” as an estimate of fault throw rather than scarp height. Vertical separation (or surface offset) is distinguished from scarp height in literature (Bucknam and Anderson, 1979). Further, to better capture the full length of the BMF and understand the long-term fault growth, we extended our study to include the northern extents of the BMF fault trace than the extent covered in Hodge et al. (2018). Segments on the scarp height plot along the fault length were classified as part of the fault between two consecutive minima separated by the maximum point between them. Relay zones on the along-fault scarp height plot are classified as flat parts of the fault between two consecutive minima and not separated by any maximum points.
2.2 Estimation of Depth-to-Magnetic Basement From Aeromagnetic Data
To assess the along-fault distribution of subsurface components of fault throw, we estimated the depth to the top of the magnetic basement (d) in the hanging wall of the BMF using 62 m spatial resolution aeromagnetic data from Malawi. The aeromagnetic data were acquired in 2013 (source: Geological Survey Department of Malawi) with 80 m terrane clearance along NE-SW lines with a line spacing of 250 m. Since the primary and dominant magnetic source in the study area is the Precmabrian gneissic basement (Figure 2B), d is taken to be a measure of the depth to the crystalline basement. For our basement depth calculation, we use the Source Parameter Imaging (SPI) transform of the total magnetic intensity (TMI) anomaly grid (Blakely and Simpson, 1986; Thurston and Smith, 1997; Smith et al., 1998).
The SPI formulation assumes a step-type source in which the depth to the top of the magnetic source is an inverse of the peak value of the local wavenumber over the step source.
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where Kmax is the peak value of the local wavenumber K over the step source, T is the Tilt derivative, VDR is the first vertical derivative, THDR is the total horizontal derivative, and M is the total magnetic field anomaly (TMI).
The computation of the SPI depth solutions across a TMI grid involves an initial computation of the local wavenumber from the tilt derivative, then smoothing of the wavenumber grid using a Hanning filter to reduce noise, and finally, localized peak wavenumber detection using a Blakely test (Blakely and Simpson, 1986). Finally, we extracted the values of depth-to-magnetic basement in the hanging wall at a distance of 1 km basinward from the base of the fault scarp at each scarp height sample point (Figure 3). We use the 1 km extraction distance to maintain consistency, since the deepest sections near the BMF segment centers, and shallowest sections in the relay zones commonly occur within this distance from the base-scarp. The estimation of depth-to-magnetic basement from aeromagnetic data has an inferred accuracy of ±20% (Gay, 2009). Thus, we indicate an error bar of ±20% of the measurements in the depth-to-basement scatter plot.
2.3 Estimation of Cumulative Fault Throw and Maximum Displacement along the Bilila-Mtakataka Fault
Fault throw is the vertical component of fault offset between correlative footwall and hanging-wall of the fault (Muirhead et al., 2016; Tao and Alves, 2019). Thus, we estimate the cumulative fault throw as the sum total of both the surface and subsurface components of throw along the fault. To obtain the minimum throw (T) at each sample point along the BMF, we use:
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where h′ is the measured local footwall height, and d is the depth-to-magnetic basement. Along-fault throw-distance plots present a view of fault segmentation which then provides insights into the complex structural evolution of the BMF in terms of its linkage and long-term growth. Therefore, the measured throws along the BMF serve as proxies for the overall displacement along the fault. However, to calculate maximum dip-displacement along the BMF fault plane D, we use dip magnitudes θ measured directly from the electrical resistivity tomography images (section 3.4) and the estimated maximum throw Tmax following the relation:
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Based on pure normal faulting focal mechanism solutions along the BMF (Stevens et al., 2021), we assume a fault-orthogonal slip vector for the BMF. In addition, the lateral projection of clusters of microseismicity at depth beneath the BMF delineates a dip of ∼42° (Stevens et al., 2021), thus expanding the range of our estimated maximum displacement for the fault, considering the possibility of non-planarity of faults at depth. To better understand the long-term growth of the BMF, we compare its displacement-length ratio with those of other well-studied Malawi Rift border faults (Livingstone, Usisya, and South Basin border faults; Figure 1B). For these other border faults, we obtain estimates of their dip, sub-aerial components of throw and dip-displacement from previously published seismic reflection images along Lake Malawi, assuming a normal slip vector for the faults (Specht and Rosendahl, 1989; Scholz et al., 2020; Shillington et al., 2020). The cumulative throws and displacements for these other border faults were estimated by adding the sub-aerial components from seismic data to the surface components of the fault escarpments.
2.4 Electrical Resistivity Tomography of Fault Zone and Local Hanging Wall Stratigraphic Architecture
The BMF is composed of multiple segments as defined by surface scarp height variation and plan-view geometry (this study and Hodge et al., 2018). To characterize the local subsurface electrical structure in the hanging wall of the BMF, we acquired four 2-D electrical resistivity profiles across the segments and their relay zones (Figure 2A). Two of the survey profiles were acquired near the central part of two of the fault segments (ERT Profiles 1 and 4), and the other two profiles were acquired near two of the relay zones (ERT Profiles 2 and 3). The survey transects are oriented perpendicular to the fault trend, extending across the BMF fault scarp at each of the survey locations, except for a section along ERT Profile 3 which is slightly oblique to the fault trend due to land accessibility challenges in the field (Figures 2C–E). Along ERT Profile 3, the fault-oblique section occurs across the fault scarp, whereas the southwestern and northeastern sections of the profile are at higher angles to the fault trend (Figure 2D). At all the survey locations, the profiles extend from the footwall of the fault, across the top and base scarps, and terminate at a considerable distance into the hanging wall (Figures 2F,G).
We utilized a 10 channel Iris Syscal Pro resistivity meter with 72 electrodes and a 10 m electrode spacing along the four profiles (Figures 2H,I). Due to field constraints, three of the profiles (ERT Profiles 1, 2, and 4) were each 710 m-long, and the fourth (ERT Profile 3) was 1,070 m-long (acquired using roll-along sequence). Based on the ERT profile lengths, we consider that the surveys only image the fault zone and electrical stratigraphy of the local hanging wall slope of the fault. Except for ERT Profile 1 at which only the dipole-dipole array was acquired, we acquired both Wenner-Schlumberger and dipole-dipole arrays for all the profiles. The Wenner-Schlumberger array is sensitive to both horizontal and vertical structures, while the dipole-dipole array is good for mapping vertical structures (Loke, 2002).
To obtain a dense dataset with good lateral and vertical resolution, we combined the data from both array types to create a mixed array using Prosys II (Zhou, et al., 2002). Bad data points were culled using the RMS statistics based on preliminary inversion, and the final inversion model results have RMS error <10%. Supplementary Table S1 contains the relevant details of the inversion parameters applied. The data processing and inversion were performed using RES2DINV software (Loke and Barker, 1996) using the smoothness-constrained least-squares method (Claerbout and Muir 1973; deGroot-Hedlin and Constable 1990). The least squares formulation provides a RMS (root-mean-squared) value which is the factor of discrepancy that describes the differences between the logarithms of the measured and calculated apparent resistivity values, such that the RMS error value of a model inversion is the measure of data fit for the inversion. The parameterization of the inversion carried out in our study is provided in Supplementary Table S1 of the supplementary document. We present the results of the 2-D resistivity tomography along with plots of model sensitivity estimates.
The model sensitivity is a measure of the reliability of the inversion model (Loke, 2002). The higher the sensitivity value, the more reliable the model resistivity value and vice-versa (Loke, 2002). We defined low (less than 0.1), medium (values between 0.1 and 2.0), and high (greater than 2.0) sensitivity values for each inversion model (Supplementary Figures S1, S2) and used the model sensitivity to constrain the interpretation of the resistivity sections. Low-sensitivity regions are the shaded polygons in the ERT inverse models (Figures 7–10), and are given less weight in the interpretations.
Although there is no borehole data available in the study area to provide a strong constraint on the inversion profile interpretations, we adopt an “in-context” approach for interpretation, which relies on the tectono-geomorphic setting of the target structure (NE-dipping active normal fault with exposed basement footwall uplift; Figure 2A), the surface locations of the exposed crystalline basement and sedimentary cover along the survey profiles (Figure 2B), and the depositional environment of the basin (humid fluvio-lacustrine setting; Dulanya et al., 2014; Dulanya, 2017). Overall, the typical resistivity values for crystalline basement have a range of 1,000–100,000 Ω-m, and those of unconsolidated sedimentary deposits and weathered basement rocks range 2–1,000 Ω-m (Palacky, 1987; Minsley et al., 2010). We describe <10 Ω-m layers as low-resistivity units, ∼10–600 Ω-m as low to moderate-resistivity units, and ∼600 to >3,000 Ω-m as moderate-to high-resistivity units.
3 RESULTS
3.1 Along-Fault Distribution of Scarp Height (h) and Local Footwall Height (h’)
At the surface, the NW-trending BMF trace is approximately 152 km in length and exhibits plan-view geometrical (Figure 2A) and scarp segmentation (Figure 4). Based on the along-fault distribution of scarp height and local footwall height, the profiles (Figure 4) show that the border fault is subdivided into five scarp segments (Scarp Segments 1–5). Scarp Segment 1 is the northernmost segment along the BMF and it is 57 km long and has a maximum scarp height of 31 m and a maximum local footwall height of 61 m, which clearly contrasts the plan-view geometrical segmentation of this section of the fault (Ngodzi and Mtakataka geometrical segments). Scarp Segment 2 is 20 km in length with a maximum scarp of 25 m and a maximum local footwall height of 56 m. Scarp Segment 3 has a length of 17 km, maximum scarp height of 33 m and maximum local footwall height of 86 m. Scarp Segment 4 which is 15 km long with 20 m of scarp height has 72 m of maximum local footwall height. To the south along the BMF, Scarp Segment 5 has a length of 43 km with scarp height of about 15 m and maximum local footwall height of about 65 m.
[image: Figure 4]FIGURE 4 | Distribution of scarp height (h) and maximum local footwall elevation (h’) versus distance along-strike of the BMF. The “scarp segments” indicate the fault segmentation based on the scarp height minima along the moving median curve. Segmentation based on plan-view fault geometry is from Hodge et al. (2018). Dashed vertical lines show the location of the locations of the moving median minima which is consistent with the transition from one geometrical segment to another. The error bars show 5.6 m absolute error associated with SRTM-DEM in the vertical directions. Note that the vertical scales are different for scarp height and maximum footwall height plots.
We note that the relay zone (zone of transition between segments) between Scarp Segments 4 and 5 shows the greatest magnitude of scarp height minima compared to the other relay zones. Also, we note that in both plan-view geometry (Figure 2) and scarp height distribution (Figure 4), the longest “continuous” segments along the BMF are the northern-most segment (Scarp Segment 1) and the southernmost segment (Scarp Segment 5). In between these two long segments, three smaller segments (Scarp Segment 2, 3 and 4) are found.
Overall, segmentation is generally consistent with the sub-aerial fault trace geometry (from Hodge et al., 2018) except for scarp height segment 1 where our scarp height does not show a pronounced minima between Ngdozi and Mtakataka segments. However, our maximum footwall height distribution shows a slight minima between Ngodzi and Mtakataka segments and based on these we subdivided scarp height segment 1 into scarp height segments 1a and 1b. The broad trends illustrated by the moving median curves suggest that these five sub-aerial segments can be grouped into three large composite segments considering the relative magnitudes of scarp height minima along the profile. These composite segments consist of a northern composite segment (includes Ngodzi and Mtakataka geometrical segments), a central composite segment (Mua, Kasinje, and Chitsulo geometrical segments), and a southern composite segment (Bilila geometrical segment). The scarp height and local footwall height plots show similar but higher magnitudes in both the northern and central composite segments and appear to gently decrease towards the southern end of the border fault system. Whereas, the maximum local footwall height shows the highest values in the central composite segment and somewhat similar magnitudes in the northern and southern composite segments.
3.2 Along-Fault Distribution of Depth-to-Basement
The calculation of depth-to-magnetic basement from the total magnetic intensity aeromagnetic grid (Figure 5A) using the SPI method produced a grid map of the depth solutions (Figure 5B). In general, the SPI map shows <500 m basement depths which increases westward towards the BMF escarpment and shallows eastward towards the Shire Horst to the southeast and Lake Malawi to the northeast (Figure 5B). The shallowing of the basement is most pronounced in the southeast, along the Chitsulo and Bilila segments where the width of sediment cover in the BMF hanging wall is narrow (<7 km-wide) compared to 8–28 km-wide regions further north along the Mtakataka-to-Kasinje segments. We note the presence of a prominent narrow region of shallow basement (∼120 m) that extends southwest from the Shire Horst into the relay zone between the Kasinje and Chitsula segments of the BMF (Figure 5B). In comparison to the other relay zones along the BMF, this relay zone exhibits the shallowest basement. In addition, the narrow region of shallow basement marks the transition from the southern BMF hanging wall region with narrow sedimentary cover to the northern BMF hanging wall region with wider sedimentary cover (Figure 5B).
[image: Figure 5]FIGURE 5 | (A) Hillshade map of the study area overlaid with the Total Magnetic Intensity (TMI) aeromagnetic grid, (B) Hillshade map of the study area overlaid with the grid of depth-to-basement solutions estimated from aeromagnetic data, using the Source Parameter Imaging (SPI) technique.
Along the BMF, the extracted basement depth values show a distribution that roughly mimics the general trend of the maximum local footwall height (Figure 6). The values are highest near the center but decrease to ∼180 m near the northern fault tip and ∼100 m near the southern tip. We observe two prominent minima along the moving median curve: one at distance ∼42 km, and the other at distance 100 km, thus delineating three large segments which are consistent with the composite segments of the scarp height fitting curve except for the Northern Segment. We refer to these large segments as the Northern Segment (extending between distance 0–40 km; 0–57 km for scarp height fitting curve), Central Segment (distance 45–100 km), and the Southern Segment (distance 105–150 km). The basement attains a maximum depth of ∼460 m in the Northern Segment, ∼500 m in the Central Segment, and ∼460 m in the Southern Segment (Figure 6).
[image: Figure 6]FIGURE 6 | The distribution of cumulative minimum throw estimate based on the addition of depth-to-basement, d and maximum local footwall height, h’ at each sampling point along-strike of the fault trace. The error bars on the d data represents ±20% accuracy of depth-to-magnetic basement estimates from potential fields data (Gay, 2009), and those on the h’ measurements is 5.6 m absolute vertical error of the Shuttle Radar Topography Mission (SRTM) DEM. The dashed lines with arrow-heads indicate the locations of throw minima delineating the large-scale relay zones (i.e., segmentation zones) along the fault.
3.3 Along-Fault Distribution of Cumulative Throw, T
We estimated the minimum cumulative throw, T, at each sampling point to produce a distance-throw plot along the BMF by adding the maximum local footwall height and SPI depth-to-basement results (Figure 6). The fitting curve of the moving median of minimum cumulative throw shows a similar trend as those of both the depth-to-basement and maximum local footwall height, consistent with the delineation of three large segments along the BMF (Figure 6). Overall, the maximum T along the fault is ∼560 m, located near the center of the entire fault system. The minimum T estimates are ∼120 m at the southern tip of the fault and ∼190 m near the northern fault tip. However, the Northern Composite Segment shows a maximum T of ∼500 m, the Central Composite Segment ∼560 m, and the Southern Composite Segment ∼480 m. We consider that the smaller lobes on the throw-distance distribution plot could be data artifacts from either the SPI transform, the moving median fitting curve, or may be possibly representative of early-growth sub-segments of the fault, and that the broader lobes are more representative of the long-term fault growth.
3.4 Subsurface Electrical Resistivity Structure
In general, the ERT Profiles 1 to 4 (Figures 7–10) commonly show three geoelectrical layers that are truncated and offset by sub-vertical discontinuities. On each profile, the most prominent among the sub-vertical discontinuities is colocated with the base of the BMF escarpment at the surface. The relative sensitivity of the inverse models is mostly composed of model blocks of medium and high sensitivities, particularly within the upper 40 m interval (Supplementary Information S1). Also, the regions with high resistivity values compared to the surrounding regions generally show low sensitivities (Supplementary Information S1).
[image: Figure 7]FIGURE 7 | (A) Inverse model of the ERT Profile 1 acquired near the center of Scarp Segment 1 (Ngodzi) in the north-western section of the Bilila-Mtakataka Fault (BMF) (Figure 2C). The white transparent polygons are areas of low model sensitivity (Supplementary Figure S1A). (B) Geologic model and interpretation of the resistivity model.
ERT Profile 1 was acquired near the center of Scarp Segment 1 (Ngodzi) in the north-western section of the BMF (Figure 2C) and shows three geoelectric layers (Figure 7). The topmost layer is a ∼10 m thick laterally-continuous layer dominated by low-to moderate-resistivity values (∼10–100 Ω-m). This layer overlies a 120 m-thick layer that is dominated by generally low-resistivity zones (<10 Ω-m). The third and basal geoelectric layer appears to be a moderate-to high-resistivity layer (>1,000 Ω-m) that extends up to the near-surface in the northwestern part of all the profiles where it is confined to the footwall of the BMF escarpment. However, we note that the model sensitivity is low in the basal part of the model.
ERT Profile 2 (Figure 8) was acquired near the zone of segmentation (relay zone) between Scarp Segments 1 and 2 (transition from Mtakataka to Mua geometrical segments) in the northwestern section of the BMF (Figure 2C). The inversion model shows three geoelectrical layers with a 20–40 m-thick topmost layer dominated by ∼10–300 Ω-m resistivity anomalies, which appear to mimic the electrical character of the topmost layer in ERT Profile line 1. This topmost layer is underlain by a ∼100 m-thick low-resistivity (<10 Ω-m) layer, which is underlain by a basal layer of elevated resistivity values (>30 Ω-m). Similar to ERT Profile 1, the footwall of the BMF scarp is dominated by high-resistivity anomalies (>1,000 Ω-m).
[image: Figure 8]FIGURE 8 | (A) Inverse model of the ERT Profile 2 acquired near the zone of segmentation (relay zone) between Scarp Segments 1 and 2 (transition from Mtakataka to Mua geometrical segments) in the northwestern section of the Bilila-Mtakataka Fault (BMF) (Figure 2C). The white transparent polygons are areas of low model sensitivity (Supplementary Figure S1B). (B) Geologic model and interpretation of the resistivity model.
ERT Profile 3 (Figure 9) was acquired at the relay zone in-between Scarp Segments 3 and 4 (transition from Kasinje to Citsulo geometrical segments) in the central section of the BMF (Figure 2). The inversion result of this profile contrasts with the other ERT profiles in that it shows a complex geoelectrical model in which the top of the basal high-resistivity layer defines a gently-dipping (not sub-vertical) slope that is colocated with the base of the BMF scarp. The top-most geoelectric layer is characterized by low-to moderate-resistivity (10–60 Ω-m) and has a thickness of 20–40 m which thickens to at least 70 m basinward (near the far eastern end of the profile). This shallow layer overlies a thicker interval (∼110 m) defined by discrete bodies of moderately resistive bodies (60–300 Ω-m) hosted within a ∼60 Ω-m background resistivity anomaly. Similar to other profiles, the basal geoelectric layer is composed of high resistivity values (>1,000 Ω-m), extends into and dominates the footwall of the BMF. ERT Profile 4 (Figure 10), acquired near the center of the Scarp Segment 5 (Bilila geometrical segment) in the southernmost section of the BMF, is generally characterized by low-resistivity zones (<30 Ω-m) in the hanging wall of the BMF scarp and very high-resistivity zones in the footwall of the scarp. The BMF scarp is colocated with a strongly subvertical discontinuity that extends across the inversion model.
[image: Figure 9]FIGURE 9 | (A) Inverse model of the ERT Profile 3, acquired at the relay zone in-between Scarp Segments 3 and 4 (transition from Kasinje to Citsulo geometrical segments) in the central section of the BMF. The white transparent polygons are areas of low model sensitivity (Supplementary Figure S2A). (B) Geologic model and interpretation of the resistivity model. The inversion model and interpretation reflects a low angle fault plane along the BMF because the survey profile was acquired at an oblique angle to the strike of the fault scarp due to land accessibility challenges encountered on the field.
[image: Figure 10]FIGURE 10 | (A) Inverse model of the ERT Profile 4, acquired near the center of the Scarp Segment 5 (Bilila geometrical segment) in the southernmost section of the BMF. The white transparent polygons are areas of low model sensitivity (Supplementary Figure S2B). (B) Geologic model and interpretation of the resistivity model.
The inversion results for ERT Profiles 1 and 2 show a 75° dip angle for the BMF electrical gradient (Figures 7, 8), whereas a 70° dip angle is observed on ERT Profile 4 (Figure 10). These are useful estimates of shallow crustal dip of the BMF, considering that the profiles are orthogonal to the fault trend. Based on a 560 m maximum throw along the BMF, and dips of 70–75° from ERT and 42° from deep microseismicity clusters, we estimate the maximum dip displacement to range between 837 m (upper bound), 580 m (lower bound), and a median of 596 m (Figure 11). Further north along the Malawi Rift (Figure 1B), the Livingstone border fault records a maximum displacement of ∼7.4 km, Usisya border fault records ∼7.3 km, and South Basin Border Fault records ∼3.85 km (Figure 11; Specht and Rosendahl, 1989; Scholz et al., 2020; Shillington et al., 2020).
[image: Figure 11]FIGURE 11 | Fault length trace along strike against maximum displacement relationship. The figure shows the stages of strain evolution (I–VII) the Bilila-Mtakataka (BMF) fault is compared with Livingstone Fault (LF) Usisya Fault (UF) and South Basin Border Fault (SBBF) (Specht and Rosendahl, 1989; Scholz et al., 2020; Shillington et al., 2020) and the tendency for the faults to still accumulate more strain. The arrow lines show the path a fault would follow at different stages (I–VII) as it grows and evolve from initiation to termination (lengthening phase (horizontal arrows); isolated fault initiation and displacement accrual phase (vertical arrows); transition between the normal fault growth phases (I–VI); and at stage VII, fault becomes inactive. The global D-L plots were modified from Kim and Sanderson, (2005) and Pan et al. (2020).
4 DISCUSSION
4.1 Integration of Topographic and Subsurface Observations Along the Bilila-Mtakataka Fault Zone
The results of this study reveal a distinct difference in the segmentation pattern observable along the surface trace of the BMF (i.e., scarp and geometrical segmentation; Figure 4) and the segmentation pattern shown by the along-fault distribution of depth-to-basement (Figure 6). Faults usually initiate as isolated fault segments which evolve over time through fault growth and linkage of the isolated fault segments into larger faults (Jackson and Rotevatn, 2013; Childs et al., 2017). As the faults grow through linkage and interactions between the isolated segments, the magnitude of displacement and throw along the resulting fault become cumulative and change over time. The longer the time that has passed since isolated fault segments linked up, the harder it is to identify all the different segments that make up the fault. Thus, different tiers of segmentation along a fault may develop due to the various stages of growth and history of the fault (Jackson and Rotevatn, 2013). As such, the lower tier of segmentation associated with recent surface-rupturing fault offsets (observable along surface fault traces) may not necessarily mimic the higher tier of segmentation associated with long-term fault growth and is observable in the along-fault distribution of cumulative fault offset.
For this study, our scale of observation encompasses the entire length of the fault and maximum vertical offset of the pre-rift basement, thus providing a robust basis for the tier/classification of the segments. The geometrical segmentation shows six segments (Figure 4; Hodge et al., 2018) and scarp segmentation shows five segments (Figure 4), whereas the depth-to-basement and overall cumulative throw segmentation show three segments (Figure 6). Since the cumulative throw is most representative of the long-term displacement pattern along a fault, we posit that the subsurface component of displacement should not be ignored in the investigation of fault zone structure and segmentation as it can contrast observations at the surface. We argue that fault segmentation that is based on scarp height and surface fault trace geometry are more representative of the patterns of most recent coseismic surface rupturing events along the fault. As such, segments with overlapping rupture patches associated with multiple episodes of coseismic surface rupture may show significant cumulative scarp height which may not necessarily be representative of the longer-term displacement history of the other fault segments.
However, we note that although local footwall height (h’) is also part of the subaerial component of fault displacement (Figure 3), the similarity of its long-wavelength segmentation pattern with that of depth-to-basement (Figure 6) suggest that the h’ may preserve some information on the long-term displacement pattern along a fault. In essence, our results suggest that for evolving normal faults such as the BMF, the geometrical complexity observed along their surface fault trace might not always be present at depth.
At the scale of the Makanjira Sub-basin (i.e., western branch of the Malawi Rift), the map of depth-to-basement shows that the hanging wall of the BMF exhibits a much wider and deeper zone of subsidence in the northern and central sections than in the south (Figure 5B). The zone of transition between both regions is marked by a shallowly buried pre-rift basement. This shallowly buried basement also coincides with the footwall of the Bwanje Fault, an antithetic fault within the hanging wall of the BMF (Figure 2A). Overall, we interpret this “top-basement” topography to represent a partitioning of depocenters along the BMF hanging wall in which the depocenters in the northern/central sections were once separated from those in the south by a basement-high. This basement-high has not been significantly buried since the coalescence of the northern/central and southern depocenters. This interpretation is supported (or at least not contradicted) by the relatively shallow basement and distinct hanging wall electrical stratigraphy of ERT Profile 3 (acquired near the transition zone) which contrasts those of the other profiles.
4.2 Evolution of Segmentation and Linkage Along the Bilila-Mtakataka Fault
The along-fault distribution of cumulative throw provides insight into how tectonic processes might have contributed to the present-day architecture of normal faults. Our results show the BMF is characterized by a series of relay zones (defined by throw minima) among which the most prominent are those located between the three composite segments (Figure 6). The lateral continuity of the fault scarp (Figure 2A) as well as the continuity of offset along the entire fault (Figure 6) indicate that the relay zones have been breached and that the composite segments are hard-linked. However, among the two major relay zones, the relay zone connecting the Central and Southern composite segments (Kasinje-Chitsulo relay zone in Figure 4) has the least cumulative throw (Figure 6), suggesting that it has not accommodated significant long-term tectonic strain post-linkage of the composite segments.
At the surface, the base of the BMF escarpment (mountain front) is covered by floodplain deposits of the Bwanje River (axial stream) and incised alluvial fan deposits of transverse streams flowing down from the footwall of the BMF (e.g., Figure 2D). This is consistent with observations in the outcrops of the Quaternary Chipalamawamba Beds nearby in Malombe Graben (Figure 1C; Van Bocxlaer et al., 2012) where axial stream alluvial deposits overlay a deeper unit of lacustrine origin. This deeper lacustrine unit is possibly associated with infrequent flooding of Lake Malawi which deposited thick clay-rich sediments into the southern branches of the Malawi Rift (Dulanya et al., 2014; Dulanya, 2017). Most of our resistivity profiles commonly show a general geoelectric stratigraphy in which a shallow low-to moderate-resistivity layer is underlain by a deeper and relatively thicker low-resistivity layer within the syn-rift sedimentary cover, consistent with geoelectrical stratigraphy onshore of Lake Malawi in the northern Malawi Rift (Kolawole et al., 2018). We interpret that the ubiquitous deep-seated low-resistivity geoelectric layer within the syn-rift stratigraphy represents clay-rich lacustrine sediments deposited during an episode of flooding of Lake Malawi, and that the topmost low-to moderate-resistivity layer represent floodplain deposits of the axial streams and incised alluvial fan deposits.
In contrast, the local hanging wall geoelectrical stratigraphy at the Kasinje-Chitsulo relay zone (ERT Profile 3; Figures 9A,B) shows a deep sedimentary geoelectric layer that hosts 100–300 Ω-m discrete bodies within a background of 32–100 Ω-m, interpreted to be colluvial deposits of less-weathered basement material dispersed within a mountain front alluvial fan stratigraphy (Figure 2D). The absence of this unique electrical stratigraphy in the other ERT profiles (this study and onshore of northern Lake Malawi) suggests that this relay zone is, perhaps, a major long-lived entry point for alluvial and colluvial sediments sourced from the BMF footwall into the Makanjira Trough sub-basin.
Based on these observations, and the collocation of this relay zone with the zone of transition between the northern/central and southern BMF depocenters, we infer that the Central-to-Southern composite segment relay zone is likely the most recently breached relay zone along the BMF. It is possible that after the nucleation of the three composite BMF segments, the northern and central composite segments linked first and continued to localize strain which facilitated the early coalescence of their depocenters. It is also likely that progressive offset on the antithetic faults within the BMF hanging wall (e.g., Bwanje Fault) further amplified the subsidence and broadening of the northern and central BMF depocenters (Figure 5B). In addition, the results of our study suggest that the Southern Composite Segment has accommodated the least cumulative offset and thus, long-term tectonic strain relative to the other composite segments along the BMF. Thus, we interpret that the BMF segments have been accruing vertical offset over the fault life so far, a portion of the long-term faulting activity has been dominated by the breaching of relay zones and linkage of the fault segments leading to the large-scale lengthening of the BMF.
4.3 Implications for Strain Localization During Early-Stage Rifting and Associated Earthquake Hazards
Various studies have investigated the magnitudes of cumulative displacement that a border fault may accommodate before it becomes mechanically incapable of accommodating more strain (Scholz and Contreras, 1998; Goldsworthy and Jackson, 2001; Ebinger, 2005; Corti, 2009; Muirhead et al., 2016, 2019). During this period, the border faults accrue throws greater than 1 km and induce extension within their hanging walls, which is then accommodated by the localization of intra-rift faults as slip rates of border faults progressively reduce (Muirhead et al., 2016). However, it has been shown that pre-existing structures may localize tectonic strain along the rift axis during the early stages of rifting prior to significant displacement accrual on the border faults (Wedmore et al., 2020; Kolawole et al., 2021a). The Malawi Rift has been proposed to have propagated southwards (e.g., Scholz et al., 2020); which implies that the border faults in the south (such as the BMF) may be relatively less developed than those in the northern sections of the rift, and that a comparison of the long-term displacement on the northern and central Malawi Rift faults with the BMF may provide a template for understanding the future growth of the BMF.
Further north along the Malawi Rift (Figure 1B), where the intra-rift faults account for a significant portion of the overall tectonic strain (Shillington et al., 2020), the 170 km-long Livingstone, 140 km-long Usisya, and the 162 km-long South Basin border faults record significant maximum displacements (∼7.4, ∼7.3 and ∼3.85 km respectively; Figure 11) (Specht and Rosendahl, 1989; Scholz et al., 2020; Shillington et al., 2020). It is possible that these faults may have reached their maximum displacements and might no longer be accommodating increasing strain as seismic slips (Cowie et al., 2005). Nevertheless, we note that the Livingstone, Usisya, and South Basin Border Faults have similar fault lengths as the BMF (Figure 11).
Considering the empirical displacement-length ratio relationships for normal faults (Figure 11; Kim and Sanderson, 2005; Pan et al., 2020), the BMF should have a similar magnitude of maximum cumulative displacement as the northern and central Malawi Rift border faults with which it has comparable lengths, but this is not the case (Figure 11). Based on the integration of both the subsurface and subaerial components of fault offset and dips from ERT and microseismicity cluster, we estimate the maximum displacements along the BMF to be ∼580–837 m (median of 596 m), which are significantly exceeded by those of other Malawi Rift border faults and global normal faults of equivalent length. Thus, we suggest that the BMF is in fact an under-displaced border fault. Furthermore, we posit that this discrepancy in the displacement-length ratio implies that large magnitude seismic activity along the BMF is possible because there is still room for displacement to be accumulated before the border fault potentially becomes inactive as it progressively attains the displacement-length ratio of the larger-offset northern and central Malawi border faults.
Also, considering the mathematical expression for the fault displacement-length relationship (D = CLn), the direct proportionality of these two attributes of the fault is dependent on the constant C, which could be influenced by factors such as lithology, rheology, strain rate and direction of tectonic stretching, and strain inhibition or transfer to neighboring pre-existing or subsequent structures (Bergen and Shaw, 2010). In the case of the BMF, we speculate that its under-displaced history could be a result of strain inhibition by and/or distributed transfer of strain to its synthetic Chirobwe-Ntcheu Fault, the southern sections of the South Basin Border Fault, and the Malombe Fault (prominent fault in the Malombe Graben east of the BMF; Kolawole et al., 2021b; Figure 1C). In addition, we speculate that Malombe Graben could probably be an equally or more active branch of the Malawi Rift and therefore may be accommodating most of the recent strain.
Furthermore, we estimate strain rates along the BMF as a function of cumulative strain (cumulative displacement) against time (initiation of rift faulting at 23 Ma; Van Der Beek et al., 1998; Mortimer et al., 2016; Ojo et al., 2021) using the relationship strain rate = displacement/time. The BMF has lower strain rates (0.025 mm/yr) compared to the most prominent and larger offset border faults along the Malawi Rift which include the Livingstone Fault (0.32 mm/yr), Usisya Fault (0.31 mm/yr), and the South Basin Border Fault (0.20 mm/yr). We suggest that the disparity in displacement may also be due to a combination of lower strain rate of the BMF compared to the Livingstone Fault, Usisya Fault and South Basin Border Fault, the difference in the normal fault growth model, and to inherited heterogeneities of the crust (Williams et al., 2021 preprint).
The presence of potentially recent linkage of composite segments along the BMF indicates a history of prolonged coalescence and offset accrual within the composite segments and a delayed fault lengthening by linkage and coalescence of the composite segments. Thus, we consider a model whereby the BMF could have evolved through alternating stages of lengthening and displacement accrual demonstrating the hybrid fault growth model (Figure 11; Pan et al., 2020) and/or by fault segment linkage (Peacock, 1991; Peacock and Sanderson, 1991; Cartwright et al., 1995; Peacock et al., 2017).
5 CONCLUSION
We integrated SRTM-DEM, electrical resistivity tomography, and aeromagnetic methods to investigate the architecture, cumulative throw distribution, and maximum displacement along the Bilila-Mtakataka Fault (BMF). The results show that although the BMF has attained a possible maximum length similar to the other prominent border faults along the Malawi Rift and global normal fault populations, it has significantly lower cumulative displacement. We provide evidence suggesting “recent” linkage and coalescence of the composite segments of the BMF, indicating that much of the fault life has been spent on the coalescence and offset accrual within the composite segments and a delayed fault lengthening by linkage and coalescence of the composite segments. In essence, the BMF is an under-displaced border fault. Our observations highlight the potential for large magnitude seismic activity along the BMF because there is still room for displacement to be accumulated before the border fault potentially becomes inactive, and it progressively attains the displacement-length ratio of the larger-offset northern and central Malawi border faults.
In a wider context, the multidisciplinary research approach used in this study is useful for investigating the long-term and short-term structural and tectonic evolution of active normal faults in early-stage continental rift settings such as the Malawi Rift. The research approach is especially useful in regions where geological and environmental conditions are unfavorable for the preservation of short-term tectonic indicators [e.g., Rhine Graben and Andean Pre-Cordillera of Western Argentina (Megharoui et al., 2000; Fazzito et al., 2009)].
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The discovery and characterization of layered intrusions around the globe have been predicated to a large degree on the imaging capabilities of the reflection seismic method. The ability of this tool to detect mineralization zones and structural controls such as faults and folds has been critical in unlocking the economic potential of igneous complexes, most notably the Bushveld Complex in South Africa. In this study, we present novel seismic constraints on the lesser-known Trompsburg Complex in South Africa. Two yet-unpublished seismic profiles were conducted end-to-end in the early 1990s, with a southwest-to-northeast trend through the centre of the ∼2,400 km2 Trompsberg potential field anomaly in South Africa, attributed to a 1915 ± 6 Ma buried layered intrusion complex. The complex was first detected by magnetic and gravity measurements near the town of Trompsburg in 1939 and was subsequently confirmed as a layered intrusion by borehole cores drilled thereafter. The combined length of the two profiles is 108 km. Both profiles have been reprocessed and interpreted to further constrain the subsurface expanse of the Trompsberg Complex along the seismic traverse. Processing and interpretation of the seismic profiles were aided by a handful of studies found in the literature: stratigraphy and physical property measurements of borehole cores that were drilled into the complex in the 1940s; pre-Karoo (∼317 Ma) lithological maps that were constructed based on boreholes in and around the investigation area; and potential field maps of the intrusion area near the town of Trompsburg. Most of the seismic reflection energy is concentrated within the top 1 km in both profiles, where localized reflectors with strong amplitudes are observed, due likely to the dolerite sills that permeate the Karoo cover. These sills obstruct seismic illumination of underlying structures due to their high acoustic impedance contrast with the surrounding soft rock sediments, rendering underlying reflections challenging to identify and enhance. The base of the Karoo is confidently identified to be at an average depth of 1.5 km and several reflection packages have been identified thereunder. These are linked to Proterozoic supracrustals associated with the Witwatersrand, Ventersdorp, Transvaal/Griqualand West, and Kheis Supergroups, as well as the Trompsburg Complex that intruded into them. The geometry of the Trompsburg Complex along the seismic traverse has been constrained with a moderate degree of confidence. It comprises a series of 30° northeasterly dipping reflectors near its southwestern boundary, flat reflectors near its centre at the town of Trompsburg, and 45° southwesterly dipping reflectors near its northeastern boundary. The lateral sub-Karoo extent of the complex is 60 km and its total thickness is difficult to constrain due to lack of deep reflections, but is likely between 6.6 and 7.5 km. The complex subcrops against the Karoo cover except near the southwestern region, where it is overlaid by Waterberg Group sediments.
Keywords: reflection, seismic, 2D, Trompsburg complex, hardrock, South Africa
INTRODUCTION
The reflection seismic method has been used extensively for, among others, mineral exploration and hardrock prospection (e.g., Pretorius, 1986; Durrheim, 2015; Manzi et al., 2019; Malehmir et al., 2021). Challenges presented by these environments are related to complex wavefield phenomena, such as scattering and diffraction, which are caused by sharp discontinuities, heterogeneities and anisotropies in the seismic velocity and density fields. Complex layering of rocks, metamorphic scars, and structural constraints that typify the hardrock setting hinder seismic detection and interpretation (Pretorius et al., 2003; Buske et al., 2015). Despite these challenges, the robustness of this method in imaging the subsurface with unprecedented accuracy and resolution renders it exceedingly valuable in the exploration and mining industry. In particular, structural constraints on mineral deposits and host rocks associated with igneous plumbing systems have been successfully mapped using the reflection seismic approach across diverse sets of geological, tectonic, and geomorphological environments (e.g., Scheiber-Enslin and Manzi, 2018; Manzi et al., 2019; Sehoole et al., 2020).
In South Africa, a substantial portion of the world-class gold and platinum deposits were characterized using the reflection seismic method prior to their exploitation. Such projects included the vast amount of corporate-funded seismic surveys that targeted the Bushveld Igneous Complex, the world’s largest layered igneous intrusion, now accountable for 90% of the world’s platinum group matals (PGM) reserves, as well as its substantial contribution to production of chromite and palladium. In this study, the reflection seismic method is used to image complex lithostratigraphic and structural features of the ∼1915 Ma layered igneous intrusion in South Africa called the Trompsburg Complex, named after the town located at its centre (Figure 1).
[image: Figure 1]FIGURE 1 | Geological (A) and potential field maps, gravity in (B) and magnetic in (C), of the Trompsburg anomaly with seismic profiles P1 (RT-376) and P2 (RT-351) overlaid in black and blue, respectively. Profile CMP numbers are labelled every 500th CMP. Boreholes are labelled 1 through 6 in the NW and X in the centre, corresponding to boreholes TG1 through TG6 and TGX, respectively. BIC, Bushveld Igneous Complex.
Following the discovery of the positive, 50-km-wide Trompsburg gravity anomaly in 1944 near the town of Trompsburg, South Africa, several efforts were made to investigate the geology lying beneath the overlying sedimentary cover of the Carboniferous to Jurassic Karoo basin. Gravimetric and magnetometric surveys were conducted, followed by the drilling of seven exploration boreholes into the centre and northwestern rim of the geophysical anomaly, where the magnetic map of the anomaly exhibited concentric arcs of high amplitudes (Figure 1). The results of these surveys were initially documented by Ortlepp (1959) and Buchmann, (1960), which revealed a series of layered igneous intrusions beneath the Karoo cover, leading both authors to conclude the presence of a buried igneous complex. The former suggested an average total thickness of 3 km for the complex, and the latter a thickness of 10 km. The six boreholes in the northwestern region of the anomaly revealed several layers of mafic intrusions, including gabbros, anorthosite and magnetite, beneath the Karoo sedimentary rocks and dolerite sills, while the borehole near the centre of the anomaly only intersected granite beneath the Karoo.
Significant amounts of magnetite were observed within the layered intrusions, prompting multiple studies into the economic potential of the complex (Logan, 1979; Reynolds, 1979). Such studies revealed strong mineralogical and chemical correlations between the Trompsburg Complex and regions of the Bushveld Igneous Complex, suggesting the former to be a satellite intrusion of the latter (McCarthy et al., 2018). However, Rb-Sr isotopic and zircon dating of core samples from the Trompsburg Complex by Maier et al. (2003) yielded an age of 1915 ± 6 Ma, ∼140 Ma younger than the crystallization of the Bushveld Igneous Complex at 2056 ± 4 Ma (cf. Walraven and Hattingh, 1993; Buick et al., 2001), and a derivation from a different, relatively depleted mantle source (Maier et al., 2003). McCarthy et al. (2018) comment on the striking similarity of lithologies between the two complexes and suggest that redating of the Trompsburg Complex should be undertaken.
The first attempt at a 3D model of the Trompsburg Complex was made by Maré and Cole (2006) based on physical property measurements they had conducted on retrieved core from the 1960 exploration boreholes. Density and magnetic susceptibility measurements conducted on the core samples were used to forward model the potential field anomaly of the Trompsburg Complex. Their model comprises an 8-km-thick layered intrusion with an average diameter of 65 km and an 8 km thick central feeder, totaling a thickness of 16 km near the centre of the complex. While the modelled potential field data correlate well with the observed field data, Maré and Cole (2006) Stress the ambiguity of potential field modelling, which in their study was exacerbated by the restriction of constraining borehole data to the centre and NW region of the complex. No further geological or geophysical investigations into the structure of the Trompsburg Complex have been conducted to verify or constrain its three-dimensional extent.
In the late 1980s and early 1990s, AngloGold Ashanti Ltd., then the Gold Division of the Anglo-American Corporation, commissioned several 6 and 16 s 2D seismic profiles to map crustal-scale structures across the Kaapvaal Craton in search of gold-bearing Witwatersrand Supergroup outliers (Durrheim, 2015). Most of these data have been donated to the Seismic Research Centre at the University of the Witwatersrand, South Africa, for crustal and mineralogical research. Since their acquisition, a handful of these profiles have been published in the literature (e.g. Stettler et al., 1999; Tinker et al., 2002; Westgate et al., 2020; Westgate et al., 2021), but many remain unpublished. Amongst the undisclosed surveys are two 6 s profiles that traverse the centre of the Trompsburg Complex with a SW-NE bearing (shown in Figure 1), namely profiles RT-376 in the SW and RT-351 in the NE. For simplicity, we refer to profiles RT-376 and RT-351 throughout the rest of this paper as P1 and P2, respectively. We have reprocessed these profiles separately using a standard reflection processing flow to obtain a migrated image of the subsurface that extends to a depth of ∼15 km. Our reprocessing and interpretation of the seismic profiles have been informed by the aforementioned borehole and physical property studies, as well as geophysical and geological maps in the literature.
The primary objective of reprocessing the two seismic profiles is to image structural features beneath the Karoo sediments and dolerites that are related to the Trompsburg Complex. Secondary objectives include constraining the Karoo cover thickness and investigating pre-Trompsburg structures beneath the Karoo.
REGIONAL GEOLOGY AND GEOPHYSICS
Seismic profiles P1 and P2 are plotted on surface geology, gravity, and magnetic maps in Figure 1. The Trompsburg Complex manifests as a 50-km-wide circular anomaly in both geophysical maps whose circumference intersects P1 at common midpoint (CMP) 2000 in the SW and P2 at CMP 760 in the NE. The magnetic map exhibits concentric arcs of high amplitudes in the NW that taper off in the NE and SW regions, and the overall magnetic signature of the complex is weaker in the SE.
The surface geological map in Figure 1 consists entirely of ∼360–145 Ma Karoo Supergroup rocks, which comprise basal tillite from the Carboniferous Dwyka Group, shale from the Permian Ecca Group, mudstone and sandstone from the Permian to Triassic Beaufort Group, and dolerites from the Karoo Dolerite Suite (KDS), which intruded the Karoo following crustal rupture around 182 Ma under an extensional regime. These dolerite dykes and sills permeate most of the Karoo Supergroup. They typically exhibit saucer-shape geometry and vary in size from a few centimeters to hundreds of meters thick (Coetzee and Kisters, 2016). Scheiber-Enslin et al. (2014; 2021) noted the effect of the KDS on the seismic imaging of structures located thereunder; in regions where dolerite sills were located, a lack of seismic illumination was observed in the traces within these regions. This lack of illumination is likely due to a strong reflection coefficient along the boundary of the weathered overburden and the high-density sills (Elde et al., 2018; Scheiber-Enslin et al., 2021). The seismic profiles traverse exclusively the sandstones from the Adelaide Subgroup of the Beaufort Group, as well as various dolerite outcrops from the KDS.
Due to lack of outcrop as well as ∼1.5 km thick Karoo cover, mapping of sub-Karoo geology in the Trompsburg area has been inferred primarily from geophysical maps and boreholes (Borchers, 1964; Stratten, 1970; Pretorius, 1986; McCarthy et al., 2018). A sub-Karoo map of the southern Kaapvaal Craton was created by McCarthy et al. (2018) that details proposed extents of sub-Karoo lithologies with varying degrees of confidence. In their analysis, 22 boreholes were used to construct the sub-Karoo map in the region of the Trompsburg Complex. A simplified version of this map is shown in Figure 2 with seismic profiles P1 and P2 overlaid.
[image: Figure 2]FIGURE 2 | Sub-Karoo Supergroup map of the study area with seismic profiles P1 (RT-376) and P2 (RT-351) overlaid. Modified after McCarthy et al. (2018). Gp, Group. SGp, Supergroup.
Lying on the Archaean granite basement are quartzites, shales and diamictites that were intersected by boreholes to the east and NE of the Trompsburg Complex. Based on borehole correlations and zircon dating of the core samples, McCarthy et al. (2018) interpreted these as belonging to the West Rand and Central Rand Groups of the Archaean Witwatersrand Supergroup (2.9–2.7 Ga), which collectively compose the Colesburg Basin in the study area.
Sandwiched between the Witwatersrand and overlying rocks are the basalts and more localized quartzites and mafic units that comprise the late Archaean Ventersdorp Supergroup in the study region. McCarthy et al. (2018) note that these predominantly basaltic rocks underlie most of the Transvaal Supergroup across the Kaapvaal Craton and are present in boreholes ∼50 km SW of the centre of the Trompsburg complex, just off the southernmost extent of seismic profile P1. According to the pre-Karoo map in Figure 2, the Ventersdorp rocks do not subcrop against the Karoo cover. They are thus expected to pinch out somewhere along the traverse of the seismic profiles before the Witwatersrand metasediments subcrop near the NE end of the profile (Figure 2).
The Neoarchaean-Paleoproterozoic Transvaal Supergroup (2.65–2.05 Ga) overlies the Witwatersrand and Ventersdorp Supergroups. In our study area, the Supergroup is confirmed by boreholes to be composed of dolomites and BIFs of the Chuniespoort Group, and basalts of the Pretoria Group. Two of the outer boreholes drilled into the Trompsburg geophysical anomaly intersected dolomites that Ortlepp (1959) first interpreted as belonging to the Transvaal Supergroup, which is now generally accepted. McCarthy et al. (2018) note that the BIFs are responsible for a strong v-shaped magnetic signature south of Trompsburg and infer from the anomaly shape that these formations are part of a NE plunging syncline.
The only pre-Karoo stratigraphic units observed in the area that are potentially younger than the 1915 ± 6 Ma Trompsburg Complex belong to what McCarthy et al. (2018) generically related to the Paleoproterozoic Waterberg Group (∼2–1.8 Ga). This interpretation needs to be revisited considering recent work by Van Niekerk and Beukes (2019) on the Kheis Supergroup, a Waterberg equivalent with regional extent in the Northern Cape, far closer to the study area than the latter basin situated in the Limpopo Province. The oldest age obtained from the Hartley Formation, near the base of Kheis Supergroup is 1915.6 ± 1.4 Ma (Van Niekerk and Beukes, 2019), coinciding within error with the age of the underlying Trompsburg intrusion. Red arenites which exhibited similar composition and ages to those found in the Kheis Supergroup/Waterberg group were intersected by boreholes SE of the complex, implying the presence of an outlier of the basin in the vicinity of the complex (McCarthy et al., 2018). While Buchmann (1960) attributed the weak geophysical signal in the SE portion of the Trompsburg Complex (Figure 1) to a lack of crystalline limestone within the Transvaal metasediments and thicker Karoo cover, McCarthy et al. (2018) suggested that the complex is overlain by Waterberg sediments (Figure 2) in this region, resulting in a weaker geophysical signature.
GEOLOGY OF TROMPSBURG COMPLEX
Boreholes
Logs of the boreholes that were drilled into the Trompsburg Complex in the 1950s are summarized in Figure 3. A more detailed log of the lithostratigraphy can be found in Ortlepp (1959) and Buchmann (1960). Holes TG1 through TG6 are located within the NW extents of the complex while hole TGX is located 200 m off the centre of the two seismic profiles (Figure 1). Each of the former six boreholes intersected mafic to ultramafic units belonging to the Trompsburg Complex, which are mostly gabbroic with intermittent magnetite, troctolite and anorthosite. The gabbro is dominated by plagioclase and olivine, and includes intermittent samples of clino-pyroxene and ortho-pyroxene. The two outermost boreholes (TG5 and TG6) contained samples of marble from the Transvaal Supergroup into which the complex intruded (Maier et al., 2003). The only igneous rock belonging to the complex that was interested by, and found exclusively in, borehole TGX was a course-grained granophyric granite containing quartz, orthoclase and oligoclase grains (Ortlepp 1959).
[image: Figure 3]FIGURE 3 | Summary of cores of boreholes TG1 through TGX. Locations of boreholes can be seen in Figure 1.
Karoo sediments in each of the boreholes exhibit composite thicknesses of 1,558 m near the centre of the Trompsburg complex (borehole TGX), and 1,051–1,137 m near the outer rim of the complex (boreholes TG1 to TG6). As the latter six boreholes are clustered in the NW region of the complex and TGX located approximately 14 km to the SE, an explanation for the change in thickness is mostly conjectural. Ortlepp (1959) attributes the change in thickness either to a gentle NW-SE dip of the sub-Karoo topography, in which the sediment package was tilted prior to erosion, or a local valley/depression prior to deposition of the Karoo sediments. McCarthy et al. (2018) record Karoo thicknesses equal to those of TGX in boreholes located 33 km northeast, and 35 km south, of TGX.
Buchmann’s (1960) interpretation of the boreholes and geophysical maps consisted of a gently NW-SE dipping Karoo cover, which overlie Trompsburg intrusions. The latter are characterized in the NW by gabbro and anorthosite layers with a 30° dip towards the centre of the intrusion, where granitic intrusions dominate the complex, reaching depths of 11 km.
Physical Properties
The 3D model of the Trompsburg Complex produced by Maré and Cole (2006) is based on physical property measurements on core retrieved from the TG1-TGX boreholes. The authors categorized samples of the cores, based primarily on their physical property contrasts and informed by the principal rock types logged by Ortlepp (1959), into quasilithological units (that is, representative units grouped by physical properties without further distinction).
Included in the physical property measurements made by Maré and Cole (2006) were density measurements, which are summarized in Figure 4. Due to lack of sonic measurements within the boreholes, acoustic impedance calculations, and therefore reflectivity modelling, is not possible. However, the density measurements can serve as first-order proxies of the reflectivity along boundaries between the quasilithological units. This can aid in a cautious interpretation of the reflection seismic profiles.
[image: Figure 4]FIGURE 4 | Summary of density measurements of lithologies identified by Maré and Cole (2006). Bar limits denote maximum and minimum density values and centre lines denote average density values. Note that only one measurement was made on dolerite and dolomite samples.
The relatively lower density values are attributed to shales from the Karoo Supergroup (2.61 g/cm3) as well as marble and dolomites from the Transvaal Supergroup (2.56 g/cm3 and 2.7 g/cm3 respectively), which are substantially less dense than those of the Trompsburg intrusive rocks. Other than the 2.62 g/cm3 granite, the rocks belonging to the Trompsburg complex exhibit densities much higher than the surrounding units, with values ranging from 2.7 to 4.5 g/cm3. Within the Trompsburg suite, magnetite exhibits the highest average density of 4.32 g/cm3 (Figure 4).
While these values do not give a direct measure of the seismic reflectivity in the region, it is useful to note the most significant density contrasts serve to inform the interpretation of the seismic profile rather than to serve as a basis thereof. Where the Karoo shales overlie the mafic components of the Trompsburg complex, there is a strong density contrast averaging 0.69 g/cm3. A significant density contrast of 0.3 g/cm3 occurs between Karoo shales and Karoo dolerites. However, a less significant contrast is found between the densities of the Karoo shales and the Trompsburg granites (0.02 g/cm3), the latter of which are present near the centre of the Trompsburg Complex within borehole TGX. A strong density contrast (0.6 g/cm3) is also present between the Trompsburg igneous rocks and the Transvaal dolomites and marble. Within the Trompsburg units, magnetite samples exhibit significantly higher density values than the rest of the igneous rocks, which could be the source of reflections within the complex.
METHODOLOGY
Seismic Acquisition
Acquisition of seismic profiles P1 and P2 were commissioned separately by Anglo-American, the former in 1990 and the latter in 1991, and share mostly identical acquisition parameters, which are summarized in Table 1. Both profiles utilized four seismic vibrators in a linear array with a linear sweep of 10–61 Hz. Shot and receiver spacing for each profile were both 50 m. Each shot record of both profiles comprised a total of 120 channels in a split-spread geometry that spanned a total distance of 5,950 m. Sercel SM4U 10 Hz geophones were used for both profiles and the sampling rate for both was 4 ms, with a total record length of 6 s. The profiles were acquired end-to-end with a SSW-NNE bearing that traversed roads through the centre of the Trompsburg potential field anomaly (Figure 1), spanning a total distance of 110 km, with a 3 km overlap.
TABLE 1 | Acquisition parameters for profiles P1 and P2
[image: Table 1]Seismic Processing
The full processing flow of the reflection seismic profiles is summarized in Table 2. After verifying and integrating the retrieved geometry with the seismic data, the prestack component of the processing was conducted. This comprised initial datum and refraction statics, followed by a spiking deconvolution and bandpass frequency filter (60–10–99–120 Hz). A frequency-wavenumber (f-k) filter was then applied to remove ground roll and low-velocity (<3,500 m/s) linear signals. Velocity analysis consisted of constant velocity stack analysis on every 50th CMP gather and accompanied with iterative residual static corrections. Figure 5 illustrates the improvement in reflection signals via the pre-stack workflow (blue arrows), as well as the suppression of ground roll (orange arrows) and first break arrivals (red arrows). Finally, before conversion to the depth domain, a Kirchoff pre-stack time migration was conducted to place reflections in their correct orientation and to collapse diffractions associated with sharp velocity contrasts. Due to the lack of velocity logs or other constraining depth data, the conversion to depth was performed using a smoothed version of the RMS velocity model.
TABLE 2 | Processing flow of seismic profiles.
[image: Table 2][image: Figure 5]FIGURE 5 | Example shot gather from profile P1 (RT-376) before and after prestack processing flow. Green and orange arrows indicate first break and ground roll signals, respectively, that were removed. Blue arrows highlight enhanced reflection signals.
RESULTS
The final migrated and depth-converted seismic sections, along with CMP fold plots and potential field plots, for profiles P1 and P2 are shown in Figures 6A,B, respectively. CMP labels of the sections decrease from left to right in Figure 6 because acquisition of the profiles was from NE to SW. Presented here are the observed seismic facies and boundaries.
[image: Figure 6]FIGURE 6 | Uninterpreted migrated sections of profiles P1 (RT-376; A) and P2 (RT-351; B) as well as fold plots, potential field plots, and interpreted sections (C,D). Potential field data were obtained by sampling the relevant maps displayed in Figure 1 along the seismic profiles. Interpreted sections comprise black lines denoting identified reflections, faults in dotted white lines, and stratigraphic units in colour. Identified reflectors are labelled as cited in the text.
A first glance at Figures 6A,B reveals that a significant amount of the seismic energy is contained within the top half of the sections. In particular, most of the high-amplitude reflections are restricted to the top 2 km of both sections. Lying beneath these is a reflection package that is present throughout both profiles at a constant 0 m-above-sea-level (msl), which is labelled R1 in Figures 6B,C. R1 has a high amplitude, with exception to areas of low fold such as at CMPs 2,700 and 1,000 of P1, as well as a distinctive reflectivity reminiscent of bedding.
Beneath R1, between CMPs 2000 and 1,200 of P1, is another strong reflection with a 30° dip to the SW. This reflector bears similar seismic reflectivity and (reverse) dip to a reflector located between CMPs 3,000 and 2,200 of P1. These reflectors, collectively labelled R2 in Figure 6, trace out a concave bowl beneath R1 with a discontinuous apex at CMP 2250 and elevation -2,500 msl. The discontinuity displaces the SW R2 reflector about 500 m above the NE reflector and is interpreted as a reverse fault that extends into deeper units.
The region of the profiles where Trompsburg reflectors are expected is characterized by chaotic reflection zones and weak, discontinuous reflections (Figure 6C). The reflections can be grouped by dip into three groups. The first group of reflections dip to the NE and are labelled R4. They lie between CMPs 2,200 and 1,100 of P1 and have a consistent dip of ∼30°. The second group of reflections, labelled R5, has near-zero dip between CMPs 1700 and 1,000 and exhibits seismic facies characteristic of complex layering. The third group consists of reflections with a SW dip labelled R6. The R6 reflections have either a ∼30° or a 45° dip; the former are observed closer to the centre of the expected complex and the latter along the NE bounds.
Approximately 1 km below and parallel to the SW R2 reflector is a more attenuated reflector labelled R3 (Figure 6C). Accompanying R3 is a weaker parallel reflector ∼500 m below it. A series of weak, almost horizontal reflectors, labelled R8, are located beneath R3 at an elevation of -3,000 msl (Figure 6C). Two reflector packages labelled R9 and R10 in Figures 6B,C lie beneath R8. In profile P1 (Figure 6C), both R9 and R10 exhibit strong reflection amplitudes and appear to have a high degree of thrust-faulting.
Interpretation
In Figures 6B,C, strong reflections have been traced in black and interpreted stratigraphic units, as discussed in this section, have been overlaid on the migrated seismic sections of the respective profiles. While the focus of the seismic interpretation is on the Trompsburg Complex, first order interpretations of other supracrustals belonging to the Witwatersrand, Ventersdorp, Transvaal, Kheis, and Karoo Supergroups are given. Most of the seismic energy is concentrated in the top 2 km of the section, leaving less energy to transmit to deeper strata including the target Trompsburg Complex. Thus, our interpretations are informed largely by the a priori geophysical and geological datasets: magnetic, gravimetric, and geological maps, as well as the physical property data. The interpretation presented here provides, in our estimation, the model that best explains the combined set of these datasets with the observed seismic reflections.
Another factor that must be considered in the interpretation is that the depth conversion was performed using the RMS velocity model due to lack of constraining data in the area. This means that accuracy in depth is limited by the presence and accuracy in picked velocities. Where velocity picks were sparse, i.e., where there were no clear coherent reflection events, there is no strong tie between time and depth. Furthermore, any coherent events in time that are preceded by a gap in the velocity model are also limited in accuracy of depth. This makes it challenging to produce an accurate model in the depth domain. Despite these challenges, depth conversions based on picked velocities, or even with constant velocity models, have proven to be robust in multiple hardrock settings (e.g. Markovic et al., 2019; Westgate et al., 2020), and we are relying on this robustness in our interpretation.
The reflections in the top 2 km are due primarily to the dolerite suite within the Karoo cover. The characteristic saucer shape of the sills is evident throughout the Karoo in Figures 6B,C. We interpret the high-amplitude and bedding-like reflectivity of R2 as resulting from the basal Dwyka Group of the Karoo Supergroup. This interpretation is consistent with the density contrasts in Figure 4. With this interpretation, the average total thickness of the Karoo cover across the seismic profiles is 1,400 m, which correlates with observations from borehole TGX, located near CMP 900 of P1 (Figure 6C), as well as other boreholes in the region (McCarthy et al., 2018).
The R2 reflectors pinch out against the Karoo cover where P1 intersects the boundary of the Waterberg Group (i.e., Kheis Supergroup) in the pre-Karoo map by McCarthy et al. (2018) (Figure 2). The R2 reflectors are thus interpreted as the base of the Kheis Supergroup, which attains a maximum thickness at CMP 2200 of 2.5 km, and has a total lateral sub-Karoo expanse of 45 km along the traverse of P1.
R4 and R6 are interpreted as comprising the SW and NE boundaries of the Trompsburg Complex, respectively. With this interpretation, the total sub-Karoo expanse of the complex along the profiles is 60 km. The SW third of the complex is overlain by Kheis Supergroup sediments and the NE boundary of the Trompsburg Complex is located beneath the Karoo cover near CMP 800 of P2. Both of these observations are consistent with the geophysical maps in Figure 1 and the pre-Karoo map in Figure 2. The potential field plots in Figure 6 reinforce this interpretation: maximum values in both magnetic and gravity data are located above the R5 reflectors, centred between the R4 and R6 pinch-outs. Additionally, the potential field profiles both exhibit, especially the magnetic profile, a more gradual increase of amplitude in the SW approaching the centre of the interpreted complex, and a rapid decrease in the NE. The gradual SW limb can be explained by the overlying Kheis rocks and a 30° dip of the Trompsburg intrusions, while a steeper 45° dip and no overlying rocks beneath the Karoo yield a steeper NE potential field limb. The magnetic data exhibits short wavelength (∼5 km) amplitude fluctuations near the overlap region of the two profiles. We interpret this as intermittent mineralization within the Trompsburg Complex. The lack of strong and coherent reflections below −5,000 msl obscures distinction between Trompsburg-related reflections and basement reflections, resulting in an unconstrained basal reflection of the complex. A series of weak reflections at about −7,000 msl, labelled R7, are tentatively interpreted as the base of the complex, rendering it with a maximum thickness of ∼6.6 km.
The R3 reflector is interpreted to be from iron mineralization within the BIFs of the Chuniespoort Group of the Transvaal Supergroup. Its fluctuating amplitude could be resultant of varying degrees of mineralization density along the horizon. The underlying weaker reflector is interpreted as the quartzites that comprise the base of the Transvaal metasediments (McCarthy et al., 2018). Between CMPs 2,400 and 2,200 (Figure 6C) the metasediments are disrupted by the aforementioned reverse fault that displaced the base of the Kheis Supergroup, before they pinch out against the boundary of the Trompsburg Complex. In profile P2 (Figure 6D), the Transvaal Supergroup is interpreted to lie NE of the Trompsburg Complex with a thickness of 1 km, which tapers off at CMP 250.
R8 is interpreted as the base of the Ventersdorp Supergoup, which averages in thickness of 1.2 km and pinches out beneath the Transvaal metasediments near CMP 2600. This interpretation is consistent with boreholes lying ∼50 km SW of the town of Trompsburg as detailed by McCarthy et al. (2018).
R10 is interpreted as the base of the Witwatersrand Supergroup and R9 as an internal reflection, likely associated with the base of the Central Rand Group. R10 pinches out against the Transvaal Supergroup at CMP 2500 of P1 due to a reverse fault that terminates at the base of the Transvaal Supergroup and is subparallel to the aforementioned reverse fault that extends into the Kheis. The Witwatersrand strata are interpreted to reemerge near CMP 2300 and extend further NE until being truncated by the Trompsburg Complex. On the NE side of the complex, the Witwatersrand rocks directly underlie the Transvaal metasediments before subcroping against the Karoo Supergroup at CMP 220 in P2.
The basement, which is interpreted to exist at depths greater than 6 km, exhibits a collection of both discontinuous reflections with randomly distributed orientations and migration “smile” signals. These could be computational artefacts caused by the migration or related to changes in the basement facies (such as localized metamorphism, for example).
DISCUSSION AND CONCLUSION
Certainty in the geological interpretation of seismic data is reduced when dealing with 2D data. True dips and thicknesses cannot be determined from a 2D section and out-of-plane reflections can lead to misinterpretations of in-plane features. This is exacerbated by implications of the hardrock setting and layered igneous plumbing systems: seismic energy that is scattered ubiquitously due to heterogeneities in rock characteristics, and complex subsurface structures as the result of metamorphism, all lead to a complex wavefield and seismic reflections that have weak amplitudes and coherence across traces. Seismic interpretation is non-unique and there can be multiple plausible geological models that fit the same seismic data, especially if it is 2D. The interpretation we present in Figures 6C,D is based to a large degree on the constraining datasets (magnetic, gravimetric and geological maps, as well as the borehole and physical property measurements).
In addition to these factors, as is the case with seismic profiles P1 and P2, the surficial Karoo Supergroup is laden with dolerite intrusions. The large acoustic impedance contrast along the boundaries between the igneous dolerites and the Karoo sediments causes scattering of seismic energy and diminishes transmission of seismic energy to deeper layers. This is a common obstacle in the reflection seismic method (e.g., Eide et al., 2018; Scheiber-Enslin et al., 2021). There are thus varying degrees of confidence in the interpreted units laid out in Figures 6C,D, with the highest confidence placed on the interpretations pertaining to the Karoo Supergroup and Kheis Supergroup. Interpretations of the other supracrustal units, including the Trompsburg Complex, rely heavily on the supporting literature mentioned in earlier chapters (Ortlepp, 1959; Buchmann, 1960; McCarthy et al., 2018).
Seismic interval velocities within the two profiles range from 4,000 m/s to 6,500 m/s, with the former being attributed to Karoo sediments and the latter to metamorphosed basement granite. These velocities coincide with those recorded in the literature (Stettler et al., 1999; Tinker et al., 2002; Durrheim, 2015). The average seismic velocity of the sub-Karoo seismic waves was 5,000 m/s and the dominant frequency of the migrated data is 30 Hz. Using the Widess quarter-wavelength criterion (Widess, 1973), the vertical seismic resolution is thus 40 m. Our first order interpretation of sub-Karoo supracrustals requires a significantly less stringent resolution limit. Upon migration, this is also the horizontal resolution of the seismic data (Yilmaz, 2001).
The centre of the Trompsburg geophysical anomaly (Figure 1) is located near CMP 1000 of profile P1, and tapers off near CMP 2000 of P1 to the SW, and CMP 1000 of P2 to the NE. The bounds of the seismically interpreted Trompsburg Complex (Figure 6) correlate well with these locations. Borehole TGX, located near CMP 900, intersected Trompsburg granite at an elevation of −150 msl (Figure 3), which is the same elevation that the complex subcrops against the Karoo in our model (Figure 6). Additionally, our model conforms with the interpretation by McCarthy et al. (2018) that the weaker potential field signature of the Trompsburg Complex in its southern region is attributed to overlying sediments from the Kheis Supergroup. The Kheis Supergroup in Figure 6C lies within the bounds interpreted by McCarthy et al. (2018) in their sub-Karoo map (Figure 2), with a maximum thickness of 2.5 km. Furthermore, the 30° dip of the Trompsburg layers in the outer SW and inner NE sections of our interpretation is the same as the dip that Buchmann (1960) characterized for the NW outer Trompsburg layers based on the boreholes drilled in the 1950s. Hence, our seismic interpretation of the Trompsburg Complex is fairly well constrained by previous studies in the literature.
While multiple reflectors were identified within the Trompsburg Complex, their lack of continuity, complex layering reflection patterns, and weak reflection amplitude prevented distinction between internal layers within the complex. The absence of strong reflections within the complex can be attributed to a general lack of seismic energy penetrating beneath the Karoo, or an insignificant acoustic impedance contrast. The densities illustrated in Figure 4 suggest that any significant reflections originating from within the complex would be associated with zones of mineralization; it is possible that mineralization within the complex is restricted to the NW and N regions. The seismic profiles appear to traverse a break in the magnetic high along the outer rim of the complex (Figure 1).
The 6.6 km thickness of the Trompsburg Complex near its centre at CMP 800 (Figure 6) is more partial to Buchmann’s (1960) 10 km thickness than to Ortlepp’s (1959) 2–3 km. The 3D potential field model by Maré and Cole (2006) required a centre thickness of 16 km (6 km without the modelled feeder, which is the closest value to the seismic thickness). While the 6.6 km central depth of the complex in Figure 6 is not tightly substantiated, a further constraint can be placed on the basal depth of the complex by extending the 30° dipping SW bound of the complex and the 45° dipping NE bound of the complex and finding their intersection. Whilst this gives a reasonable depth constraint, it is possible that reflectors with dips greater than 45° are less likely to be imaged, hence the depth obtained by this method is essentially a minimum depth. The result is marked with a green star in Figures 6C,D is located at CMP 800 and −9,000 msl, which corresponds to a maximum thickness of 7.5 km for the complex. At this point, no strong or continuous reflections can be associated with the base of the complex, nor with the contact between mafic rocks and the central granite.
Apart from the Trompsburg and Kheis rocks, the pre-Karoo supracrustals that were identified in the seismic profiles with a moderate degree of certainty were the Witwatersrand, Ventersdorp, and Transvaal Supergroups. The Ventersdorp Supergoup exhibits a maximum thickness of 1.1 km at the SW end of profile P1 and pinches out between the other two aforementioned units before they are intruded by the Trompsburg Complex. The Witwatersrand Supergroup is discontinuous in the SW portion of the seismic profiles due to reverse and thrust faulting, and is continuous NE of the Trompsburg intrusion with an average thickness of 2 km. The Transvaal Supergroup underlies the Kheis Supergroup in the SW before it is intruded by Trompsburg rocks. It is faulted in this region and has an average thickness of 1.5 km. NE of the Trompsburg Complex, the Transvaal Supergroup has a thickness of 1 km before pinching out further NE, where Witwatersrand Supergroup subcrops against the Karoo cover. The basement boundary is uncertain throughout much of the profiles due to the lack of reflections associated therewith, and the seismic signature at >7 km depths is chaotic and incoherent.
In summary, our interpretation of the seismic profiles P1 and P2 suggests that the Trompsburg Complex is ∼6.6 km thick near its centre, has a 60 km lateral extent beneath the Karoo cover, and is overlain by Kheis Supergroup sediments in the SE. Due to weak seismic energy at depth, intra-Trompsburg layering was not resolvable but dips of various reflectors within the complex were identified to be 30° near its SW extent, and 45° near its NE extent, where the complex intruded into supracrustals comprising both Witwatersrand and Transvaal Supergroups. Lastly, the reverse fault at CMP 2400 and the broad synform structure of the Kheis and Transvaal Supergroups between CMP 3000 and CMP 1000 appear consistent with the thrusting style of deformation characteristic of the Kheis Supergroup (Van Niekerk and Beukes, 2019).
We have shown in this study that integration of seismic reflection data with geological and potential field data is useful in constraining the expanse and depth of the Trompsburg Igneous Complex. In general, the seismic method is an important tool in discovering and characterizing igneous plumbing systems and possibly unlocking the economic potential thereof. 3D seismic surveys in particular are not restricted by the challenges that come with 2D data, such as dip and thickness approximations, out-of-plane anomalies, inaccuracies in migration imaging, etc. Layered intrusions often exhibit strong acoustic impedance contrasts, both internal (due to mineralization zones as well as density contrasts between subsequent intrusion events) and external (due to strong density contrasts between igneous intrusions and sedimentary host rocks as well as metamorphism thereby) that allow for the detection and resolution of such boundaries (e.g., Deemer and Huricj, 1997; Manzi et al., 2019; Sehoole et al., 2020).
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Surface displacement measurements collected using continuous Global Positioning System (cGPS) stations include the contribution of both endogenic processes (e.g., plate tectonics, isostasy) and exogenic processes that show seasonal variation (e.g., climate). These seasonal variations distort the tectonic signals and limit the usefulness of short-term investigations. This paper explores cGPS and meteorological time series collected in southern Africa and investigates whether the usefulness of cGPS time series can be improved by accounting for the seasonal effects of the dominant meteorological processes. The study is carried out using time, frequency, and time-frequency domain signal processing (inferential) analysis techniques. It was found that from the considered atmospheric processes, thermally-induced effects, which are not corrected for in the cGPS data, are the most prominent meteorological contributors in the vertical annual deformation component observed in cGPS time series. The effects of heave action (due to seasonal subsurface water infiltration and absorption, as well as changes in the water table) and changes of water mass distribution (caused by infiltration, transportation, extractions, and evaporation) on the displacement time series are much smaller. This suggests that correcting for thermal expansion, contraction, and thermal-induced errors could reduce the annual seasonal deformation component observed in cGPS position measurements in southern Africa and, most probably, in other parts of the world subjected to large seasonal variations in atmospheric temperatures. Reducing the magnitude of the seasonal components would increase the usefulness of short-term cGPS campaigns.
Keywords: Signal processing, meteorological, cGPS, wavelet, Fourier, semblance, southern Africa
INTRODUCTION
The continuous Global Positioning System (cGPS) is a space geodetic technique that measures positional changes on the Earth’s surface. cGPS measurements are used to study, infer, and monitor plate tectonic motion and drift rates, crustal deformation caused by earthquakes and volcanoes, and crustal motion due to geodynamic and hydrospheric processes (Rabbel and Schuh, 1986; Yan et al., 2009; Argus et al., 2014; Knowles et al., 2020). cGPS data have been used to investigate many space and Earth science research questions, for example, Cilliers et al. (2004) and Malservisi et al. (2013) used the South African cGPS TrigNet network to study the ionospheric conditions over southern Africa, and to investigate the dynamics of the South African portion of the African plate, respectively.
cGPS position measurements generally contain annual and semi-annual seasonal deformation components that are not accounted for and, thus, distort the cGPS measurements (Figure 1). Rabbel and Schuh (1986), van Dam and Wahr (1998), and Yan et al. (2009) attribute these deformation signals to seasonal and partly seasonal variations from multiple sources including surface loading owing to solid Earth tides, pole tides, oceanic tides, atmospheric mass variations, and non-tidal surface fluctuations. Moreover, processing- and equipment-induced errors contribute to the observed seasonal variations. Thermal expansion and contraction of the cGPS monument and the bedrock, along with soil consolidation and the extraction of surface and subsurface water mass near a cGPS station are also thought to be significant contributors of local surface deformation signals (van Dam et al., 2001; Romagnoli et al., 2003; Yan et al., 2009). The vertical displacement of these seasonal deformation components tends to be largest as some exogenic processes (e.g., atmospheric loading and oceanic loading) induce greater surface displacement in the vertical direction than in the horizontal direction (Figure 1) (Dong et al., 2002; Min et al., 2005; He et al., 2015).
[image: Figure 1]FIGURE 1 | cGPS daily position time series of station BETH located in Bethlehem, South Africa. (A) Detrended and interpolated vertical surface displacement time series at the station. (B,C) are detrended and interpolated horizontal surface displacement time series x (easting) and y (northing) directions, respectively. 27.
This study sought to better understand cGPS and meteorological data collected in southern Africa and draw inference on the seasonal influence of meteorological processes and climatic zones on the vertical component of cGPS surface displacement measurements. This study is fitting, as in some areas (e.g., the Amazon basin) mass loading has been demonstrated to be driven by its local climatic system, and cGPS measurements have been observed to have high enough temporal resolution to enable the correlation of cGPS measurements and that of several other environmental parameters (Romagnoli et al., 2003; Davis et al., 2004; Yan et al., 2009; Fu et al., 2013; Knowles et al., 2020). Additionally, Knowles et al. (2020) suggest that cGPS time series record displacements are driven by local- and large-scale climate oscillations. Southern Africa is an ideal place to conduct such research because it has several well-maintained cGPS (Figure 2A) and meteorology stations, situated in regions of varying climatic zones (Figure 2B), and low seismic and tectonic activity.
[image: Figure 2]FIGURE 2 | (A) Location of cGPS station in the African continent. (B) Climatic zones in southern Africa (modified after Hepburn and Radloff, 1998). 27. Southern Africa is a largely semi-arid region, consisting of five different climatic zones (i.e., the Mediterranean, Desert, Sahelian, Dry tropical, and Wet tropical climatic zones). Its general climate varies from dry arid conditions in the west to humid tropical conditions in the north and east sides.
MATERIALS AND METHODS
Description
In this paper, we used data from the South African TrigNet geodetic network and the South African Weather Service (SAWS) to investigate the seasonal effects of changing atmospheric temperature, pressure, rainfall, and humidity processes on vertical cGPS surface displacement measurements. The cGPS data are archived and processed by the geodetic laboratory at the University of Nevada Reno (UNR) (http://geodesy.unr.edu/index.php) (Blewitt et al., 2018). The data processing is based on the International GNSS Service (IGS14) realization of the International Terrestrial Reference Frame 2014 (ITRF14) (Altamimi et al., 2016; Rebischung et al., 2016). The processing by UNR includes corrections for tropospheric effects (i.e., hydrostatic and non-hydrostatic delays), first-order ionospheric effects, solid Earth tides, pole tides, and oceanic tide loading. However, it does not include corrections for non-tidal loading effects (e.g., atmospheric pressure, ocean bottom pressure, surface hydrology), seasonal thermal expansion, and shrink-swell heave effects. The complete processing procedure of the cGPS dataset is given at http://geodesy.unr.edu/gps/ngl.acn.txt. The meteorological data used are from meteorological ground stations managed by the SAWS. To be able to analyse the data for annual and semi-annual seasonal variation, both the cGPS and meteorological data were corrected for long term tectonic and climatic variations by detrending the data. In preparing the data for spectral analysis, the data were detrended, zero centred, interpolated and windowed to minimise the occurrence of spectral distortion, leakage, shift, and the formation of false peaks.
All the data used for the study were acquired in South Africa (Figure 3) because 1) most of the cGPS stations in southern Africa are in South Africa; and 2) the cGPS data from other southern African countries have many gaps, which makes it difficult to apply signal processing techniques. Our results are expected to be valid in other southern African regions as the environmental setting is similar.
[image: Figure 3]FIGURE 3 | Spatial distribution of the chosen cGPS and meteorological stations. 28.
Analysis Techniques
Inferential signal processing techniques were used to explore the nature of the chosen cGPS and meteorological datasets and to infer their relationships. The time series were decomposed and correlated in the time, frequency, and time-frequency domains. The various analysis techniques are briefly described below.
Spearman’s correlation coefficient (rho) is a nonparametric (distribution free) rank correlation time domain technique defined as (Gauthier, 2001; Mukaka, 2012):
[image: image]
where [image: image] is the difference in rank for each continuous variable pair [image: image] and [image: image], while [image: image] is the total number of continuous variable pairs (Mukaka, 2012). The technique is used because it is not affected by outliers, nor assume linearity and normality (Gauthier, 2001).
The Fourier Transform (FT) is a frequency domain decomposition technique used in this study to uncover the dominant frequency components of the cGPS and meteorological time series. The FT [image: image] of a time series [image: image] is defined as (Cooper and Cowan, 2008; Mallat, 2009):
[image: image]
where [image: image] is the frequency of the time series, i is the imaginary unit, x(t) is the dataset to be analyzed, and [image: image] is the time. In this study, Fourier analysis is implemented using the Fast Fourier Transform (FFT), which is an efficient technique for implementing the discrete Fourier transform (DFT) (Cochran et al., 1967; Mallat 2009; Trauth, 2010; Ryan, 2015). The Welch periodogram was used to produce the power spectrum of the datasets and the FFT was used to compute the amplitude of the time series (Warner, 1998).
The magnitude-squared coherence (MSC) is a complex frequency domain technique used in this study to determine and quantify the relationship strength of the components of the cGPS and meteorological time series in the frequency domain (Torrence and Compo, 1998; Friston et al., 2011). The technique is mathematically defined as:
[image: image]
where [image: image] is the cross-power spectral density of time series [image: image] and [image: image], [image: image] and [image: image] are the power spectral densities of [image: image] and [image: image], and [image: image] is the coherence (Friston et al., 2011).
The continuous wavelet transform (CWT) is a time-frequency domain decomposition technique used in this study to decompose the cGPS and meteorological time series. The CWT is good at analyzing both continuous and discrete time series; unlike the FT, it is also good at decomposing non-stationary time series (Zhao et al., 2004; Baker, 2007; Kaiser, 2011). The CWT is mathematically defined as (Mallat, 1998, p. 5):
[image: image]
where s and u are the scale and translation (position) factors, respectively, f(t) is the time domain function being decomposed, [image: image] is the mother wavelet and ∗ means complex conjugate (Meyers et al., 1993; Cooper and Cowan, 2008). The method decomposes a time series at multiple scales using a linear combination of translated and dilated daughter wavelets, which enable it to easily map temporal variations in the spectral characteristics of a time series over time (Graps, 1995; Torrence and Compo, 1998; Baker, 2007; Cooper and Cowan, 2008; Fletcher and Sangwine, 2017). However, it is unable to obtain precise measurements of both frequency and time, as the technique has a trade-off between the accuracy in time and frequency as dictated by the uncertainty principle (Issartel et al., 2015). The complex Morlet wavelet transform was used in this study because of its nonorthogonality, similarity to the cGPS and meteorological time series, as well as for its high degree of smoothing (Torrence and Compo, 1998; Struzik, 2001; Mallat, 2009) (Figure 4). The complex Morlet wavelet transform is defined as (Teolis, 1998, p. 66):
[image: image]
where [image: image] is the bandwidth parameter, i is the imaginary unit and [image: image] is the wavelet centre frequency. A centre frequency and bandwidth value of one was used to compute the wavelet transform, so as to make the used scales equivalent to the wavelength (Cooper and Cowan, 2008), which is also an inverse of frequency.
[image: Figure 4]FIGURE 4 | (A) Real part of the complex Morlet wavelet and (B) Imaginary part of the complex Morlet wavelet. 28.
The wavelet-based semblance (WS) is a qualitative time-frequency domain technique used in this study to correlate the cGPS and meteorological time series in the time-frequency domain. Since the method uses phase information, it can be used to compute the correlation of time series with different units of measure and is mathematically defined as (Christensen, 2003; Cooper, 2009).
[image: image]
where n is an odd integer greater than zero, that allows the response of the technique to be refined, in this paper, n = 1 was used to compute the semblance results, while [image: image] refers to the local phase of the time series.
RESULTS AND INTERPRETATION
FFT and CWT Decomposition Analysis
Surface Displacement
Frequency and time-frequency domain decomposition results show that surface displacement time series consist of an annual and semi-annual deformation component (Figures 5A, 6A, 7A, Supplementary Material Appendix 1, Figures 1, 2, 3). The power of the annual displacement component is larger than that of the semi-annual component at most stations, often by one order of magnitude (Table 1). This is consistent with the findings in other areas of the world (Ray et al., 2008). The power of the time series varies systematically between the different climatic zones (Table 1). This implies that the magnitude of seasonal weather variation within a climatic zone has an influence on the magnitude of the deformation components observed in the surface displacement time series. The annual displacement components are largest in cGPS data from the Desert climatic zone and lower in time series at stations located in the Wet and Dry Tropical climatic zones (Table 1). The CWT spectrums show slight variation in cycle periods and frequency (non-stationarity) of the time series over time, this is characteristic of signals in the real environment (Figure 7).
[image: Figure 5]FIGURE 5 | Time domain displacement and meteorological time series at stations MALM, MFKG, and PSKA situated in the towns of Malmesbury, Mahikeng, and Prieska, respectively, the station names are the abbreviations of the town names where they are located. (A) cGPS surface displacement, (B) atmospheric temperature, (C) atmospheric pressure, (D) rainfall, and (E) humidity time series across stations in southern Africa. Due to a lack of space and similarity of the results, results for only three stations are shown. 29.
[image: Figure 6]FIGURE 6 | Fourier power spectra. (A) cGPS surface displacement, (B) atmospheric temperature, (C) atmospheric pressure, (D) rainfall, and (E) humidity decomposition spectra. 30.
[image: Figure 7]FIGURE 7 | Wavelet Transform (WT) decomposition spectra. (A) cGPS surface displacement, (B) atmospheric temperature, (C) atmospheric pressure, (D) rainfall, and (E) humidity decomposition spectra. Some of the characteristic CWT features observed in the plots are the exaggeration of low frequencies, suppression of high frequencies, and component frequency overlap. The spectra are also characterised by good time localisation. 31.
TABLE 1 | Climatic zone, latitude longitude, power, and amplitude of the analysed cGPS station, displacement time series.
[image: Table 1]Atmospheric Temperature
Atmospheric temperature time series are predominantly composed of an annual and semi-annual seasonal component. (Figures 5B, 6B, 7B, Supplementary Material Appendix 2, Figures 4, 5, 6). The semi-annual component is absent in the temperature time series in the Mediterranean climatic zone. The temperature time series are also characterised by a low noise level and a high degree of stationarity (Figures 6B, 7B, Supplementary Material Appendix 2, Figures 4, 5, 6). Annual seasonal temperature fluctuations are higher in time series from the Desert and Sahelian climatic zones, regions where the Intertropical Convergence Zone (ITCZ) does not move over, and lower in time series from the Dry and Wet Tropical climatic zones - regions where the ITCZ passes over (Table 2). This is because areas characterised by low levels of cloudiness are characterised by high temperatures and extreme seasonal temperature fluctuation, while areas of high cloudiness are characterised by low temperatures and low-temperature fluctuation, except during tropical storms (Hobbs et al., 1998; Barry and Chorley, 2010).
TABLE 2 | Quantified power of the annual and semi-annual frequency components forming the meteorological time series as obtained from FFT.
[image: Table 2]Atmospheric Pressure
Atmospheric pressure time series consist only of the annual seasonal component (Figures 5C, 6C, 7C, Supplementary Material Appendix 2, Figures 7, 8, 9). The time series are characterised by low levels of noise, variance, spectral averaging, and a high degree of stationarity (Figures 6C, 7C). Seasonal atmospheric pressure fluctuations are higher at stations from the Desert and Mediterranean climatic zones and lower at stations from the Wet and Dry Tropical climatic zones (Table 2). This is because subtropical deserts are high seasonal atmospheric pressure zones due to the seasonal presence of Hadley cells over them, and tropical climatic regions are low atmospheric pressure fluctuation zones (Nicholson and Flohn, 1980; Barry and Chorley, 2010; Bollasina and Nigam, 2010). Insolation differences due to the absence and presence of clouds in the Desert and Tropical climatic zones, respectively, may also play a role.
Rainfall
Rainfall time series predominantly consist of an annual seasonal component only, the phase of the annual component varies moving across the central, north-eastern, and south-western parts of southern Africa (Figures 5D, 6D, 7D, Supplementary Material Appendix 2, Figures 10, 11, 12). The time series are characterised by a high degree of noise and variance, which, according to Potter and Colman (2003), Jury (2013) and MacKellar et al. (2014) is caused by processes, such as the ITCZ, solar radiation, El Niño-Southern Oscillation (ENSO), and variations in atmospheric circulation. Seasonal rainfall fluctuations are higher in time series from the Wet and Dry Tropical climatic zones and low in time series from the Desert climatic zone (Table 2). These findings are consistent with known information, i.e., continental Dry and Wet Tropical climatic zones are characterised by well-defined alternating high rainfall and dry seasons (Hepburn and Radloff, 1998; Barry and Chorley, 2010).
Humidity
Humidity data consist of an annual and semi-annual seasonal component, except for stations in the Wet Tropical climatic zone (Figures 5E, 6E, 7E, Supplementary Material Appendix 2, Figures 13, 14, 15). The phase of the humidity time series varies as a function of time and spatial geographic location, similar to rainfall time series but less defined. In general, in the central and north-eastern parts of southern Africa, the moisture content is high during summer and low during winter; while in the south-western parts of southern Africa, humidity levels are high during winter and low during summer. It is important to note that at some stations (e.g., PSKA), a deviation is observed from this general trend. It is also observed that humidity fluctuations are greater in the semi-arid regions than in tropical regions, which could be because annual humidity fluctuation is more defined in the semi-arid region than in the tropics.
Correlation Analysis
The time, frequency, and time-frequency domain comparisons show that surface displacement is directly and inversely proportional to atmospheric temperature and pressure changes, respectively. The correlation between atmospheric temperature, pressure, and surface displacement is highest in stations in the Desert, Sahelian, and Mediterranean climatic zones (Tables 3, 4), these are zones that receive the most solar radiation, heat, and least amount of water in southern Africa. The displacement-temperature correlation is observed to be smallest in the Dry and Wet Tropical climatic zones, which are climatic zones that are cooler and receive the most amounts of rainfall. In addition, the frequency and phase correlation results between surface displacement-temperature and surface displacement-pressure time series show a high and consistent frequency and phase correlation between the time series (Figures 8A,8B, 9A,9B, Supplementary material Appendix 3: Figures 16, 17).
TABLE 3 | Displacement time series correlation values with atmospheric temperature (T), atmospheric pressure (P), rainfall (R), and humidity (H) time series at the selected stations in southern Africa.
[image: Table 3]TABLE 4 | Coherence correlation strength of displacement vs. meteorological (average temperature, pressure, rainfall, and humidity) processes.
[image: Table 4][image: Figure 8]FIGURE 8 | cGPS surface displacement and meteorological time series coherence correlation spectra. (A) displacement-temperature (disp vs. temp), (B) displacement-atmospheric pressure (disp vs. pressure), (C) displacement-rainfall (disp vs. rainf), and (D) displacement-humidity (disp vs. humi). 32.
[image: Figure 9]FIGURE 9 | cGPS surface displacement and meteorological time series wavelet-based semblance correlation spectra. (A) cGPS surface displacement-temperature spectra, (B) cGPS surface displacement-atmospheric spectra, (C) cGPS surface displacement-rainfall spectra, (D) cGPS surface displacement-humidity spectra. 32.
Depending on the spatial location, rainfall and humidity time series are either directly or inversely correlated to surface displacement time series. The correlation of the time series is low in the time domain, that of the annual component is high to moderate in the frequency and time-frequency domains (Tables 3, 4; Figures 8C, D, 9C, D, Supplementary Material Appendix 3: Figures 16, 17). The displacement-rainfall and displacement-humidity correlation, at certain locations, is observed to be inconsistent over time (Figure 9).
The relation between the semi-annual component of the temperature and humidity time series with that of the cGPS surface displacement is too inconsistent to suggest that any of the considered meteorological processes have an influence, if at all, on the semi-annual deformation components (Table 4) (Figure 8).
DISCUSSION
Meteorological Time Series
The temperature, pressure, rainfall, and humidity fluctuations in southern Africa are primarily controlled by the complex interaction between midlatitude, tropical, and subtropical climate systems, together with the development, seasonal positional-shift, and interaction of atmospheric and oceanic circulation systems of the Atlantic, Indian, and Southern oceans (Chase and Meadows, 2007). This is apparent in the temperature and pressure data in southern Africa, which appear to be controlled by 1) the seasonal variation in the Sun’s radiation, 2) migration of the ITCZ away from the southern hemisphere (after summer periods) to the northern hemisphere, and 3) a shift of anticyclones from the southern Atlantic and Indian oceans towards the southern Africa continent in winter (Hobbs et al., 1998; Sun et al., 2017; Byrne et al., 2018).
The ITCZ is also the primary source of rainfall activity in the central and north-eastern parts of southern Africa, thus these regions are summer rainfall regions. In the south-western parts of southern Africa, rainfall is associated with the winter inflow of low- and high-level westerlies that carry moist air (Ellis and Galvin, 1994; Barry and Chorley, 2010).
Moist air, in the central and north-eastern parts of southern Africa, is brought by inflowing easterlies that carry moist air from the southwest Indian Ocean and warm Agulhas currents (Chase and Meadows, 2007; Jury, 2013). In the south-western parts of southern Africa, moist air is brought about by westerlies as they move towards the equator during winter (Chase and Meadows, 2007).
Displacement Time Series
Similar to the studies conducted by Dong et al. (2002) and Ray et al. (2008), using a global dataset and Earth model, cGPS displacement time series in southern Africa are found to consist of two dominant seasonal components. Dong et al. (2002), Romagnoli et al. (2003) and Xu et al. (2017) link these deformation components to gravitational attraction, thermal, hydrodynamical, unmodeled, and error-related processes. The observed systematic variation of the power of the displacement time series suggests that the magnitude of seasonal weather variation within a climatic zone has an influence on the magnitude of the deformation components observed in the cGPS surface displacement time series. It indicates that changes in atmospheric temperature, atmospheric pressure, rainfall, and humidity processes in each climatic zone do have an influence on the surface deformation recorded by cGPS station. These findings demonstrate the influence of local effects on cGPS measurements, which is consistent with what has been found in other studies (Romagnoli et al., 2003; Nahmani et al., 2012; Fu et al., 2013; Knowles et al., 2020).
Meteorological Processes and Surface Displacement Relation
Generally, high temperatures cause thermal expansion of consolidated soil particles and water molecules in the near subsurface, expansion of the concrete and metallic components of the cGPS station, and the expansion of atmospheric air mass density (which results in a reduction in atmospheric pressure); all these phenomena may affect cGPS measurements. The opposite is thought to apply in cold conditions (i.e., winter), which might explain the high correlation observed between atmospheric temperature, pressure, and vertical displacement changes.
The type of interaction (viz. reinforcement or opposition) between rainfall and humidity effects vs temperature and pressure effects on surface displacement is thought to vary spatially as postulated below:
1 In southern Africa’s central and north-eastern parts, the rainfall-displacement and humidity-displacement time series are largely directly correlated. Thus, in summer, constructive interference may occur between rainfall and humidity surface deformation effects, with surface deformation effects induced by variations in atmospheric temperature and atmospheric pressure. Constructive interference may be occurring between surface deformation effects due to swelling on soil absorption of water and the seasonal tropospheric error introduced in the cGPS datasets due to high rainfall and humidity levels; with thermal expansion effects caused by thermal expansion of soil particles and water molecules in the near subsurface; and thermal expansion of concrete and metallic components of the cGPS stations in response to the prevalence of high temperatures and low atmospheric pressure.
2 In the south-western parts of southern Africa, the rainfall-displacement and humidity-displacements are anticorrelated. Thus, in winter, destructive interference may occur between rainfall- and humidity-induced surface deformation effects, with surface deformation effect induced by variations in atmospheric temperature and atmospheric pressure. In addition, destructive interference may occur between surface deformation effects due to soil absorption of water molecules and the seasonal tropospheric error introduced in the cGPS datasets due to high rainfall and humidity levels, with thermal contraction effects due to the contraction of soil particles and water molecules in the near subsurface, and thermal contraction of concrete and metallic components of the cGPS stations in response to the prevalence of cold temperatures and high atmospheric pressure.
The spatially inconsistent and weak relationship between surface displacement, rainfall, and humidity processes observed from time, frequency, and time-frequency correlation is interpreted to imply that rainfall and humidity processes have little influence on seasonal surface displacement variations. Thus, deformation due to surficial hydrology (i.e., gravitational loading and soil consolidation induced by changes in surface and ground water levels) is also observed to have lesser influence on the seasonal surface displacement variations, the dominant factor is temperature. These findings are different to what has been found in other research studies and highlight the importance of carrying out thermal corrections (Wahr et al., 2004; Schmidt et al., 2006; Nahmani et al., 2012).
CONCLUSION
This study examines cGPS surface displacement and meteorological time series with the aim of improving their understanding and inferring the seasonal influence that the meteorological processes considered in this study have on surface displacement measurements measured by cGPS systems in southern Africa. Atmospheric temperature variations (thermoelastic effects) are found to have higher correlation with surface displacement time series, suggesting a greater thermal influence on the surface displacement measurements than water mass changes. These findings imply that correcting for thermal expansion effects in summer, thermal contraction in winter, and thermally-induced seasonal errors (thermoelastic effects) could reduce the seasonal variations observed in cGPS displacement time series in southern Africa and increase the accuracy of the cGPS displacement measurements. In turn, this could improve the accuracy of short-term crustal deformation measurements and their usefulness, for example, in the assessment of seismic hazard.
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We used magnetotelluric data from 352 sites in Botswana to derive a country-wide electrical conductivity model of the crust and upper mantle structure. A robust methodological scheme and 3D inversion were used to derive a 3D electrical conductivity model with unprecedented spatial coverage. The model results show interesting features, including the major cratonic blocks and the mobile belts in Botswana. A distinctive resistive structure was imaged in southwest Botswana, which suggests the existence of the Maltahohe microcraton as a separate cratonic unit as proposed by other studies. Furthermore, the model gives new insight into the extension of the East African Rift System to Botswana and the incipient rifting in the Okavango Rift Zone. In northern Botswana, the electrical conductivity model shows a highly conductive structure beneath the Okavango Rift Zone, which connects with a deeper conductive structure that we attribute to the East African Rift System due to its vicinity to Lake Kariba, the last surface expression of the rift system. We suggest that ascending fluids or melt from the East African Rift System causes the weakening of the lithosphere and plays a significant role in the incipient continental rifting in the Okavango Rift Zone.
Keywords: electrical modelling, magnetotellurics, tectonics, continental rift, rift initiation, Africa
1 INTRODUCTION
Our understanding of the geology and tectonics of Botswana still carry a few disputed and debated hypotheses. Botswana has a diverse geology with large cratons, in between mobile belts, and two deep sedimentary basins (Begg et al., 2009). Next to that, it is geodynamically influenced by the African Superswell, which is a large topographic anomaly in eastern and southern Africa at an average of 500 m higher than the continental height (Brandt et al., 2011; Figure 1). Also, the East African Rift System (EARS), an intracontinental rift zone, which supposedly has its terminus in the Okavango Rift Zone (ORZ) in northern Botswana influences its geodynamics (e.g., Fadel et al., 2020; Leseane et al., 2015; Figure 1). Even though in recent years different geophysical data has been collected (seismic, gravity, magnetic, magnetotelluric (MT)), there are still areas and processes that are not well understood (e.g., Hutchins and Reeves, 1980; Jones et al., 2009b; Gao et al., 2013; Fadel, 2018). Two major debates are on the existence and boundaries of Maltahohe microcraton and the extension of EARS to Botswana. This study provides additional insight into the general tectonic architecture of Botswana and specifically these two debates from the first 3D inversion of country-wide MT data for Botswana.
[image: Figure 1]FIGURE 1 | (A) Topographic map of southern Africa, showing the branches of the EARS, the last surface expression of the western branch of EARS at Lake Kariba, the African superswell, Botswana in black outline and the ORZ in white outline (Fadel 2018). (B) Tectonic map of southern Africa with the distribution of the Southern Africa Magnetotelluric Experiment (SAMTEX) sites (Jones et al., 2009a). (C) Tectonic map of Botswana (McCourt et al., 2013) with the distribution of the SAMTEX data used. Broadband MT data (BBMT) are shown in red diamonds and long-period MT (LMT) are shown in black circles. The MT station shown in black star represents the ELZ208_94A site and the data from the site are shown in Figure 2. (D) Sedimentary thickness map derived from aeromagnetic data (Pretorius 1984) and earthquake distributions in Botswana with the range of the magnitude represented by ‘Eq’.
The Maltahohe microcraton is an enigma in Botswana geology and geodynamics. There are debates on the actual existence, location, and boundaries of Maltahohe microcraton in southwest Botswana. According to Begg et al. (2009), there may exist an ancient Maltahohe microcraton beneath the Rehoboth Province in southwest Botswana (Figure 1). In an earlier active seismic study, Wright and Hall (1990) interpreted the cratonic structure beneath the Rehoboth Province as a western extension of the Kaapvaal Craton. However, more recent seismological studies in the area argue that the Maltahohe microcraton exist as a separate structure from the Kaapvaal Craton, which is evident from the observed different Vp/Vs ratios from receiver functions and 3D shear wave velocity model (Fadel et al., 2018; Fadel et al., 2020). Similarly, Chisenga et al. (2020b), in a study using gravity and aeromagnetic data supported the existence of the Maltahohe microcraton. However, the study argues that the location of the Maltahohe microcraton is likely south of the region suggested by Fadel et al. (2020), Fadel et al. (2018). Therefore, it is imperative to study this area further using other data, to confirm or reject the hypothesis on the existence of the Maltahohe microcraton, and if it does exist, understand its boundaries and relationship with the other cratonic blocks.
The extension of the EARS to Botswana is a debated phenomenon in the literature (e.g., Kinabo et al., 2007; Khoza et al., 2013b; Yu et al., 2015a; Leseane et al., 2015; Pastier et al., 2017; Fadel et al., 2020). There are still questions about the existence of rifting in ORZ, and if it exists, its connection with the mature EARS is still debated (Kinabo et al., 2007; Pastier et al., 2017; Fadel et al., 2020; Khoza et al., 2013b). Furthermore, there are varying opinions about the possible further extension of the EARS to central Botswana. The ORZ, which consists of several normal to dextral strike-slip faults is widely interpreted to be the terminus of the western branch of the EARS by several studies (Kinabo et al., 2008; Modisi, 2000; Modisi et al., 2000; Yu et al., 2015b; Yu et al., 2015c; Fadel et al., 2020). However, Pastier et al. (2017) argue that there is no rifting in the Okavango area and proposed a model of differential movement between the Congo and Kalahari Cratons from their geodetic study. Also, from various studies that support the existence of rifting in the ORZ, there are divergent opinions on the rift mechanism and its link to the mature EARS. Kinabo et al. (2007), in a gravity and magnetic investigation argue that there is a strong correlation between the orientation of the pre-existing basement fold axes and foliation and the rift induced faults. They inferred that the pre-existing basement structures have considerable influence on the development of the rift faults in ORZ. Similarly, Khoza et al. (2013b), in a MT study argue that evidence of continental rifting such as thinned lithosphere and highly conductive mantle anomaly are not present in the ORZ. They proposed a model in which the incipient rifting in ORZ is initiated from the surface and not linked to the EARS. However, Leseane et al. (2015) in a thermal and Moho depth study suggest that the earthquakes in the ORZ are triggered by the migration of fluids from the mantle to the crust. Their results show shallow Curie Point depths, thin-crust, and high crustal heat from upward movement of mantle fluid to the lithosphere through weak zones beneath the ORZ. Similarly, results from seismic studies, for example, Fadel et al. (2020) and Yu et al. (2015a) show low-velocity anomaly and mantle seismic anisotropy in the ORZ, which connects to the EARS. Their findings provide a piece of evidence for the role of ascending fluids from the EARS in the rifting in ORZ. From the various divergent views, rifting in ORZ, the mechanism of rifting, and its link with the EARS is yet to be fully understood.
On the further southward extension of the EARS, there was a 6.5 Mw intra-plate earthquake in central Botswana and its link to the EARS is still a subject to debate (Gardonio et al., 2018; Midzi et al., 2018; Figure 1D). The earthquake, which occurred at an approximate depth of 29 km on 03 April 2017 was the second strongest in magnitude in the country’s history and the second strongest intra-plate earthquake in the last 30 years (Gardonio et al., 2018; Midzi et al., 2018). Several studies, including the use of geophysical methods, have discussed the cause of the earthquake. Kolawole et al. (2017), in a combined magnetic, gravity, and differential interferometric synthetic aperture radar study, proposed that the 6.5 Mw earthquake in central Botswana is not linked to the EARS. From their results, the orientation of the tensional stress that caused the earthquake (northeast-southwest) is different from the northwest-southeast directed tensional stress acting on the southwestern end of the EARS. They suggest that the earthquake event was caused by extensional reactivation of a thrust play in the crust. On the contrary to Kolawole et al. (2017), some studies suggest the role of fluids or melt as the cause of the earthquake (Gardonio et al., 2018; Moorkamp et al., 2019; Fadel et al., 2020). Gardonio et al. (2018) in an interferometric synthetic aperture radar study suggest that the earthquake event was triggered by stress released from fluid migration from the mantle. Moorkamp et al. (2019) in a study using surface waves and MT data investigated the cause of the earthquake. Their results showed two displaced conductors in the crust, which they interpret to be related to graphite. Their study could neither confirm nor refute the possibility of mantle upwelling fluids as a trigger for the earthquake as suggested by Gardonio et al. (2018). Moorkamp et al. (2019) suggest that passive rifting explains the cause of the earthquake than thermal weakening from the mantle. Fadel et al. (2020) in a shear wave velocity study argue that the EAR does not only extend to northern Botswana in the ORZ, but that it does extend to central Botswana. From their model, the low-velocity anomaly of the EARS extends to the location of the 6.5 Mw earthquake in central Botswana. According to Fadel et al. (2020), the process that caused the earthquake suggests that it was associated with fluids or melt from the EARS. In a recent seismological study, Paulssen et al. (2022) also support that the EARS further continues to central Botswana based on the upward migration of the relocated aftershocks and their extensional mechanism, suggesting the earthquakes were produced by fluid intrusion from the mantle causing the eclogitization of dry metastable granulite facies rocks. These divergent views on the extension of the EARS to Botswana require further exploration and understanding from other geophysical data and models.
In the last 2 decades, different novel country-wide geophysical data have been compiled and processed in Botswana including gravity, magnetics, seismic, and MT data. Country-wide gravity and magnetic data provided some of the earliest understanding of the geological provinces and tectonics of Botswana due to the obscuring of the Precambrian geology by thick overburden formed from Kalahari group sediment (Hutchins and Reeves, 1980; Reeves and Hutchins, 1982; Chisenga et al., 2020b; Figure 1D). Also, several seismological studies have been done to understand the tectonics of Botswana. One of the earliest seismological studies was done by Reeves (1972), which focused on investigating seismicity in the ORZ. Wright and Hall (1990) investigated the Rehoboth Province and its relationship with the Kaapvaal Craton using active deep seismic profiling covering southwest Botswana. Many years later, several other seismological campaigns covering the eastern and southeast Botswana were done to image high resolution structure of the crust and upper mantle including the temporary network of the Southern Africa Seismic Experiment and the Africa Array Initiative (Carlson et al., 1996; Nyblade et al., 2008). Between 2013 and 2015, the Seismic Arrays for African Rift Initiation was deployed across the ORZ to further understand the incipient rifting and crustal and upper mantle structure of the region (Gao et al., 2013). More recently, a country-wide seismological project, Network of Autonomously Recording Seismographs was conducted between 2013 and 2018 to image the crustal and upper mantle structure beneath Botswana (Fadel, 2018).
Another geophysical data collection in Botswana was the MT data. In 2002, the Southern African Magnetotelluric Experiment (SAMTEX) was started with the aim to image the electrical structure of the crust and upper mantle beneath the southern African region covering Botswana, Namibia, and South Africa (Jones et al., 2009a). The MT method gives information about the distribution of electrical conductivity in the crust and upper mantle, which is independent geophysical information that is not accessible by other methods. Out of the different geophysical properties, electrical conductivity shows the most significant contrasts in the subsurface material with variance spanning up to 14 orders of magnitude, as dry crystalline rocks can have resistivity above 106 [image: image] while rocks bearing graphite can have resistivity values below 0.01 [image: image] (Telford et al., 2004; Simpson and Bahr, 2005). The wide variance in electrical conductivity gives a potential for producing well-constrained electrical models that can delineate variations in temperature and composition of the Earth’s subsurface material.
In the context of our study, the MT method is suitable for imaging different geological terranes and their boundaries using their electrical conductivity properties. Cratonic segments can be delineated from the mobile belts based on conductivity signatures (Muller et al., 2009). Older lithospheric units (Archean Cratons) are more resistive than the younger lithospheric units (Proterozoic mobile belts) (Muller et al., 2009). Cratonic boundaries and tectonic transition zones are made of suture zones which are characterized by weakened crustal materials due to deformation processes (Khoza et al., 2013a; Muller et al., 2009). Also, the electrical conductivity model derived from MT data could give a piece of evidence about the presence of aqueous fluids and partial melts, rifting, and rift extensions. While there have been a few studies in Botswana that used the SAMTEX data, the studies so far are either focused on regional interpretations or too fragmented and hardly overlap (Muller et al., 2009; Miensopust et al., 2011; Evans et al., 2019; Jones et al., 2009b; Khoza et al., 2013a; Khoza et al., 2013b; Moorkamp et al., 2019). These hinder complete imaging and understanding of the electrical structure of the crust and upper mantle beneath Botswana, and the relationships between the cratons and the mobile belts.
In this study, we used MT data to obtain a country-wide 3D electrical model of Botswana to image the crust and upper mantle structure besides investigating the Maltahohe microcraton and the extension of the EARS in Botswana. The result of this research provides straightforward, connected, and precise geologic interpretations about the crust and upper mantle beneath Botswana and arguments raised in the literature about the Maltahohe microcraton and the extension of EARS to Botswana. Our results overcome the fragmented nature of the previous MT studies in Botswana and the different methodologies and approaches that have led to some conflicting interpretations. The new electrical model of the crust and upper beneath Botswana gives more insight into the tectonic development, current tectonic settings, cratons deformation, and rift initiation processes in the region.
2 GEOLOGY OF BOTSWANA
Botswana is in southern Africa and covers parts of the two cratons in the region and the transitions between them. In Botswana, the Congo Craton covers the northwest region and the Kalahari Craton, which comprises the Zimbabwe and Kaapvaal blocks covers the east and south, respectively (Begg et al., 2009; Figure 1). One of the prominent features in the Kaapvaal Craton is the Bushveld Complex, which is the most extensive layered mafic intrusion into the crust in the world (Begg et al., 2009). The emplacement of the Bushveld Complex in the north-central part of the Kaapvaal Craton (in South-Africa and the far western limb extending to south-east Botswana) took place between 2.06 and 2.05 Ga (Haddon, 2005; Begg et al., 2009). In southwest Botswana is the Rehoboth Province, which extends to eastern Namibia (Figure 1C). The Rehoboth Province is composed of aggregated mobile belts of Paleoproterozoic age around an Archean nucleus (van Schijndel et al., 2011; van Schijndel et al., 2014). There may exist an ancient microcraton beneath the Rehoboth Province in Botswana (Begg et al., 2009; Fadel et al., 2020).
In between the cratonic blocks, the lithosphere of Botswana is composed of mobile belts, which were formed from various rifting and accretion processes: Limpopo, Kheis-Okwa-Magondi, Damara, and Ghanzi-Chobe Belts (Begg et al., 2009; Key and Ayres, 2000; Figure 1). The Limpopo Belt is an Archean mobile belt formed from the collision between the Zimbabwe and Kaapvaal Cratons (Begg et al., 2009). The Kheis-Okwa-Magondi Belt composite is a Paleoproterozoic belt covering the central part of Botswana along the western boundaries of Kaapvaal and Zimbabwe Craton. The Damara Belt is a Neoproterozoic Pan-African belt that bounds the southeastern part of the Congo Craton (Figure 1). To the southeast of the Damara Belt is the Ghanzi-Chobe Belt, which is composed of sequences of folded meta-sediments (Wright and Hall, 1990). Across the Damara-Ghanzi-Chobe Belt is the ORZ, which is considered as an incipient continental rift zone (Kinabo et al., 2008; Modisi et al., 2000; Figure 1).
In central and southwest Botswana, the upper crust includes two sedimentary basins; the Passarge Basin and the Nosop Basin (Figure 1D). The Passarge Basin is in central Botswana and is filled with weakly folded siliciclastic and carbonates from the Ghanzi Group sediments with thickness up to 15 km, and formed during Neoproterozoic and early Paleozoic times (Pretorius, 1984; Key and Ayres, 2000). In the southwest Botswana is the Nosop Basin, which is filled with siliciclastic and marine carbonates from of the Nama Group sediments from Neoproterozoic and early Paleozoic times with thickness up to 15 km (Pretorius, 1984; Wright and Hall, 1990; Begg et al., 2009).
3 DATA AND METHODS
3.1 Data
We used data from 352 MT sites covering Botswana from the freely available Southern African Magnetotelluric Experiment (SAMTEX) data to obtain the electrical conductivity using 3D inverse modelling (Jones et al., 2009a; Figures 1B,C). The data used consists of broadband MT data (0.1–6,000 s) from 302 sites and long-period MT data (0.1–10,000 s) from 50 sites. The robust processing methods described in Jones et al. (1989) was used to process the electric and magnetic fields time series recordings to MT impedance (Z), apparent resistivities, tipper (T), and phase data by Jones et al. (2009). Preliminary regional electrical conductivity and electrical anisotropy maps from the SAMTEX data were presented by Jones et al. (2009). Moreover, a recent 3D electrical conductivity model of southern Africa using the whole SAMTEX data was developed by Özaydın et al. (2022) and compared with garnet xenocryst from kimberlites for more constrained interpretation of mantle structures. Aside from these regional interpretations of the SAMTEX data, a few other small-scale studies have used the SAMTEX data covering sections within Botswana or across its borders (Muller et al., 2009; Miensopust et al., 2011; Evans et al., 2019; Jones et al., 2009b; Khoza et al., 2013a; Khoza et al., 2013b; Moorkamp et al., 2019). For the country-wide 3D electrical modelling of Botswana, we focused on imaging the electrical structure of crustal and upper mantle in relation to the tectonic development, while providing more insights to some debated hypotheses about its tectonics. We used the full Z and T data for 31 periods from 0.1–10,000 s. Incorporating T into the inversion complements the model development by improving the resolution of the 3D electrical structures than inversion with Z only (Becken et al., 2008; Campanyà et al., 2016). Figure 2 shows an example of the MT data from site ELZ208-94A, which is highlighted in black star in Figure 1C. Other MT data samples are given in Supplementary Figures S1, S14, S15.
[image: Figure 2]FIGURE 2 | Example of MT data from site ELZ208-94A showing the apparent resistivity and impedance phases against period (in logarithmic scale) for Zxx, Zxy, Zyx, and Zyy components and the tipper components plot against period (in logarithm scale) for Tzx and Tzy.
3.2 Methodology
The methodology we used to derive the country-wide 3D electrical conductivity model of Botswana consists of three stages. In the first stage, we corrected the MT data for galvanic distortion and removed high error data to improve the data quality. In the second stage, we analyzed the properties and sensitivity of the MT data by performing depth resolution and dimensionality analysis. Finally, in the third stage, we inverted the MT data using 3D inversion technique. The details of the methodological steps are discussed further in the following subsections. We used the Python Toolbox for MT data processing, analysis, and visualization (MTpy; Kirkby et al., 2019; Krieger and Peacock, 2014). The 3D inversion of the MT data was done using the Modular System for Electromagnetic Inversion (ModEM) (Egbert and Kelbert, 2012; Kelbert et al., 2014).
3.2.1 MT Data Processing
We processed the MT data in two steps. First, we corrected the data for galvanic distortion and static shift error. Subsequently, the MT data that have been corrected for distortion were cleaned automatically and visually to remove data points with high errors.
The MT data is often affected by distortions (galvanic distortion) in the electromagnetic field, which are caused by the disturbance of the current that generates the electrical field. Galvanic distortions are non-inductive frequency-independent responses caused by the scattering of regional MT response by accumulated charge distribution on small-scale shallow bodies or inhomogeneity in local geologic structures (Jones, 2012). Galvanic distortion causes obscuring of the geoelectric strike, phase mixing, masking of properties of regional structures, and distortion of the magnitudes of Z. A subclass of the galvanic distortion of the MT data is the static shift, which is a frequency-independent shift in the apparent resistivity curve by a factor (Simpson and Bahr, 2005; Jones, 2012). In 1D modelling, static shift causes a shift in the depth to conductive structures and error in the modelled resistivity values. In 2D and 3D cases, static shift, if not corrected, may cause artefacts in the model (Simpson and Bahr, 2005). The inherent distortions in the MT data might require corrections to extract undistorted data from the measured data for the purpose of modelling the subsurface electrical structure. According to Jones (2012) and Meqbel et al. (2014), the scattering effects of small-scale local structures with dimensions or spatial scales larger than the MT site spacing can be modelled in 3D inversion, and galvanic distortion correction is not required. However, the SAMTEX MT data has high spatial aliasing, hence galvanic distortion removal is necessary (Figure 1D). The galvanic distortion removal was done following Bibby et al. (2005) approach, which makes use of phase tensor parameters and implements minimum explicit assumptions about the data parameters. The phase relationship between the magnetic field and electric field remains undistorted and can be used to retrieve the regional impedance (Caldwell et al., 2004). On this basis, Bibby et al. (2005) described an approach of galvanic distortion removal in MT response using the phase tensor, which provides maximum information about the dimensionality of the regional impedance with the minimum assumptions about the data. The phase tensor approach also overcomes the challenges of other distortion removal techniques, such as preconditioned interpretation of regional structures in 2D along average or dominant strike direction (e.g., Groom and Bailey, 1991; Smith, 1995).
Static shift correction factors are undeterminable from the MT data itself (Simpson and Bahr, 2005). In this study, we used statistical averaging method to estimate the relative static shift correction factor for each MT station from other stations in the radius of 30 km (Simpson and Bahr, 2005). The outputs of the process are static shift corrected MT responses.
The MT responses were further processed by removing data points with high errors and outliers to improve the convergence of the data in the inversion process. Poor-quality data points with error bars of the Z and T data above 5% were removed automatically from the data, which is also the percentage of error floor used in the 3D inversion step that will be described later. After that, the MT curve smoothness was examined visually on the criteria that the variation in MT apparent resistivity curve from period to period should not be more than 45⁰ on a logarithm versus logarithm scale plot. From the data visual check, outlying period data points from the MT curve were removed to improve the smoothness of the MT response curve. The MT data were subsequently used in the data analyses and inversion stages.
3.2.2 MT Data Analysis
We performed two analyses to determine the sensitivity of the MT data. Depth resolution test was done to evaluate the depth in the subsurface to which the data is sensitive and can be reliably interpreted. Also, we examined the dimensionality captured in the MT data to understand the most appropriate dimension for modelling the data. To test the depth resolution of the MT dataset, we calculated the depth of penetration of the MT data per station using the Niblett-Bostick transformation (Niblett and Sayn-Wittgenstein, 1960). The Niblett-Bostick transformation accounts for variation in depth of penetration for MT sites at similar periods by comparing the MT responses than analysis based only on the period (Adetunji et al., 2015).
The dimensionality of the MT data is an important property which is required to determine the dimension of the modelling approach. The subsurface structure captured in the MT data should have the same dimensionality as the modelling approach used. Modelling MT data in dimensions higher or lower than the dimensionality captured in the data causes the propagation of the dimensionality distortion in the model, which leads to erroneous interpretation (e.g., a 1D interpretation of a 2D or 3D structure; Ledo et al., 2002; Ledo, 2005). We used phase tensor analysis to examine the dimensionality of the MT data. The phase tensor is not affected by galvanic distortion, and it holds essential information about the dimensionality of the MT data (Caldwell et al., 2004; Booker, 2014). The dimensionality analysis results showed that the MT data should be modeled in 3D and the results are further explained in Section 4.1. Therefore, 3D inversion was implemented to invert the MT data.
3.2.3 Three-Dimensional MT Data Inversion
We used ModEM for the inversion of the MT data (Egbert and Kelbert, 2012; Kelbert et al., 2014). The ModEM utilizes the finite difference approach for forward calculations and the non-linear conjugate gradient (NLCG) technique for solving the inverse problem. The finite difference method is a robust technique for electromagnetic response computation (Egbert and Kelbert, 2012). The NLCG method is efficient in solving large inverse problems because it requires lesser processing units (CPU and memory) as inversion model grids and data increase.
The ModEM requires constructing starting 3D mesh of the study area with initial electrical conductivity values. Once MT data and starting 3D model are prepared, the inversion process can be executed. Two main parameters govern the inversion process; model covariance and initial damping (Kelbert et al., 2014). The model covariance (value between 0 and 1) controls how the norm of the model behaves. Large model covariance values result in smoother models with poor data fit, while small model covariance values result in rough models with higher data fit (Robertson et al., 2020). On the other hand, the initial damping parameter controls how the model fits the data progressively.
The MT data over Botswana was inverted using a 3D mesh with cell dimensions of 10 km × 10 km in the horizontal plane. The choice of the horizontal griding dimensions was based on the minimum data interstation spacing of 10 km and the grid resolution test, which is described in the next paragraph. A first layer thickness of 50 m was used, and the subsequent vertical layers’ thicknesses increased by a factor of 1.1 logarithmically. The mesh is composed of 137, 138, and 100 cells in the X, Y, and Z directions, and padding cells of 7, 7, and 6, respectively. A resistivity value of 100 Ωm was used for the starting model (Robertson et al., 2020). Also, an error floor of 5% of ([image: image]|[image: image]|) was used for [image: image] and [image: image], an error floor of 5% of ([image: image]|[image: image]|) was used for [image: image] and [image: image], and an 0.03 error floor for the T data (Meqbel et al., 2014). Topography data (MT station elevation data) was incorporated into the model to compensate for site elevation difference. Ten air layers were added to the starting model to pad the Earth model. A model covariance value of 0.4 was used to resolve less smooth features and create a geologically plausible electrical model (Robertson et al., 2020). The initial damping parameter of 10 was used for the inversion to minimize required computation time and resources (Robertson et al., 2020). The final misfit for the electrical conductivity model is 3.22 after 126 iterations. Details of the model misfit are discussed in Section 4 of the Supplementary Figures S12–S15.
We carried out several inversions to investigate the sensitivity of the inverted electrical model to three main parameters; the initial damping parameter, the grid resolution, and the certainty of the retrieved low conductive anomalies with values between 1–10 Ωm in the model. A model covariance value of 0.4 was fixed for all the tests, like main inversion covering Botswana described earlier. For the sensitivity tests, smaller datasets were used to ensure that the computation times required are shorter. Details about the sensitivity tests are discussed in the Supplementary Material. In the following, we briefly describe three sensitivity tests on the initial damping parameter, model grid resolution, and highly conductive structures.
1) We investigated how the initial damping parameter affects the resultant electrical model with varying values of 1, 10, 100, and 1,000.
2) Model grid resolution determination is a crucial step in 3D MT inversion. The decision of the size of the model grid is usually balanced between the need to recover fine model details by using a higher-resolution grid and, on the other side, minimizing the computational time and resources required by using a coarser-resolution grid. We investigated how the horizontal grid resolution affects the resultant electrical model using a coarse grid of 30 km × 30 km, an intermediate grid of 15 km × 15 km and a fine 10 km × 10 km grid resolutions.
3) A major uncertainty in our electrical modelling result was the highly conductive structures (1–10 Ωm) in the lower crust and upper mantle. A sensitivity test was carried out to verify the certainty of these highly conductive structures if they are data related. The test involved inverting the MT data for 120 iterations with misfit of 3.55 and removing the conductive structures (<100 Ωm) in the model and replacing them with the resistivity of the starting model (100 Ωm). The inversion is then restarted with the modified model and continued for another 74 iterations with misfit of 3.42. The resultant model was examined to see whether the highly conductive structures are returned in the model or not.
4 RESULTS AND DISCUSSION
4.1 Resolution Depth and Dimensionality
The results of the resolution depth and the dimensionality of the MT data are presented and discussed in detail in the Supplementary Figures S2–S6. Here, we discuss the main findings. The conclusion from the depth resolution test is that the MT data used in this study can image down to 200–250 km depth (Supplementary Figure S2). The electrical models are presented up to depth of 200 km and sensitivity depth per MT site are also indicated (Figures 4–6). The MT data is not only sensitive to depths but also to the volumetric electrical conductivity of the subsurface, because electromagnetic waves have diffusive nature. The lateral distance to which the MT data is sensitive at any depth is referred to as horizontal adjustment length. At the various depths of penetration of the MT data, the horizontal adjustment length is 2–3 times the value of the penetration depth (Simpson and Bahr, 2005). However, due to high spatial aliasing between the MT sites, at shallow depths, the horizontal adjustment lengths are small (Figure 1). Hence, the results of the electrical model are interpreted and discussed along cross sections on top or in the near proximity of the MT stations (Figures 3–5) to address the shortcoming of the small horizontal adjustment length.
[image: Figure 3]FIGURE 3 | Plan view of electrical conductivity model depth slices at 13, 20, 32, 50, 92, 120, 186, and 222 km depths. MT sites are represented in black dots.
[image: Figure 4]FIGURE 4 | The 3-D electrical conductivity model of Botswana along five cross sections represented with blue lines in (A). (B) shows the tectonic map of Botswana. RP, Rehoboth Province; KB, Kheis Belt; KC, Kaapvaal Craton; OB, Okwa Block; CC, Congo Craton; DGC, Damara-Ghanzi-Chobe Belt; MB, Magondi Belt; ZC, Zimbabwe Craton; LB, Limpopo Belt; MC, Maltahohe microcraton; ORZ, Okavango Rift Zone; EARS, East African Rift System; BC, Bushveld Complex. Black dashes underneath each MT station in the electrical model = depth sensitivity per MT site.
[image: Figure 5]FIGURE 5 | Electrical conductivity model north-south cross section (represented with blue line in (A)) across the epicenter of the 03 April 2017 earthquake in central Botswana. (B) shows the tectonic map of Botswana. DGC, Damara-Ghanzi-Chobe Belt; MB, Magondi Belt; KC, Kaapvaal Craton; EARS, East African Rift System; BC, Bushveld Complex. Black dashes underneath each MT station in the electrical model = depth sensitivity per MT site.
[image: Figure 6]FIGURE 6 | (A) The 3-D shear wave velocity model of Botswana after Fadel et al. (2020). (B) Electrical conductivity model derived from MT data. The red star = location of the 6.5 Mw earthquake in 2017. The highlighted features: CC, Congo Craton; DGC, Damara-Ghanzi-Chobe Belt; ER, East African Rift System; KC, Kaapvaal Craton; KB, Kheis Belt; MB, Magondi Belt; MC, Maltahohe microcraton; NB, Nosop Basin; OK, Okavango Rift Zone; PB, Passarge Basin, and RP, Rehoboth Province; BC, Bushveld Complex. Black dashes underneath each MT station in the electrical model = depth sensitivity per MT site.
The results of the dimensionality analysis (Supplementary Figures S3–S6) show high skew values (>6⁰) and high ellipticity of the phase tensor for majority of the MT sites. High skew values of the phase tensor greater than 6⁰ indicate 3D effects, skew values of 0⁰ indicate 2D data, and lower skew values indicate 1D subsurface structure (Cherevatova et al., 2015; Comeau et al., 2020). When the phase tensor is a circle, it indicates 1D subsurface, while the elliptical phase tensor represents 2D or 3D effects in the conductivity distribution (Becken and Burkhardt, 2004; Bibby et al., 2005). Hence, the results indicate the presence of 3D signature in the MT dataset.
The previous MT studies done in Botswana using the SAMTEX data showed the existence of multiple principal geoelectric strike directions in the data, which confirms the presence of 3D signature in the data (e.g., Miensopust et al. (2011), Muller et al. (2009), and Khoza et al. (2013a)). The result of the phase tensor analysis confirms the 3D nature of the structure beneath Botswana as reflected in the MT data. Therefore, the MT data for this study were modelled in 3D without need for assumption of geoelectric strike directions, which is required for 2D modelling approach.
4.2 Sensitivity Tests
The results of the sensitivity tests are presented and discussed in the Supplementary Material. Here we highlight the main findings on the inversion initial damping parameter, grid resolution, and conductive structures.
4.2.1 Initial Damping Parameter
The different initial damping parameters tested (1, 10, 100, and 1,000) did not influence the data fit nor the resolved structures in the resultant models (Supplementary Figure S7). However, higher initial damping parameters took more NLCG iterations and computation time to achieve convergence of the inversions. These observations are consistent with the results from model space exploration with the Australian Lithospheric Architecture Magnetotelluric Project data using ModEM done by Robertson et al. (2020). For the inversions in this study, we used an initial damping parameter of 10 to reduce the computing time.
4.2.2 Grid Resolution
We observed that increasing the grid resolution from 30 to 15 km and from 15 to 10 km led to an increase in the data fit of the resultant model (Supplementary Figure S8) and geologically plausible electrical structures (Supplementary Figures S8–S10). A choice of 10 km horizontal grid resolution, which is also the minimum interstation spacing in the data was made to recover a high-resolution model that can better fit the MT data.
4.2.3 Conductive Structures
We observed that the highly conductive structures with resistivity values between 1–10 Ωm in the crust and upper mantle in our electrical model are required and are data related. From the test, the highly conductive features return to the model after a continued inversion of the modified model as described in Section 3.2.3 in the Supplementary Figure S11.
4.3 The Electrical Conductivity Model
The final 3D electrical model of Botswana is presented as depth slices in Figure 3 and cross sections in Figure 4 to show the variation of the electrical conductivity of the different tectonic terranes in the study area. The cross sections were chosen along the data profiles to overcome the shortcoming of small horizontal adjustment length at shallow depth and make the results interpretable reliably.
From the results (Figures 3, 4), there are distinctive high conductive structures, both in the crust and upper mantle. Several factors can contribute to the high conductivity in the mid-lower crust and upper mantle. Anomalous conductive structures in the lower crust can be interpreted as the presence of graphite or aqueous fluids (Jones et al., 2005). In some areas, sulfides and other metalliferous ore deposits or partial melt contribute to high conductivity in the lower crust (Wannamaker et al., 2008). Regions that are spatially close to suture zones or fault zones also have highly conductive features due to the weakening of the crust (Jones et al., 2005). In the mantle, highly conductive anomalies can be due to high temperatures, partial melting, hydration, or mineralization of the mantle material (such as iron enrichment) from magmatic intrusion (Jones et al., 2005; Khoza et al., 2013a; Khoza et al., 2013b; Evans et al., 2019).
In southwest Botswana (Figure 4; A-A′), there are distinctive electrical structures across the Rehoboth Province, Kheis Belt, and the Kaapvaal Craton. The Kheis Belt has the lowest bulk electrical resistivity, while the Kaapvaal Craton has the highest bulk electrical resistivity. The Kaapvaal craton is imaged as a highly resistive structure (approximately 10,000 Ωm). The Kheis Belt is imaged next to the Kaapvaal Craton as a less resistive lithosphere (500–1,000 Ωm). Beneath the Rehoboth Province, the result shows a separate resistive structure (with average resistivity above 1,000 Ωm) between 10 and 100 km depth. This signature is indicative of a cratonic structure. However, there is broad conductive structure from the upper mantle (100 km) downward across the profile A-A′, which could be due to high temperatures regimes in the mantle (Sobh et al., 2021). The observed lateral variation across the Rehoboth Province-Kheis Belt-Kaapvaal Craton is confirmed by the shear wave velocity model by Fadel et al. (2020).
Figure 4; B-B′ shows distinctive electrical structures across the Okwa Block and the Kaapvaal Craton. The Okwa Block is imaged as a resistive structure (∼1,000–10,000 Ωm) with the presence of a conductor (∼10 Ωm) at a depth of ∼40 km. The Kaapvaal Craton is imaged as a resistive structure. However, from the depth of ∼100 km downward, there exists a broad highly conductive structure (∼5 Ωm), which may be due to iron enrichment of the mantle from the emplacement of the Bushveld Complex (Fouch et al., 2004). In the northwest margin of Botswana (Figure 4; C-C′), the Congo Craton is imaged as a resistive structure. In the Damara-Ghanzi Chobe Belt, there are distinctive highly conductive structures in the crust (∼30 km) and at a deeper depth (∼80 km downwards) around the east of profile C-C′ in Figure 4. The highly conductive structures may be due to fluids or melts from the EARS. Cross-section D-D′ shows the electrical conductivity model across Congo Craton, Damara-Ghanzi Chobe Belt, and the Magondi Belt. The Congo Craton is imaged in northwest Botswana as a highly resistive structure with the presence of a crustal conductor, which may be due to presence of ironstone in the metasedimentary rocks of Xaudum Group (Begg et al., 2009; Chisenga et al., 2020a). In the Damara-Ghanzi-Chobe Belt, the ORZ is imaged as a highly conductive crustal structure (∼5 Ωm) that connects with mantle structure of intermediate conductivity (Figure 4; D-D′). Similarly, in Magondi Belt, a highly conductive crustal structure (∼1 Ωm) is imaged, which seems to connect with a conductive mantle structure. These structures can be interpreted to be due to the upward movement of fluids or melt from the mantle to the crust beneath the ORZ and the Magondi Belt through zones of weakness as suggested by previous studies (e.g., Fadel et al., 2020).
Figure 4; F-F′ shows the electrical conductivity model across the Magondi Belt, Zimbabwe Craton, and the Limpopo Belt. The Zimbabwe Craton is imaged as a highly resistive structure with the presence of crustal conductive structures, which may be due to presence of graphite and/or sulfide (Khoza et al., 2013a). The observed high resistivity structure of the Zimbabwe Craton is consistent with results from velocity models, which show high-velocity anomalies beneath the Zimbabwe Craton (Ortiz et al., 2019; Fadel et al., 2020; White-Gaynor et al., 2021). Another feature of note along F-F′ is the highly conductive structure, which may be due to iron enrichment during the Bushveld Complex beneath the Kaapvaal Craton and the Limpopo Belt. This observation is consistent with a region of low velocity beneath the Limpopo belt from seismic study (Ortiz et al., 2019). The finding supports that this region of low velocity resulted from modification of the lithospheric and the mantle material by the Bushveld Complex magmatic event. Figure 4; E-E shows the lithosphere beneath the Magondi Belt is imaged as a conductive structure. Miensopust et al. (2011), in a previous MT study in northeast Botswana, observed crustal conductors beneath the Magondi Belt and suggest the structures to be due to the presence of graphite or sulphide. The Magondi belt was accreted to the Kheis-Okwa Belt (Thomas et al., 1993), and the Kheis-Okwa-Magondi Belt composite was modified during the Bushveld Complex emplacement (Begg et al., 2009).
4.4 Velocity-Conductivity Interpretation
Seismology and magnetotelluric methods are two primary geophysical methods for studying the structure of the crust and upper mantle because of their capacities to image deep Earth structures (Panza et al., 2007). These two methods look at different independent physical properties; velocity and conductivity, and they have different sensitivities to subsurface structures. Therefore, there is usually no complete match between the seismic velocity models and the electrical models. However, using both methods may support and complement some interpretations of subsurface structures. Here, we complement the interpretations from our new 3D electrical conductivity model with the country-wide 3D shear wave velocity model of Botswana by Fadel et al. (2020) to arrive at better interpretations (Figure 6). Their results included investigation of similar tectonic domains of this study; the Maltahohe microcraton and the extension of the EARS to Botswana, which are discussed in detail in coming sections.
4.5 The Maltahohe Microcraton
The resistive structure beneath the Rehoboth Province (Figure 4; A-A′) indicates the presence of a cratonic structure from depths of 10–100 km. This cratonic structure is clearly separated from the Kaapvaal Craton by the Kheis Belt. We interpret the cratonic structure beneath the Rehoboth Province as the Maltahohe microcraton, being distinct from the Kaapvaal Craton. This is contrary to the proposition of thinned western extension of the Kaapvaal Craton by Wright and Hall (1990). In an earlier MT study, Muller et al. (2009) carried out a 2D interpretation of the MT data across Kaapvaal Craton, Rehoboth Province and Damara-Ghanzi-Chobe Belt. According to the data decomposition study by Muller et al. (2009), multiple geoelectric strike directions are present in the data, which could be best solved using a 3D modelling approach. However, they inverted the MT data independently in two geoelectric strike directions of 25⁰ and 45⁰ due to computational limitations. Their electrical model showed conductive and resistive blobs beneath the Rehoboth Province, which could be due to dimensionality distortion in the 2D interpretations. 3DThe 3D modelling methodological approach we employed helped to improve the imaging of the cratonic structure beneath Rehoboth Province, which we interpret as the Maltahohe microcraton. The 3D MT modelling does not require assumption on geoelectric strike direction, which prevents dimensionality distortion in the interpretation of the electrical model compared to the previous 2D modelling.
The finding from our 3D electrical model on the existence of the Maltahohe microcraton is consistent with some previous studies (e.g., Begg et al., 2009; Chisenga et al., 2020a; Fadel et al., 2020). Our finding also confirms the location of the Maltahohe microcraton to be similar to Fadel et al. (2020) and that is it a separate cratonic structure from the Kaapvaal Craton (Figure 4, A-A′ and Figure 6; II-II′). Fadel et al. (2020), from their 3D shear wave velocity study, observed a high shear wave velocity beneath the Rehoboth Province interpreted as the Maltahohe microcraton. In the shear wave velocity model, the high velocity structure of the Maltahohe microcraton is imaged up to 200 km depth as compared to 100 km depth in the electrical model (Figure 6; I-I′ and II-II′). The disparity in the imaged depth may be due to low MT site coverage along the II-II’ profile. In the unresolved section along the II-II′ profile (low MT site coverage), the conductivity model could not image the possible deeper sections of the Maltahohe microcraton compared to the 3D shear wave velocity model.
4.6 The Bushveld Complex
Fouch et al. (2004), in a seismic study observed low seismic wave velocities in the Bushveld Complex around the southeastern border of Botswana. The location of the low seismic anomaly from the model of Fouch et al. (2004) coincides with the interpreted Bushveld Complex highly conductive anomaly along B-B′ and F-F′ in Figure 4. Their study suggests that the low seismic wave velocity anomaly is linked to compositional changes in the mantle due to iron enrichment from the formation of the Bushveld Complex. Similarly, other seismic investigations, including the P and S wave velocity study by Ortiz et al. (2019) and the shear-wave velocity study by White-Gaynor et al. (2021), show a region of low velocities beneath the Bushveld Complex in the Kaapvaal Craton. Ortiz et al. (2019), supporting Fouch et al. (2004), argue that the low velocities anomalies observed beneath the Okwa Block, Magondi Belt and Limpopo Belt, which are extensions of the Bushveld Complex, are results of the modification of the composition of the mantle material from the magmatic event. Ortiz et al. (2019) ruled out the possibilities of thermal anomalies as the cause of these low-velocity anomalies since no tectonic event affected these terranes in the Phanerozoic age.
In a previous MT study across the Kaapvaal Craton, Evans et al. (2011) found high electrical conductivity structure of ∼10 Ωm in the Bushveld Complex. The interpreted MT data profile by Evans et al. (2011) intersects with the interpreted Bushveld Complex highly conductive anomaly in cross-section F-F′ in Figure 4. They suggest that connected metallic sulphides, iron-rich garnets, and other economic minerals form the network of conductors within the Bushveld Complex. This is like the proposition of Jones and Garcia (2006) for the highly conductive anomalies beneath the Yellowknife River Fault zone in the Slave Craton in northern Canada. Jones (1988) reported that the geotherms in the Bushveld Complex are not significantly higher compared to other parts of the Kaapvaal Craton from heat flow data. Also, the last thermal event in the emplacement of the Bushveld Complex occurred in the Archean (Begg et al., 2009; Evans et al., 2011). With these pieces of evidence, this study, supporting the interpretation of Fouch et al. (2004), attributes the iron enrichment of the mantle material from the Bushveld Complex emplacement as the cause of highly conductive structures beneath the Kaapvaal Craton (Figure 4; B-B′ and F-F′).
4.7 The Extension of the East African Rift System to Botswana
The southwestern branch of the EARS is often interpreted to have its terminus in northern Botswana (e.g., Modisi, 2000; Yu et al., 2015a; Leseane et al., 2015; Ortiz et al., 2019; Fadel et al., 2020). The southernmost surface expression of the EARS occurs at Lake Kariba, near the northeastern tip of Botswana (Figure 1). Our study investigates the possible extension of the EARS in Botswana. The electrical conductivity model across the northern border of Botswana in Namibia along the MT sites shows a distinctive highly conductive anomaly in the lower crust (∼30 km), which connects with a conductive structure in the mantle (∼80 km downwards; Figure 4; C-C′). This highly conductive mantle structure may be due to the further subsurface extension of the EARS from lake Kariba. The high conductive anomaly in the lower crust could be due to the migration of fluids or melt from the EARS into the crust through zones of weakness (Figure 4; C-C′). In the ORZ, we found a highly conductive crustal structure (∼5 Ωm) that connects with a conductive upper mantle structure, which also supports the interpretation of ascending fluids or melt as the cause of the rifting in the ORZ (Figure 4; D-D′). This mechanism of ascending fluids or melt from the mantle to the crust is similar to the interpretation by Fadel et al. (2020) from shear wave velocity cross-section across the ORZ in northern Botswana. Their velocity model shows that the mantle low-velocity anomaly, which is linked to the EARS, seems to connect with the shallow low-velocity anomaly of the ORZ (Fadel et al., 2020; Figure 6; J-J′). Both cross-sections C-C′ and D-D′ from the electrical model are spatially displaced from the cross-section J-J′ from the shear wave velocity model. However, the mechanism of ascending fluids or melt from the mantle to the crust is similar to the proposition of Fadel et al. (2020) about the rifting in the ORZ. The interpretation of the conductive anomaly beneath the ORZ in our electrical model is supported by a high Vp/Vs ratio from the receiver function studies (Yu et al., 2015c; Fadel et al., 2018) and shallow Curie depth from aeromagnetic data (Leseane et al., 2015). According to Leseane et al. (2015) and references therein, it is suggested that the earthquakes in the ORZ are triggered by the migration of fluids from the mantle to the crust. Our interpretation also supports the proposition by Fadel et al. (2020) on the role of ascending fluids from the EARS in the weakening of the lithosphere and subsequent rifting in the ORZ. However, there exist contrary opinions on the extension of the EARS to northern Botswana and mechanism of the incipient rifting in the ORZ (e.g., Khoza et al., 2013b; Kinabo et al., 2007; and references therein). Khoza et al. (2013b), in a previous MT study covering some parts of northwest Botswana, argue that neither a thinned lithospheric structure nor highly conductive mantle anomalies are present beneath the ORZ from their electrical model. They go further to propose a model in which the incipient rifting in ORZ is initiated from the surface. The result from our 3D electrical conductivity model provides a piece of evidence for the ascending fluids from the EARS to the crust in the northern border of Botswana with Namibia in a similar mechanism as suggested for the ORZ by Fadel et al. (2020).
Furthermore, Fadel et al. (2020) suggest that the EARS does not only extend to the ORZ, but further extends to central Botswana from their velocity model. Cross-section K-K′ in Figure 6 shows a connection between a low-velocity anomaly beneath the epicentre of the 6.5 Mw earthquake and a deeper low-velocity anomaly, which may be due to the EARS. According to Fadel et al. (2020), the ascending fluids or melt from the EARS into the region below central Botswana may be the cause of the 6.5 Mw earthquake. Similarly, Chisenga et al. (2020b) modelled the crustal thickness of the crust beneath Botswana using gravity data. From their results, the crust beneath the epicentre of the 6.5 Mw earthquake in central Botswana is thinner with an approximate thickness of 40 km compared to 43 and 46 km thicknesses in the adjacent Kaapvaal Craton and central part of Limpopo Belt, respectively. Their result suggests that the thinning of the crust beneath the earthquake epicentre was caused by migrating thermal fluids from the EARS, eroding the lower crust structure. They propose that the combination of migrating thermal fluids from EARS, high heat flow, thin-crust and local stress in the crust contributed to the 6.5 Mw earthquake occurrence.
Our electrical conductivity model is not able to confirm or refute the proposition of EARS’ extension to central Botswana because of under sampling of the MT data along the transect to investigate the phenomenon (Figure 5; G-G′). Hence, the electrical conductivity model is not able to provide more insight into the extension of the EARS to central Botswana. At shallow depth of penetration of the MT data, the horizontal adjustment length to which the data is sensitive is small. Due to this, shallow structures that are laterally far away from the MT sites cannot be reliably interpreted along the G-G′ transect. At large depths (greater than 100 km), the horizontal adjustment length increases and the MT response at the MT site becomes more regional. Hence, the structures in the model that are laterally displaced from the MT sites can be interpreted reliably. At the epicenter of the 6.5 Mw earthquake, the model shows a highly conductive anomaly at a depth of 30 km, which is resolved by at least one MT site. Moorkamp et al. (2019) in a study in central Botswana using surface wave and MT data found two displaced conductive structures which were interpreted as likely related to graphite. From their electrical model and seismic velocity results suggest, they suggest reactivation of the old fault zone associated with a weak mantle because of amphibole enrichment and reduced grain size in central Botswana. While they did not confirm or refute the concept of mantle upwelling fluids as a trigger for the earthquake, they attributed the earthquake and the associated weak mantle to be more likely due to passive rifting related to the ambient stress field driven from top to bottom rather than thermal weakening from below. Also, Moorkamp et al. (2019) suggest that the 6.5 Mw earthquake reactivated existing fault from the deformation process of the collision between Kaapvaal and Zimbabwe cratonic blocks. However, other studies suggest that ascending fluids or melt from the EARS extends to central Botswana through the weak lithospheric zones and played a role in triggering the earthquake (Chisenga et al., 2020b; Fadel et al., 2020; Paulssen et al., 2022).
There is also a highly conductive anomaly in the northern part of this cross section from ∼100 km depth, which is resolved by at least two MT sites (Figure 5; G-G′). We interpreted this highly conductive structure as the possible extension of the EARS to northern Botswana. Another feature of note is the conductive structure beneath the Kaapvaal Craton from a depth of 120 km, which is resolved by at least three MT sites at that depth (Figure 5; G-G′). This highly conductive structure may be due high temperatures regimes in the upper mantle or from iron enrichment from the Bushveld magmatic emplacement in the Kaapvaal Craton. Additional MT measurements along this transect are required to resolve the electrical structure of the crust and upper mantle and further investigate the suggested extension of the EARS to central Botswana and its role in the 6.5 Mw earthquake in central Botswana.
5 SUMMARY AND CONCLUSION
We presented the 3D electrical conductivity model of Botswana derived from MT data. Our homogenous 3D modelling approach for interpreting the MT data covering Botswana overcame the preconditioned 2D interpretation of the electrical structure of the crust and upper mantle along geoelectric strike directions. Besides this, the country-wide electrical modelling provides a connected and precise interpretation of the electrical structure, overcoming the limitations of fragmented nature of the previous MT studies in Botswana. Our electrical model showed significant structures in the crust and upper mantle of Botswana. The model highlights the main geologic terranes in Botswana, including the very resistive structures of the cratonic terranes – Congo, Kaapvaal, Zimbabwe Cratons and Rehoboth Province; and the less resistive structures of the mobile belts – Damara-Ghanz-Chobe, Limpopo, and Kheis-Okwa-Magondi Belts. In southwest Botswana, we find a distinctive resistive structure beneath the Rehoboth Province, which suggests the existence of the Maltahohe microcraton as a separate cratonic unit as proposed by other studies. In addition to these, we imaged a highly conductive anomaly in the crust beneath the ORZ, which connects to a deeper highly conductive anomaly that may be related to the last surface expression of the EARS. We suggest that ascending fluids or melt from the EARS, which causes the weakening of the lithosphere, play a significant role in the incipient continental rifting in the ORZ. Lastly, our electrical model is not able to confirm or refute the suggested extension of the EARS to central Botswana. Additional MT data measurements along northeast to central Botswana would solve the challenge of under sampling and help resolve the electrical structure along this transect better.
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He: Hypothesis that event s regional with epicenter in Nigeria.

Hi: Hypothesis that event is teleseismic with epicenter in Japan.

[a%, @} Observed distance and azimuth (see Figure 5)

[AH, ®H]: Calculated distance and azimuth assuming Hypothesis (compare Figure 5 with Figure 4)
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No. Code Country Coordinates Xx angie” Location code

(Lat,, Lon)
1 1I-RAYN Saudi Arabia 235224, 45,5032 o 00
2 MN-WDD Malta 35.8373, 14.5242 -3 -
3 1U-FURI Ethiopia 8.8952, 38.6798 -1 00
4 PM-PFVI Portugal 37.1328, -8.8268 & =
5 G-TAM Algeria 22.7915, 5.5284 b 00
6 1I-MBAR Uganda -0.6019, 30.7382 o 00
7 NJ-TORO Nigeria 10.055,9.12 & -
8 G-MBO Senegal 14.302, ~16.9555 - 10
9 GT-DBIC Cote d'lvoire 15" 00
10 IFASCN Ascension lsiand -7.9327, ~14.3601 -1 00

The bold indicates the five high-quality stations with very clear event detections (compare Figure 3 with Figure 2).
aproper orientation for the North Channel is retrieved from Ojo et al. (2019).
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Processing Step

1. Geometry
2. CMP binning

3. Static corrections

4. Deconvolution
5. Frequency filter
6. F-K fitter

7. Velocity Analysis
8. Residual statics
9. Migration

10. Stack

11. Frequency fiter

12. Depth conversion

Parameters: RT-376 (P1)

Write geometry to SEGY headers
Crooked line. CMP bin spacing: 25 m

Floating datum
1,550 m SRD
3,000 /s rep. vel
Refraction Statics: 6.2 ms RMS

Spiking deconvolution

Bandpass: 6-10-99-120 Hz

Mute signals with velocities <3,500 m/s
Constant velocity stack analysis every 50th CMP
4 iterations

2D Kirchoff pre-stack time migration

Normalized stacking

Bandpass: 10-18-50-70 Hz

Time-to-depth conversion using smoothed interval velocity model

Parameters: RT-351 (P2)

Floating Datum
1,475 m SRD
3,000 Vs rep. vel

Refraction Statics: 8.8 ms RMS
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Acquisition parameter

Shooting Direction
Spread

Recording Instrument
Geophones

Receiver Spacing
Sampling Interval
Source

Sweep Parameters
Source Spacing
Profile Length

Nominal Fold

RT-376 (P1)
NS

Split spread: 2075m-25m-25m-2975m. 120 active channels
Sercel SN368

Sercel SMAU 1C-10 Hz

50m

4ms

4 vibs, 3 sweeps per vib point

10-61 Hz linear sweep

50m

80km

60

RT-351 (P2)
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Range of depth (m)

-1,001 ~ -2,000
-2001 ~ -3,000
-3,001 ~ -4,000
-4,001 ~ -5,000

-5,001 ~ -6,000

Error range (mGal)

-6.07 ~ 46.13
-6.98 ~ 26.97
-23.44 ~ 29.78
-25.50 ~ 32.98
-21.32 ~ 42.00

Mean error (mGal)

32.37
5.74
4.63
513
487

Std. Deviation of
error (mGal)

1371
752
9.10
875
7.91
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Range of depth (m) Error range (mGal) Mean error (mGal) Std. Deviation of

error (mGal)
-2,001 ~ -3,000 -6.9811 ~ 5.0888 -0.7609 28772
-3,001 ~ -4,000 -12.7752 ~ 5.0881 -1.5134 3.2243
-4,001 ~ -5,000 -14.4302 ~ 5.0885 -0.3484 4.3806
-5,001 ~ -6,000 -11.1749 ~ 5.0895 0.7098 3.0266
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Satellite

Jason-1/GM
SARAL/AltiKa
HY-2A/GM
Cryosat-2
Envisat

Inclination (deg)

66
98.55
99.3
92
98.52

Spatial resolution at
the equator (km)

75
1~15
87
75

51

North-component
Weight

0.1618
0.2486
0.1997
0.1981
0.1918

East-component
Weight

0.2804
0.2414
0.0643
0.3373
0.0765





OPS/images/feart-09-700873/inline_1.gif
wet troposphere correction + dry troposphere correction+

ionosphere correction + sea state bias correction+
corrections P ° ) ’

pole tide correction + ocean tide correction+

solid earth tide correction + inverse barometric correction
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Statistic of difference

Minimum
Maximum

Mean

Standard deviation

North-component

-2.82
295
0.06
0.96

East-component

-8.58
8.30
-0.09
281





OPS/images/feart-09-700873/feart-09-700873-t003.jpg
Statistic
Variance

Covariance
Weights

Component

2
i

Value

2.888
6.858
-0.426
0.687
0313
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Statistic of difference

Minimum (mGal)
Maximum (mGal)
Mean (mGal)

Std. Deviation (mGal)
Corr. Coefficient (%)

Model—EGM2008

-16.99
15.08
-0.37

5.18
96.16

Model—-DTU13

-16.59
15.66
-0.37

5.38
95.86

Model—SIO

-16.64
16.03
-0.25
5.44
95.75
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Survey ID Adj. Adj. Survey ID Adj. Adj.

Shipborne —EGM2008 Shipborne —Inverted Shipborne —EGM2008 ‘Shipborne —Inverted

Mean Std. Dev Mean Std. Dev Mean Std. Dev Mean Std. Dev
71003311 6.972 0.002 4.072 5.518 RC1312 17.174 0.002 16.901 5.348
71003711 10.541 0.041 11.578 5.469 RC1702 3.895 0.001 2865 3.270
88000711 3.787 0.001 3.860 5.060 RC1703 2.489 0.001 3.487 4.737
88000811 3.041 0.002 7.476 8.503 RC2602 18.207 0.001 26.353 2.150
A2067L02 1.358 0.002 0.777 4.933 RC2806 -8.005 0.003 -3.677 4.484
A2075L02 1.058 0.002 1.857 4.610 UST1AF 4.269 0.056 5.400 2190
A2075L03 2561 0.012 1.993 4.480 V1912 17.273 0.031 16.277 4.461
A2075L04 3.969 0.002 5.125 6.194 V1913 12.332 0.001 11192 2270
AKU20 5.926 0.001 15.859 2.798 V2604 -4.408 0.001 -2.533 9.225
AKU28 49.556 0.020 47.924 3516 V2712 4.741 0.002 5.151 4.950
CD5591 0.621 0.010 5.733 8518 V2713 5.169 0.007 4676 6.030
CH115L02 -1.186 0.002 -1.750 5.340 V2907 1.432 0.001 1.396 4.992
KIR1 2.492 0.002 0.887 3.532 V2908 6.482 0.002 4208 4.160

RC1311 23.146 0.002 21.992 4.954 V3620 19.106 0.005 19976 2930
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