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In magma-rich continental rifts extension by magma intrusion is thought to accommodate much of the extension. We aim to constrain major melt reservoirs in the crust during magma-rich rifting by applying P-to-S receiver functions (RFs) using legacy teleseismic data having magnitudes Mb > 6.0 and epicentral distances ranging from 30° to 90° and collected between the years 2000 and 2013 in 17 temporary broadband stations in Ethiopia and Eritrea. The majority of the NW Plateau crust shows fast Vs of ∼4–4.7 km/s with localized slow Vs (3.2 km/s) and high Vp/Vs (1.85–2.0) in the mid-crust (∼10–25 km depth). The seismic velocity beneath the Afar crust is fairly homogeneous except beneath the current locus of strain at the magmatic segments, which have a relatively fast Vs. (∼4.5 km/s) at a shallow (∼6–14 km) depth underlain by slower Vs. (<3.2 km/s) and high Vp/Vs (2.0) at lower crustal depths (∼20–25 km). The Moho is sharp beneath most of the plateau stations and more gradational beneath Afar with estimated values of 36–44 km in the NW plateau and 26–30 km in Afar. The results point towards the presence of partial melt in localized places in the mid-crust beneath the NW plateau, and in the lower crust beneath the west of Afar, and particularly focused in the lower crust beneath the magmatic segments in Afar. The results suggest that the lower crust is an important melt reservoir for rift-related magmatic processes. The presence of melt in the NW plateau crust is more difficult to explain but is potentially linked to the broad extension of the plateau, or lateral migration of melt from the rift.
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1 INTRODUCTION
The northern part of the East African rift system has extensive dike and sill intrusions beneath the rift, which have modified the compositional, thermal, and mechanical properties of the lithosphere (Bialas et al., 2010; Buck et al., 2006). However, observations are also increasingly showing that magmatic processes beneath the Northwestern (NW) plateau may impact the region’s distribution of extension and geological evolution (e.g., Mackenzie et al., 2005; Cornwell et al., 2006; Chambers et al., 2021). The magmatic processes can potentially be offset by tens to hundreds of kilometers from the center of the rift and similarly offset from the magma source deep below the surface (Maccaferri et al., 2014). Most previous studies were focused near the center of the rift mainly around the magmatic segments of the Main Ethiopian Rift (MER) and Afar (Corti, 2009), and as a result, magmatic and tectonic processes away from the rift valley are poorly understood.
The geology of both regions within and outboard of the MER and Afar show strong evidence of Recent magmatic activity (Corti et al., 2018). This observation is strengthened by the presence of significant geothermal activity both within the rift and around the NW plateau (Wolfenden et al., 2005; Keir et al., 2009b; Chambers et al., 2021) which is visible at the Galema range and Yerer-Tullu Wellel Volcano lineament (Kieffer et al., 2004; Keranen & Klemperer, 2008; Chambers et al., 2019). Furthermore, low Vp and Vs. have been imaged away from the rift valley in various locales in the region and interpreted as being affected by off-rift magmatism (e.g., Hammond et al., 2013). Beneath the NW plateau as far north as Lake Tana, slow seismic wave velocity anomalies have been interpreted as melt stored in stacked sills in the mid-to-lower crust (Maguire et al., 2006; Hammond et al., 2013; Chambers et al., 2019). Therefore, off-rift magmatic activity may significantly impact the locus and evolution of extension (Chiasera et al., 2018). This observation is also demonstrated in places other than the MER, Afar, and NW plateau, such as at the Baikal Rift Zone, where the Vitim volcanic field lies more than 200 km away from the rift center (Yang et al., 2018). However, more studies on the Afar rift margin and adjacent plateaus are still required.
We used the P-to-S receiver function (RF) technique applied to broadband teleseismic data from seismic stations that were temporarily deployed between 2000 and 2013. Our study area includes the Afar rift and the NW plateau regions, where broadband seismic investigations have produced an abundance of seismic data (Figure 1). We aim to better understand how and where magmatic processes and mechanical rifting have taken place by determining the thickness, internal structure, and composition of the crust inside and outside the rift valley. Given that RF techniques are particularly sensitive to bulk crustal features, we created new 2D profiles to constrain first-order estimation of Vs, Vp, and Vp/Vs versus depth beneath the study areas to determine the extent to which the crust has been modified by magmatic processes (Christensen & Mooney, 1995; Zandt & Ammon, 1995; Stuart et al., 2006). This effort will enhance knowledge of regional tectonics and the relationships between plate stretching, thinning, and magma intrusion during a continental breakup by analyzing the crustal structure along the two profiles (Figure 1).
[image: Figure 1]FIGURE 1 | The figure displays a topographical map of Afar and the adjoining NW plateau. MER represents the Main Ethiopian Rift. Lakes appear as deep blue polygons. Mt. Rasdas, Mt. AbnYsf, Mt. Guna, Mt. Choke and Mt. Guguftu are to represent Ras-Dashen Mountain, Abune-Yosef Mountain, Guna Mountain, Choke Mountain and Guguftu Mountain respectively. The black inverted triangles show the temporary broadband seismic stations that were installed in the Afar and NW plateaus between 2007 and 2012. Profile I is oriented north-south from A to A′, while Profile II is oriented east-west from B to B'. The red polygon in Afar (Mag-Seg) represents the magmatic segment. The red rectangle in the inset map represents the study area.
2 TECTONIC SETTING AND CRUSTAL STRUCTURE
The Afar region is a unique locale since it is here that the transition from continental plateaus to imminent seafloor spreading within rift takes place (Hayward & Ebinger, 1996; Bastow et al., 2010; Ahmed et al., 2022). The rifting in Afar is thought to have started soon after the impact of the Afar mantle plume at around 30 Ma (Hofmann et al., 1997; Pik et al., 1998; Pik et al., 1999; Pik et al., 2008; Beccaluva et al., 2009), with the extension thought to have been initiated on the border faults mainly by mechanical faulting (Hayward & Ebinger, 1996; Wolfenden et al., 2005). However, with continued rifting, the extension progressively migrated into the rift valley floor and also is thought to have increasingly included magma intrusion (Wolfenden et al., 2005). The rifting in Afar occurs between the Nubian, Somalian, and Arabian plates and the Danakil microplate. In the central and northern parts of Afar that are the focus of this study, the counterclockwise rotation of the Danakil microplate relative to the Nubian plate controls the extension. This motion causes ∼NE directed extension that increases from <1 cm/yr in the Danakil Depression of northern Afar to ∼2 cm/yr across central Afar (Viltres et al., 2020). The spatial localization of the strain is debated. InSAR data has revealed localized extension from episodic crustal dike intrusion in the ∼20 km-wide, ∼70 km long-magmatic segments (e.g., Wright et al., 2006; 2012; Pagli et al., 2015; Barnie et al., 2016), whereas in regions linking the magmatic segments strain by a combination of normal and oblique slip faulting (e.g., Pagli et al., 2019; La Rosa et al., 2021). However, regional strain analysis that includes regional GPS data shows that this localized strain is set within an extension distributed across the whole rift (Doubre et al., 2017), and includes distributed extension across the Northwestern Plateau (Birhanu et al., 2016).
Previous seismic studies such as RF studies (Dugda et al., 2005; Stuart et al., 2006; Hammond et al., 2011; Rooney et al., 2018; Kibret et al., 2019; Wang et al., 2021) and joint inversion of RFs and surface wave analysis (Dugda & Nyblade, 2006; Dugda et al., 2007) estimated the crustal thickness beneath most of Afar to be in the range of ∼20–26 km and shallowing to ∼16 km northward to the Danakil Depression (Hammond, 2014; Ahmed et al., 2022). Central-east Afar near the Djibouti border has a crustal thickness of ∼30 km (e.g., Hammond et al., 2011). These studies also constrain bulk crustal Vp/Vs, which are commonly very high (<1.9) beneath the rift, especially in proximity to the magmatic segments, an observation explained by both solidified mafic intrusion and the presence of partial melt in the crust (Desissa et al., 2013; Ahmed et al., 2022). The interpretation of thinned and intruded continental crust including localized melt pockets is supported by the modeling of both gravity and magnetotelluric (MT) datasets (e.g., Desissa et al., 2013; Mammo, 2013; Lewi et al., 2016). S-p RFs have been used to try to understand deeper lithosphere structures (e.g., Rychert et al., 2012; Lavayssière et al., 2018). A common observation is that the lithosphere-asthenosphere boundary (LAB) is difficult to image seismically, interpreted to be due to melting percolation into the lithosphere masking the expected seismic discontinuity (e.g., Lavayssière et al., 2018). These findings are consistent with deeper seismic tomography has revealed a low-velocity anomaly in the upper mantle beneath Afar, interpreted as the asthenospheric melt zone (Hammond et al., 2011; Chambers et al., 2021).
Several geophysical studies have also constrained the crust and lithosphere structures beneath the NW plateau. Many P-s RF studies show crustal thickness ranges of (38–44 km; Ahmed et al., 2022; Cornwell et al., 2010; Dugda et al., 2005; Hammond et al., 2011; Kibret et al., 2019; Stuart et al., 2006; Wang et al., 2021). This result is consistent with estimates of the thickness of the crust derived from seismic refraction profiles (40–45 km; Mackenzie et al., 2005; Maguire et al., 2006; Makris & Ginzburg, 1987), gravity inversion analysis (>40 km; Mammo, 2013; Tiberi et al., 2005), and joint inversion of surface waves and P-s RFs (40 km; Dugda et al., 2007). The crust of the NW plateau is significantly more mafic (Vp/Vs >1.85) than the SE plateau because of the distinct pre-rift crustal magmatic compositions (Bastow et al., 2011). According to magnetotelluric research, seismic anisotropy, and receiver function analysis, the high Vp/Vs values on the NW plateau are often associated with the presence of crustal melt in the crust from ongoing magmatism (Whaler & Hautot, 2006; Hammond et al., 2011). Similarly, S-p RFs detect the lithosphere-asthenosphere boundary (LAB) as a velocity drop 65–75 km beneath the NW plateau (LAB; Lavayssière et al., 2018; Rychert et al., 2012).
3 DATA AND METHOD
3.1 Description of data sources and instrumentation
The data used for this study are from the IRIS Data Management Center (DMC) archive. This legacy data were gathered by six projects that installed temporary seismic stations between 2000 and 2013. Out of a large number of stations that were installed as part of these temporary projects, we only selected 17 stations that fit our two profiles and produced clear RFs with the direct P and converted phases. This study employs 39 teleseismic events that occurred between March 2007 and March 2012 at 10 broadband seismic stations (ADYE, DICE, GASE, KOBE, LALE, LYDE, SEKE, SMRE, SRDE, YAYE) that are acquired from Afar Consortium project operated by Universities of Bristol, Leeds, and Addis Ababa. We also used 15 teleseismic events that occurred at BAHI station during 2000–2002 from the Seismic Investigation of Deep Structure Beneath the Ethiopian Plateau and Afar Depression (Ethiopia) project operated by IRIS/PASSCAL (e.g., Nyblade, 2000), as well as 54 teleseismic events recorded by two stations (FINE, AWEE) during 2007–2009 from the AFAR07 project operated by the University of Rochester (e.g., Ebinger, 2007). Similarly, we utilized 35 teleseismic events recorded by two stations (LULE, SAHE) during 2009–2013 from the AFAR0911 project operated by the University of Southampton, and 22 teleseismic events recorded by two stations (EITE & CAYE) during 2010–2011 from Eritrea Seismic Project (ESP) operated by Birkbeck University of London. Likewise, 15 teleseismic events were recorded by RAND station during 2009–2012 from the DORA project operated by Ecole et Observatoire des Sciences de la Terre (EOST). The instruments used were Guralp CMG-3T (120 s natural period), CMG-ESP (60 s natural period), and CMG-40T (30 s natural period) (e.g., Hammond et al., 2011) and STS-2 sensor for RAND stations that continuously collected the data with a sample rate of 50 Hz. The selected earthquakes have magnitudes Mb >6.0 and epicentral distances between 30° and 90° (Figure 2). All the events were requested from the IRIS Data Management Center (DMC) (https://ds.iris.edu/ds/nodes/dmc/).
[image: Figure 2]FIGURE 2 | The locations of teleseismic earthquakes. Red circles are epicenter of individual earthquakes used for the analysis with Mb > 6.0 and epicentral distance between 30 and 90 degrees. The narrowest white circle denotes a distance of 30 degrees, while the medium and larger white circles denote distances of 60 and 90 degrees, respectively.
3.2 The RFs analysis steps for imaging crust and upper mantle
In our study, we focused on investigating the regional velocity structure of the crust and upper mantle using high-quality seismic data from temporarily deployed stations in Ethiopia, Eritrea, and Djibouti. Our analysis was based on the receiver function (RF) approach (Langston, 1979; Ammon et al., 1990) which is a well-established technique for locating P- to S-wave conversions and their reverberations from interfaces in the crust and mantle (Langston, 1979). Specifically, we applied the RF technique to identify the discontinuities of the crust and upper mantle, as well as to map their depths and characteristics.
The raw data are processed using the Herrmann software (Herrmann & Ammon, 2002). To ensure the robustness and reliability of the data, various preprocessing steps and corrections are employed in SAC formatted data. First, a trend removal technique is applied to eliminate long-term variations. This is followed by a tapering procedure, which smooths the signal and minimizes abrupt changes that may cause distortion. Mean removal is also used to eliminate the average value of the signal from the raw seismic data (Ahmed et al., 2022). Subsequently, the instrumental frequency response is corrected by implementing a pole-zero function, which preserves the amplitude and phase alteration of the recorded waveform.
We truncate the three-component seismograms using a time window from 10 s before, to 40 s after the P arrivals and apply a Butterworth bandpass filter between 0.01 and 5 Hz to decrease the impact of low-frequency noise on the RFs (e.g., Kibret et al., 2022). Selected teleseismic seismograms are rotated to produce the radial (R), tangential (T), and vertical (Z) components from the east-west, north-south, and vertical components, respectively. A Gaussian parameter of 1.0 and a water level of 0.01 are used in computing all RFs (Langston, 1979; Dugda et al., 2007). Each P-to-S RF is calculated from the frequency domain deconvolution method (Ammon, 1991). We selected good signal-to-noise ratio seismograms using the visual inspection method in which the radial component of the seismogram obtained from the deconvolution of the vertical from the horizontal is clear and where the direct P and the converted phases are found. The Ps conversion, which is normally from the Moho is typically the dominating signal in the first few seconds of the RF, followed by converted P-wave multiples inside the crust (e.g., Zandt & Ammon, 1995; Hammond et al., 2011). Following the deconvolution, we stacked events as a vital part of the RF process to increase the signal-to-noise ratio and decrease the need for damping (e.g., Gurrola et al., 1995). The number of individual RFs for each stacked trace ranges from 8 to 40.
3.3 1D velocity modeling from stacked RF
We aimed to determine the 1D velocity model for each station from their calculated stacked RF. To enhance the resolution of the images and improve the signal-to-noise ratio, we employ a technique of stacking multiple RFs. This involves combining various RFs obtained from different back azimuths, as demonstrated in Supplementary Figure S5. We employed an approach known as iterative deconvolution to reduce the variance between the observed and the synthetic RF (e.g., Ligorria & Ammon, 1999). Synthetic seismograms were calculated using the method of Randall (1989), which is based on the reflection-matrix technique of Kennett (1983) and Ligorria and Ammon (1999). The ak135 initial velocity model which depicts a close-to-constant velocity layer for the lithosphere is utilized to get Vp and Vs during the inversion (Kennett et al., 1995; Kibret et al., 2022). The ak135 model was selected for the purposes of comparing the findings of this investigation with those of prior studies conducted by authors in different areas (e.g., Kibret et al., 2022), as well as due to usability with the CPS software. To calculate the appropriate final synthetic RF and the corresponding 1D velocity model, we checked to see if the RF obtained from the global initial ak135 velocity model (Kennett et al., 1995) matched the stacked RF (Supplementary Figure S3). We move on to the next iteration if the corresponding RF obtained from the global starting ak135 velocity model and the stacked RF do not resemble one another. If the mismatch between the stacking RF and the synthetic RF is bigger, then the derived 1D velocity model obtained from this synthetic RF is rejected. Following the initial inversion, starting with the initial model, all subsequent inversions are performed iteratively until the misfit (the root mean square difference) between the stacked RF and the synthetic RF is within the range of 0.01%–0.05% (Gurrola et al., 1995; Ligorria & Ammon, 1999). This process is repeated until we have the final 1D velocity model with a corresponding synthetic RF that appears to be the best fit for the stacked RF. Finally, the best fit RF and its corresponding 1D velocity models are automatically selected by comparing the percentage of fit and visual inspection (Figure 3).
[image: Figure 3]FIGURE 3 | Comparison of the observed RFs in blue with the synthetic RF in red for 17 seismic stations. P shows the direct phase, while Ps represent the converted phase, likely from the Moho. The text to the left of the plots lists the name of the station, the Gaussian width parameter, the percentage of model fit between the estimated and observed value, and the applied ray parameters.
The 1D velocity models of Vp and Vs are also produced for each station by inverting best fit synthetic RFs over a range of lower frequencies and ray parameters (Cassidy, 1992; Dugda et al., 2007) (Figure 4). Velocities in the 1D models were solved at a depth interval of 2 km, and we plot and interpret the top 60 km of the models. To interpret the crustal composition, we also calculated the Vp/Vs ratio at each 2 km depth interval in the Vs model, (Ligorria & Ammon, 1999), and using the average Vp (6.5 km/s) computed for the same station (Zhu & Kanamori, 2000; Hammond et al., 2011). For this study, a variety of ray parameters between 0.04 and 0.069 and Gaussian width factors 1.0 were used. To help interpret the deep crustal structure in 1D velocity models we plot the crustal thickness derived from previous H-k stacking of RFs (e.g., Hammond et al., 2011; Wang et al., 2021; Ahmed et al., 2022). We then re-interpreted the Moho in our 1D models by identifying the largest velocity step within a similar depth range to the previous Moho estimates.
[image: Figure 4]FIGURE 4 | 1D models resulted from RF inversion. The red arrows in Figures (A) and (B) correspond to Moho discontinuities obtained from the inversion. The black arrows in these figures represent the Moho depth calculated in the previous H-k RFs stacking technique (Hammond et al., 2011). The black stars is used to show the stations do not have previously calculated Moho depth values. Profile I represent the AA′ axis’ north-south direction, whereas profile II displays the BB′ axis’ east-west direction.
3.4 2D velocity and Vp/Vs ratio models
Additionally, we employed the Delaunay triangulation interpolation method to estimate unknown velocities based on several calculated velocities and created a 2D velocity model (Ping et al., 2009; Kibret et al., 2022). The technique assumes there are no points inside any triangle’s perimeter and works with three velocities at once. By triangulating and contouring the estimated velocity data we imaged the 2D velocity versus depth plots. we used this interpolation technique as implemented in the GMT plotting software (Wessel et al., 2019; Kibret et al., 2022).
Geophysicists routinely use Vp/Vs data to interpret the presence of partial melt in the crust and typically use Vp/Vs values of >1.9 as evidence (Einarsson and Brandsdóttir, 2006; Ebinger et al., 2017; Wang et al., 2021; Ahmed et al., 2022; Kibret et al., 2022). We compute the cumulative relative frequency (Ott & Longnecker, 2001; Peck et al., 2008) of our Vp/Vs model below a depth of 10 km to quantify the proportion of the mid and lower crust with a Vp/Vs of >1.9. We remove the top 10 km from the analysis since high Vp/Vs ratios are more likely associated with sediments. We use the Vp/Vs model acquired at 2 km intervals on profiles I and II (9 stations on the NW plateau and 9 stations in Afar) by dividing the frequency of each value by the total number of observations and then multiplying the relative frequency by 100 to convert it to a percent (%) (e.g., Abdulla et al., 2014) (Table 1). The percentage of cumulative frequency (PCF) is computed using the Vp/Vs data and its frequency below a depth of 10 km. PCF represents the proportion of the mid and lower crust with a Vp/Vs of >1.9, which is an important parameter in our study. Specifically, it provides valuable information on the distribution of Vp/Vs ratios in the crust and can be used to identify areas with anomalous values, which could be indicative of geological structures and processes.
TABLE 1 | The percentage of cumulative frequency (PCF) distribution for different ranges of Vp/Vs values. The range of Vs and PCF values are described for both the NW plateau and Afar depression.
[image: Table 1]4 RESULTS
4.1 Receiver function
Figure 3 shows our observed RFs in blue compared to the synthetic RFs in red. Overall, we detected a clear Ps conversion in both Profiles I and II at delay times from 3 to 6 s, with the arrival time of the Ps discontinuity in the observed stacked RF signal increasing toward the NW plateau. Additionally, our synthetic RFs are very well matched to the observed RFs, with a misfit score ranging from 97.05 to 99.88.
4.2 Velocity models of the NW plateau
The 1D models of the station on the NW plateau generally show a fairly simple velocity structure with increasing seismic velocity with depth. The profiles fall into 2 distinct classes of characteristic S-wave velocities. Most of the stations (ADYE, SMRE, SEKE, GASE. YAYE) show S-wave velocities of between ∼3–4 km/s for the majority of the crust. Slower velocities than this are in the top ∼5 km for some stations. The second class of stations shows somewhat faster velocities through most of the crust. Specifically, stations EITE, CAYE, LALE, and BAHI show seismic velocities between ∼4 and 4.7 km/s through most of the crust. Again, slower velocities than this are commonly modeled for the uppermost crust at these stations. The 1D models for most of the NW plateau stations also demonstrate a relatively large velocity discontinuity seen at depths between 36 and 44 km (Figure 4A).
The 2D profiles provide a means to identify the spatial variability of the major variations in the Vs structure, and to identify finer scale patterns. A significant area of anomalously slow crustal Vs. (<3.2 km/s) is observed from ADYE, SMRE, and SEKE (Figure 5). This region is the slowest in the middle of the feature beneath SMRE. While the magnitude of the velocities varies in the anomaly, it generally shows the slowest Vs. in the mid-crust at ∼10–25 km depth. This region is flanked on either side by the faster crust (4–4.7 km/s). Vs. at mantle depths of more than ∼40 km is slowest (<4.0 km/s) beneath regions of the slower crust, while the higher Vs. crust beneath EITE, CAYE, and LALE is underlain by a faster mantle of >4.0 km/s.
[image: Figure 5]FIGURE 5 | (A) displays a 2D vertical slice taken from profile I of Figure 1 spanning the area from station EITE (in Eritrea) to GASE along the NW plateau (from north to south) with (A1) showing the Vs model and (A2) showing the Vp/Vs model. Blue denotes faster Vs, whereas red denotes slower Vs However, red denotes a high Vp/Vs ratio, whereas blue denotes a low Vp/Vs ratio. (B) displays a 2D vertical slice across the Afar profile II of Figure 1 from BAHI (at Bahir Dar near Lake Tana) to RAND in Djibouti. The red inverted triangle represents the location of the magmatic segment in central Afar. The 2D Vs and Vp/Vs models shown in Figures 5B1, B2 were produced by inverting RFs with an east-west alignment (profile II). Under profile II, the earthquake hypocenters from Zwaan et al. (2020) are shown as black circles. The red solid line depicts the Vs discontinuity shown in the 2D models. The solid black line above profiles I and II may be seen as a 1D topographical map of those two profiles.
The 2D Vp/Vs profiles for the NW plateau show that most of the crust has a Vp/Vs of 1.7–1.8 (Figure 5). The exceptions are regions in the mid-crust at ∼10–25 km where Vp/Vs is generally 1.8–1.9. This depth range of the high Vp/Vs is similar to the depth range across which Vs is commonly slower, causing the local Vs inversion described above. In addition, in the middle portion of the profile, Vp/Vs in the uppermost crust is locally as high as 2.0.
4.3 Velocity models of Afar
The broad characteristics and pattern of variabilities in Vs in the Afar stations are quite different from the NW plateau. Firstly, the overall Vs is generally relatively faster at the majority of stations compared to the NW plateau (Figure 4). Except for the top 5 km under station AWEE, all stations have crustal Vs that are mostly between 3.5 and 4.5 km/s (Figure 4B). However, set within this simpler framework, far more dramatic local spatial and depth variability is observed. For example, a noticeable feature common in the profiles is that relatively fast velocities of ∼4 km/s are reached at relatively shallow depths, resulting in fairly minimal increases in velocity with depth through the crust (e.g., stations FINE, LYDE, RAND). Some stations also show a very noticeable decrease in velocity at mid-lower crustal depths (e.g., SAHE, LULE, SRDE).
Profile II displays the 2D Vs model that is under Afar and allows us to explore the spatial variations of Vs characteristics identified in the 1D models above. As a reference point geologically and in terms of variability in the Vs structure, the current locus of extension (magmatic segment) is positioned between LULE and SAHE stations. Both these stations have a similar seismic structure with a relatively fast (∼4.5 km/s) Vs at a shallow (∼6–14 km) depth range, underlain by slower velocities at lower crustal depths (∼15–25 km). On either side of the current locus of strain within the rift, the Vs is generally slower, particularly in the lower crust.
Vp/Vs of the Afar crust is mostly in the 1.7–1.8 range (Figure 5B2). In particular, the east of Afar shows a distinct lack of variability in Vp/Vs from these values. In contrast beneath the magmatic segment, the Vp/Vs at ∼20–25 km depth is locally and markedly high at over 2.0. Beneath the west of Afar, the Vp/Vs shows elevated values of up to ∼1.9 at ∼10–20 km depth. Vp/Vs is also locally elevated in the uppermost ∼5 km in places.
4.4 Moho depth of the NW plateau
The Moho depth of the NW plateau is first calculated from the 1D Vs model and compared with the Vp/Vs model from the 1D and 2D Vs models. The 1D Vs model and the 2D model both show that the Moho is both an abrupt (ADYE:38, SMRE:38, LALE:40, GASE:42, and BAHI:38 km) and a gradational (EITE:38, CAYE:44, SEKE:38, and YAYE:42 km) discontinuity (Figure 4A). The Moho is sharp beneath most of the NW plateau stations. These strong velocity discontinuities are found beneath the bulk of NW plateau stations at depths where they were previously thought to be Moho (e.g., Hammond et al., 2011). The thickest crust (about 44 km) is seen at Eritrea’s furthest station, CAYE (Figure 4). The deepest Moho, 44 km, is imaged at the NW plateau border beneath the CAYE and YAYE stations (Figure 5A). However, the NW plateau’s crustal thickness varies from 36 to 44 km.
4.5 Moho depth of Afar
Both the 1D Vs and the 2D Vp/Vs models show the Moho depth beneath Afar. However, compared to the NW plateau, only about four Afar stations have strong velocity discontinuities (KOBE:32, AWEE:25km, SRDE:26km, and SAHE:28 km). Instead, beneath most of the Afar stations (FINE:24km, LULE:22km, DICE:28km, LYDE:43km, and RAND:24 km), a more gradational Moho is observed (Figure 4B). In Afar, the crustal thickness ranges from 26 to 30 km (Figure 4B). Afar has a thinner crust than the NW plateau (Figure 5B), with the AWEE station at the Tendaho graben in Central Afar having the thinnest crust (26 km) in our region.
4.6 The percentage of cumulative frequency
The percentage of cumulative frequency (PCF) is computed using the Vp/Vs data and its frequency below a depth of 10 km. The analysis shows that 2% and 1% of the Afar and NW plateau crust, respectively, have Vp/Vs of >1.9 (Table 1).
5 DISCUSSION
5.1 Velocity models of the NW plateau
We provide new independent constraints on crustal Vs and Vp/Vs structures beneath the NW Plateau that build on previous S-wave imaging and RFs studies (Hammond et al., 2011; Chambers et al., 2019) (Figure 5A). Our result shows that the regions of slow Vs (<3.2 km/s) lie beneath the broader area of the NW plateau. In particular in profile I the region between SMRE and SEKE is characterized by such velocities at 10–25 km depth. These velocities are slower than expected. For example, silicic and intermediate rocks that are most typical of continental crust have Vs at these depths in the range of 3.6–3.8 km/s (Birch, 1960; Simmons, 1964), with mafic rocks having typical Vs of >3.8 km/s at crustal temperatures of 600°C (Hacker & Abers, 2004; Chambers et al., 2019). The velocities we observe are significantly slower and require alternative explanations than simply variation in rock types, such as warmer temperatures or the presence of a fluid phase.
Uniquely constraining the slow Vs. as being from high temperature or the presence of fluids is difficult without independent constraints. However, broadly speaking the reduction in Vs with an increase in temperature in a range believable for the crust is insufficient to explain the observations. For example, intermediate rocks at 600°C, more typical of lower crustal conditions have Vs of ∼3.7 km/s. We, therefore, turn to the presence of a fluid phase, such as partial melt to explain the regions of especially slow Vs (e.g., Artemieva et al., 2004). Direct support for our interpretation comes from our own computed Vp/Vs In general, regions with slow Vs (3.2 km/s) have a high Vp/Vs (1.85–2.1). Vp/Vs of typical continental crust is <1.8 (Christensen, 1996; Hammond et al., 2011), while for mafic rock it is 1.7–1.9 (Hammond et al., 2011). However, in localized places (1% of the NW Plateau crust as shown by the PCF analysis (Table 1) we observe Vp/Vs of >1.9, which can only really be explained by the presence of a fluid phase such as partial melt.
Independent constraints on the presence of partial melt at this mid-crustal depth range beneath the NW plateau are also supported by other studies (Hammond et al., 2011; Chambers et al., 2019; Eshetu et al., 2021). For example, seismic imaging from ambient noise and surface waves show slow Vs (∼3.2 km/s) at 10 km depth beneath localized regions of the NW plateau, which are interpreted as regions including partial melt (e.g., Chambers et al., 2019). The presence of localized regions of partial melt beneath the NW plateau is further supported by Ahmed et al. (2022) who observed bulk crustal Vp/Vs of >1.85 beneath limited stations in the area. Additionally, scattered deep crustal earthquakes and high electrical conductivities below 10 km beneath the NW plateau have been previously interpreted as being magma or fluid-related (Whaler & Hautot, 2006; Keir et al., 2009a). The presence of melt in the NW plateau crust is somewhat unexpected, with potential explanations for the melt source being from decompression melting of the asthenosphere directly beneath a broadly extending plateau (Birhanu et al., 2016), or from lateral migration of magma from beneath the rift (e.g., Ebinger et al., 2017).
5.2 Velocity models of Afar
The uppermost crustal velocity structure beneath Afar is very variable (Figure 5B). Thickest regions of slow Vs (<3.2 km/s) and high Vp/Vs at depths of <6 km commonly correlate well with the position of sedimentary and volcanic material which agrees with previous findings (Hammond et al., 2011; Chambers et al., 2021 and referenced therein; Kibret et al., 2019). Below the uppermost crust, the seismic velocity beneath Afar is fairly homogeneous except beneath the current locus of strain at the magmatic segments. East of the magmatic segment (stations SRDE, DICE, LYDE), Vs is fairly high (>4.0 km/s) and Vp/Vs is mostly 1.75–1.8, consistent with continental crust intruded with now solidified mafic rock. West of the magmatic segment (stations KOBE, AWEE, FINE) however, Vs is slightly slow (∼3.2–4.0 km/s) but with distinctively high Vp/Vs of ∼1.8–1.9, more suggestive of mafic crust including limited partial melt. This suggests asymmetry in present-day magmatic modification of the crust beneath Afar, with ongoing processes more focused between the magmatic segment and the western Afar margin. Beneath the magmatic segment (stations LULE, SAHE), a distinctive feature is slow Vs combined with especially high Vp/Vs (2.0) at depths of ∼20–25 km (i.e., lower crust), which is best explained by the presence of partial melt. The PCF analysis shows that this region constitutes 2% of the crust (Table 1), and strongly points towards the lower crust being a major and long-lived magma storage zone. In the upper crust beneath the magmatic segment, we observe high Vs (>4.5 km/s) but anomalously low Vp/Vs. This combination is difficult to explain without the presence of a gas phase (Whittington et al., 2009), which is consistent with vigorous magmatic degassing from solidifying intrusions, and also a vigorous hydrothermal system (Lee et al., 2016; Ebinger et al., 2017; Roecker et al., 2017).
5.3 Moho depth and nature
We have derived a new, continuous Moho map by interpolating the RF constraints to characterize the Vs and Moho variability for the NW plateau and Afar stations. To first-order, the crustal thickness in our interpretation assumes the Moho depth at the base of the relatively large velocity gradient (e.g., Collins, 1991; Clitheroe et al., 2000; Collins et al., 2003; Fontaine et al., 2013; Bello et al., 2021), and our Moho depths are consistent with previous studies (e.g., Hammond et al., 2011; Ahmed et al., 2022). However, beneath most of our stations in the NW plateau, the Moho is characterized by a sharp velocity contrast, whereas in Afar, the velocity contrasts are more commonly gradational. The gradational velocity gradient across the Afar Moho as compared to the NW plateau might be due to the increasing lower crustal mafic intrusion, which reduces the velocity contrast between crust and mantle. This agrees with previous findings that mafic intrusions in the lower crust can alter the nature of the Moho to become more gradational (e.g., Thybo & Artemieva, 2013; Hodgson et al., 2017). A similar observation is inferred beneath the southern Tanganyika Rift of Ufifipa (e.g., Hodgson et al., 2017). The generally sharper Moho beneath the NW plateau suggests magma modification of the lower crust is less common, pointing towards spatially isolated supply from depth.
6 CONCLUSION
This study utilized teleseismic data collected from 17 broadband stations in Ethiopia and Eritrea between 2000 and 2013 to investigate the crustal structure of the region. The results revealed that the majority of the crust has faster Vs (4–4.7 km/s) with a regionally slower Vs (3.2 km/s) and a high ratio of Vp/Vs (1.85–2.0) in the mid-crust of the NW Plateau at a depth of 10–25 km. The analysis also identified homogeneous crust beneath most of the Afar stations, except for faster material (4.5 km/s) observed in the upper-mid crust beneath the magmatic segment, which is the current locus of extension. Conversely, the magmatic segment of Afar revealed slower Vs (3.2 km/s) and a high Vp/Vs (2.0) at deeper crustal depths (20–25 km). Furthermore, slow Vs (∼3.2 km/s) and a high Vp/Vs (>1.9) were inferred beneath the NW Plateau, indicating the presence of partial melt.
These results suggest the presence of mafic crust with fluid phases, such as partial melt, beneath Afar and the NW Plateau. They have important implications for our understanding of the tectonic processes and geodynamic evolution of the region. The study provides valuable insights into the crustal structure and composition of the area and could pave the way for further research.
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