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Magmatic continental rifts show evidence that discrete rift segments experience episodic intrusive and eruptive events, more commonly termed rifting episodes. However, whether multiple rifting episodes across adjacent rift segments are clustered in time is not well understood. To address this issue, we conduct new radiocarbon dating that constrains the timing of the most recent rifting episode at the Boset magmatic segment of the northern Ethiopian rift, and combine this with historical dating of similar rifting events in the adjacent magmatic segments. New radiocarbon dates of multiple charcoal samples from the base of the most recent fissural lava at the Boset Volcanic Complex indicate that it likely occurred between 1812 and 1919 CE. These dates are similar to those from historical accounts of fissural eruption from the neighbouring Kone (∼1810 CE), and Fantale (∼1770 to 1808 CE) magmatic segments. We conduct new analysis of major and trace element compositions from these historical fissural lavas, as well as from a fresh-looking lava flow from Beru cone near to Kone volcano. The results of the geochemistry from these flows of all three magmatic segments show compositions that vary in the basalt and trachybasalt fields, with sufficient variation to rule out them having erupted from a single dike intrusion episode. This, combined with the scatter in dates from the radiocarbon analysis and historical accounts, along with the location of each eruption in a discrete and spatially offset magmatic segment, favours an interpretation of each magmatic segment experiencing separate rifting episodes but with these being clustered in time. Mechanisms to explain the clustering of rifting episodes are more speculative but could include stress transfer from dike intrusion and deep crustal hydraulic connection in the plumbing system of multiple segments.
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1 INTRODUCTION
Magma-rich continental rifts extend by a combination of faulting and magma intrusion (e.g., Ebinger and Casey, 2001). While the time-averaged, far field plate motions are well constrained, using, for example, GPS measurements and tectonic plate reconstructions (e.g., Viltres et al., 2020), the variability of magmatic and tectonic processes in space and time at the plate boundary is poorly constrained. The East African Rift System (EARS), one of the most tectonically and volcanically active regions on Earth, is gradually extending the African continent. In the Main Ethiopian Rift (MER), the northern portion of the EARS, the majority of extension and volcanism is concentrated within in-rift magmatic segments defined by relatively short and small-offset fault systems that cut rift-parallel volcanic ranges with aligned chains of volcanic cones and fissural flows (Ebinger and Casey, 2001; Siegburg et al., 2020) (Figure 1). These magmatic segments (e.g., the Boset magmatic segment) are similar in size, morphology, structure, and spacing to the second-order non-transform segments of slow-spreading mid-ocean ridges (Hayward and Ebinger, 1996; Carbotte et al., 2016; Siegburg et al., 2020).
[image: Figure 1]FIGURE 1 | (A) Map of the northern Main Ethiopian Rift (MER). The inset shows the location of the study area (black box). The map shows the locations of the volcanoes (stippled pattern), and outlines of the studied lava flows (dark gray) from Boset, Kone and Fantale magmatic segments. Sample locations (white circles), scoria cones (black dots) and segments (white dashed lines; Kurz et al., 2007; Siegburg et al., 2020) are marked. Fault outlines (Siegburg et al., 2020) are marked in dark red lines. (B) The map of the young Boset lava flow, produced using LiDAR data (Keir et al., 2020), shows sampling locations of the Boset lava sample 116 and charcoal 114A, 114B (compare Figure 3). Beige and gray areas depict pre-existing lava flows (see Siegburg et al., 2018).
Observations such as seismicity and geodesy of modern-day rifting episodes in Ethiopia and Iceland suggest the crust of individual magmatic segments rupture independently during discrete rifting episodes involving upper crustal diking, dike-induced seismicity, and dike-fed fissural lava flows (e.g., Wright et al., 2006; Sigmundsson et al., 2015; 2022; Barnie et al., 2016). During these rifting episodes, metre to several metre-wide dike intrusion accommodates several decades to centuries of extensional strain accumulation in elastic crust (Pagli et al., 2015). As a result, rifting episodes in single magmatic segments tend to be temporally spaced at repeatable time intervals, similar to major earthquakes on individual fault segments (Pagli et al., 2015). However, fewer constraints exist on whether nearby magmatic segments interact to potentially cause temporal clustering of rifting episodes on a broader scale (Ruch et al., 2021). In addition, and on a more fundamental level, quantitative constraints on the Holocene eruptive history of continental rift volcanoes are sparse, making quantification of the volcanic hazard prohibitively difficult (Wadge et al., 2016; Fontijn et al., 2018).
Here, we use new radiometric and geochemical constraints from the Boset, Kone and Fantale segments in the MER (Figure 1; Figure 2), to add detailed age constraints to previous absolute and relative chronological work (Wadge et al., 2016; Siegburg et al., 2018) and provide new evidence for a significant series of segment-scale rifting episodes between the late 18th to early 20th century CE. These data, in conjunction with other regional evidence, provide new age constraints of the most recent rift-wide episode of volcanism during magma-assisted rifting in the northern MER.
[image: Figure 2]FIGURE 2 | Maps of the spatial extent of the historical lava flows at (A) Fantale, (B) Kone, and (C) Boset magmatic segments. Maps are on top of a background of a shaded SRTM DEM with a resolution of 90 m, with black lines showing faults of the Wonji Fault Belt, dashed lines indicating the caldera outline (Siegburg et al., 2020), red dots showing sample location of this study and grey shaded areas illustrating the historical young flows.
2 GEOLOGICAL BACKGROUND
Our study is in the MER, which currently extends at ∼5 mm yr−1 in a near E-W direction (Bendick et al., 2006; Birhanu et al., 2016) (Figure 1). Since the Quaternary, extension and volcanism in the MER has been mainly focused on a series of right stepping, en-echelon, magmatic segments including the Boset, Kone, and Fantale magmatic segments (Mohr, 1970; Ebinger and Casey, 2001; Kurz et al., 2007), which are part of the Wonji Fault Belt (WFB). These segments are typically 40–70 km long, ∼20 km wide and include the majority of the Holocene volcanic centers, monogenetic cone fields, and fissure swarms (Ebinger and Casey, 2001) (Figure 1). The magmatic segments are also the locus of modern day strain, with seismicity, geodetically detected volcano deformation and dike intrusion, and hydrothermal activity focused within them (Keir et al., 2006; Hunt et al., 2019; Temtime et al., 2020; Raggiunti et al., 2021; Albino et al., 2022).
Subsurface, wide-angle seismic reflection/refraction profiles (Mackenzie et al., 2005; Maguire et al., 2006) as well as controlled source P-wave tomography (Keranen et al., 2004) image high P-wave velocities in the upper and mid crust beneath the magmatic segments. The seismic velocities, combined with collocated high densities constrained from gravity data are best modelled by mafic intrusions in the upper and middle crust beneath the segments (e.g., Cornwell et al., 2006; Nigussie et al., 2022). The subsurface evidence for localized mafic intrusion, combined with surface fissure swarms and cone fields, have previously been used to suggest that the localized extension across the segments is accommodated by episodic dike intrusion (Keir et al., 2006).
The Boset-Bericha Volcanic Complex (BBVC) is in the middle of the Boset magmatic segment (Figure 1), and has a broad range of magmatic composition, and volcanic history typical of the magmatic centers within other Quaternary-Recent magmatic segments (Rooney et al., 2011). The Complex comprises the Gudda and Bericha centers which are built from flows which date from ∼300 ka to the Holocene (Siegburg et al., 2018). These volcanic deposits are mostly trachyte and peralkaline rhyolite lava flows, basaltic to intermediate fissures, and scoria cones (Siegburg et al., 2018). Several of the likely Holocene lavas are also associated with pyroclastic deposits (Fontijn et al., 2018). Evidence from local historical accounts, summarized from the original source in the results section (Harris, 1844), indicates that small-volume basaltic lavas were emitted at Kone and Fantale volcanoes during the early 1800s from fissures and cones aligned parallel to the rift (Williams et al., 2004; Wadge et al., 2016). Previous studies of these historical flows (e.g., Nicotra et al., 2021) have focused on their overall geochemical character and storage history in the crust. The flows were identified as Ti-rich aphyric basalts with geochemistry consistent with pre-eruptive storage in the lower crust (Nicotra et al., 2021).
3 DATA AND METHODS
For the radiocarbon dates, two charcoal fragments (114A, 114B) were recovered during fieldwork during April and May 2015 from a lapilli tuff underlying a ‘fresh’ mafic lava flow at the BBVC (Figures 2, 3; sample 116 and Phase P of Siegburg et al., 2018). The position of the studied lava flow was ∼4 km to the west of Bericha, with mapping of the flow showing that it emanated from a NNE-SSW aligned central fissure linking Gudda and Bericha (Figures 1B, 2C). These samples were collected as representative samples for the described lava flow, based on sample location of historical accounts as well as vegetation and weathering state of the flows. The mapping of lava flows at Boset is based on Aster and LiDAR data (Keir et al., 2020) as well as field observation, described in Siegburg et al. (2018). The studied lava flows of the neighbouring segments are mapped using Google Earth satellite images and field observation. For Figures 1, 2 we also used SRTM data. The charcoal samples were radiocarbon dated at the Beta Analytic Laboratory (Miami, Florida, US) using acid/alkali/acid pretreatment procedures described at http://www.radiocarbon.com. Results were calibrated using the INTCAL13 database (Reimer et al., 2013) and OxCal v.4.2.4 (Bronk-Ramsey, 2013).
[image: Figure 3]FIGURE 3 | (A) Photograph of the base of the trachybasaltic lava flow at Boset-Bericha Volcanic Complex. (B) The image indicates the base of the flow and shows positions of charcoal fragments 114A and 114B. The photographs (C, D) show individual charcoal fragments 114A and 114B, respectively, recovered from a gray tephra layer underlying the lava.
The historical constraints on eruption ages from the Kone and Fantale volcanoes were derived from the original historical document (Harris, 1844). The majority of more recent literature (e.g., Williams et al., 2004; Nicotra et al., 2021) commonly misconstrues the written records, and in particular place a far more precise date to the historical eruptions than are actually referred to in the original text. To address this, we quote in the results section key information from which a date range to these eruptions is assigned.
Major and trace element compositions were derived for a rock sample (116) from the recent lava flow at the Boset-Bericha Volcanic Complex that overlies the charcoal fragments (Figure 3), as well as from the fresh historical lava flows from the Kone and Fantale magmatic segments erupted from NNE striking fissures near the central volcanic edifices (Figure 2). More specifically, one sample was taken from the lava flow at Sabober cone just south of Fantale (Fantale, sample L2-C), two samples from different flows at Kone (Kone crater, sample L3-D) and just south of Kone (Kone south, sample L4-A), and then one sample from a fresh flow 20 km north of Kone (Beru, sample L1-C) (Figure 1; Figure 2). For the major elements, the four samples from Fantale, Kone, and Beru were analysed at University of Leicester, Department of Geology using PANalytical Axios Advanced XRF spectrometer, and the one sample from Boset-Bericha was measured using an Panalytical Magix-Pro WD-XRF fitted with a 4 kW Rh X-ray tube) at the University of Southampton. The trace element composition for all five samples were measured by ThermoScientific XSeries2 quadrupole inductively coupled plasma mass spectrometry (ICP-MS) at the University of Southampton.
4 RESULTS
4.1 Radiometric ages
The retrieved radiocarbon dates from the two charcoal samples range from the 17th to the 20th century (Figure 4). Considering both samples individually at a 95% probability level, the peaks in likelihood for the formation of sample 114A is 1812 to 1919 calCE (73.6%) and 1694 to 1728 calCE (21.8%) (Figure 4). The 14C dating for the sample 114B shows peaks in likelihood during 1727 to 1813 calCE (52.7%), 1648 to 1694 calCE (21.7%), and since 1918 calCE (21.0%). Since the highest likelihoods are 1812 to 1919 calCE for sample 114A and 1727 to 1813 calCE for 114B we further consider these individual ages.
[image: Figure 4]FIGURE 4 | 14C dates of charcoal samples 114A (A) and 114B (B) from directly below the Boset lava flow (sample 116). The plots show the input data in radiocarbon years (red line), and northern hemisphere INTCAL13 curve (blue lines, the width corresponding to the standard error in the calibration curve at a given point). The output distribution (gray) shows the calibrated date, using the INTCAL13 database (Reimer et al., 2013) and OxCal v.4.2.4 (Bronk-Ramsey, 2013).
4.2 Historical records
The dates of the most recent fissural eruptions from Fantale and Kone are constrained from historical records. The following account from Harris (1844) on page 301 refers to the crater of Saboo (i.e., Sabober) and Sahela Selassie’s grandsire (grandfather) that is Asfaw Wossen (ruler of Shewa), who reigned between c. 1770 and c. 1808:
“In an easterly direction the course was bounded by the great isolated crater of Saboo, yawning in the very centre of a well populated plain, and said to have been in full activity in the time of Sahela Selassie’s grandsire, who reigned only 30 years ago; an assertion which was fully borne out by the recent appearance of the lava streams. The long-horned oryx, with great herds of antelope, grazed around every pool—the latter little disturbed by the presence of those who tended the flocks of sheep and goats, and whose groups of circular wigwams peeped forth in every sequestered corner.”
Fantale is commonly referred in literature to have erupted between 1810 and 1820 CE (Williams et al., 2004; Nicotra et al., 2021). However, Harris (1844) cites local reports that the eruption occurred during the reign of Asfaw Wossen, i.e., between approximately 1770 and 1808 CE.
Harris (1844) page 302 also refers to the crater of Winzegoor, currently known as Kone crater (Williams, 2016), or previously known as Gariboldi (Cole, 1969). In this text an approximate eruption age of 1810 CE for the Kone crater is made: “The next object was to visit the far-famed volcanic well of Boorchutta, on the frontier of Mentshar, bordering on the wilderness of Taboo, which was to limit the wanderings of the party. Shortly after gaining the summit of the Kozi mountain, the road wound along the very brink of the gaping crater of Winzegoor, from whose monstrous chasm the entire adjacent country has been recently overflowed. Extending two miles in length by one and a half in breadth, it is environed by perpendicular walls towering from six to eight hundred feet, two gorges to the east and southeast having afforded an outlet to the boiling deluge. The area of the whole basin affords occasional glimpses of jet black through belts of the most brilliant verdure; and two bare truncated cones, thrown up during an eruption some 30 years previously, having poured a serpentine stream high over the surrounding jungles, remain dark and cindery as on the day when they were vomited by the pillared flame from the bowels of the great abyss”.
4.3 Petrography and geochemistry of Boset, Kone, and Fantale lavas
The selected lavas are phaneritic to porphyritic in texture, consisting of 3–5 vol% olivine, 5 vol% clinopyroxene, 7–40 vol% plagioclase, 1–20 vol% opaque phenocrysts and 10–30 vol% vesicles. Petrographically, the rocks are distinct from each other with a larger proportion of olivine and clinopyroxene (up to 15 vol%) within the two Kone samples, and Fantale and Beru lavas typically exhibiting a smaller crystal size. The groundmass of the Boset lava flow sample have mingling textures.
Based on the total-alkali-silica (TAS) diagram (Le Bas et al., 1986), the Boset lava (sample 116), that overlies the charcoal at Boset (Figure 3), is a trachy-basalt whilst the Fantale and Kone lavas are basaltic in composition (Table 1; Figure 5). The total-alkali value (K2O + Na2O) for all lavas range between 3.1 and 5.7 wt% with corresponding SiO2 values of 46.4 to 49.9 wt% (Figure 5). All samples display a narrow range of concentrations for SiO2; Al2O3 (13.7–15.4 wt%); Fe2O3 (12.7–15.7 wt%) and MnO (0.2–0.3 wt%) yet a larger range for MgO (4.1–11.0 wt%), TiO2 (1.9–4.0 wt%); P2O5 (0.35–1.16 wt%), CaO (7.8–11.0 wt%), Na2O (2.5–4.5 wt%), K2O (0.6–1.1 wt%) (Table 1). The Boset lava (sample 116) is distinctive from the volcanic products of the neighbouring edifices by its higher SiO2 value (49.9 wt%), combined with a lower MgO (4.1 wt%) and CaO (7.9 wt%). The Boset lava also exhibits a lower CaO/Al2O3 ratio (0.54) compared to that of Fantale (0.67), Beru (0.69) and Kone (0.72–0.77), further demonstrating the more evolved composition of the Boset lava (sample 116) (Siegburg et al., 2018).
TABLE 1 | Whole-rock composition of major (in wt%) and trace elements (in ppm), and mineral assemblage (in vol%) of young lava flows at Boset-Bericha Volcanic Complex (BBVC), Kone, Beru and Fantale volcanoes in the northern Main Ethiopian Rift.
[image: Table 1][image: Figure 5]FIGURE 5 | (A) TAS classification and (B) REE distributions of the studied lava flows from the Boset, Kone, Fantale and Beru (filled symbols) volcanoes, plotted alongside published compositions of lavas from these volcanoes (Brotzu et al., 1980; Furman et al., 2006; Rooney et al., 2007; Ronga et al., 2010; Giordano et al., 2014; Ayalew et al., 2016; Siegburg et al., 2018; unfilled symbols). Note the chondrite normalized concentrations using Sun and McDonough (1989) in (B) for Boset and Fantale lavas are near-identical. Gray lines in (B) show previously published basaltic lava flow compositions from Fantale (Furman et al., 2006; Rooney et al., 2007; Giordano et al., 2014; Ayalew et al., 2016).
Zr concentrations range from 111 to 179 ppm, with the trachybasalt of Boset having the highest Zr concentration (179 ppm, Table 1). The Y concentrations of Kone volcanics range from 21 to 25 ppm yet the Boset and Fantale volcanics have higher Y concentrations (39.7–42.5 ppm and 38.6–39.6 ppm, respectively, Table 1). A similar trend is observed in Nd for Kone (incl. Beru) lavas having concentrations of 19.9 to 29.8 ppm, but Nd of Boset and Fantale are ranging between 42.1 and 43.6 ppm (Table 1). Ba and Pb are the only trace elements where the concentrations are substantially different at Boset (605–623 ppm and 3.1–3.4 ppm, respectively), Kone (231–390 ppm and 1.8–2.7 ppm, respectively) and Fantale (489–504 ppm and 1.8–2.0 ppm, respectively, Table 1). Further differences among the lava flows are within the trace metals Cr, Ni and Cu, where concentration is most enriched in Kone lavas, less enriched in Boset lavas, and lowest in lavas of the Fantale segment (Table 1).
Chondrite-normalized rare earth element (REE) patterns are sub-parallel for all lavas (except Kone crater lava flow), exhibiting a marked enrichment in light-REE (LREE; Lan/Smn 2.0–2.3), and a mild enrichment in the middle-REE (MREE) relative to the heavy-REE (HREE; Dyn/Ybn 1.4–1.6) (Figure 5). The Kone crater lava flow can be distinguished by its steeper LREE profile (Lan/Smn 3.1) compared to the other lavas (Figure 5). The lavas from Boset and Fantale are almost indistinguishable in terms of their chondrite normalised REE concentrations (Figure 5). Primitive-mantle-normalised trace element profiles reveal a negative Pb anomaly within the Fantale lavas not observed within the Boset lava (Figure 5).
5 DISCUSSION
Our radiometric 14C age constraint of in situ charcoal found below the youngest mafic lava flow of the Boset-Bericha Volcanic Complex (Siegburg et al., 2018) allows us to infer the age of the most recent mafic volcanic activity. When considered the 14C age probability distribution between the two charcoal samples individually, the two charcoal sample locations are proximal to one another (Figure 3) with only 50–100 years difference in age (Figure 4). This scenario would be possible within a single tree trunk by considering, for example, the “old wood effect” (Bowman, 1990). If the samples are from neighbouring trees, the lava flow age would more likely represent the youngest of the two samples and therefore 1812 to 1919 CE. We therefore favour the interpretation of the Boset lava flow age as 1812 to 1919 CE.
In the context of other chronological stratigraphic, and regional historic constraints, our 14C age constraint of Boset charcoal is a detailed addition to the previous age estimation of 13 ± 8.3 ka for the overlying lava flow, analysed in three runs by 40Ar/39Ar dating (Siegburg et al., 2018). The uncertainty of two of the aliquots of the 40Ar/39Ar dates are consistent with the 14C constraints. Differences between both age constraints are due to the different resolution of the methods for young samples as well as the lower potassium content in the groundmass and possibly by contamination due to the presence of mingling textures for the sample used in 40Ar/39Ar dating (Siegburg et al., 2018).
The thickness of the soil horizon overlying lavas and tuffs (Figure 3) in the vicinity provides an additional constraint because soils generally accumulate at a given rate depending on their geographic location (e.g., Bunting, 2020). The andosol (i.e., a soil containing volcanic tephra) is typically 20–25 cm thick, with no evidence for reworking (Figure 3). Soil formation rates in the Shewa region of Ethiopia at this elevation (c. 1,630 m above sea-level) are on the order of 10 t/ha/yr (Hurni, 1983). Assuming a typical andosol density of 900 kg/m3 (Batjes and Dijkshoorn, 1999), this gives an accumulation rate of ∼0.1 cm per year. As such, observed soil thicknesses are commensurate with eruptive activity last occurring at around 1765 to 1815 CE. The combined 14C age range, 1812 to 1919 CE, is broadly consistent with this. This would make the youngest mafic Boset eruption roughly contemporaneous with similar lava flows from Kone volcano and the Sabober crater at Fantale (Figure 1; Figure 2), suggested by historic records (Harris, 1844).
Mapping these lava flows of Boset, Kone, Beru and Fantale by remote sensing data, they have a similar appearance in colour and freshness. This may suggest similar composition (Figure 5), similar vegetation and weathering state, similar roughness and texture (AA lava) of the surface and/or similar eruption age. The similarity of the surface texture and vegetation and weathering state is ground-truthed by field observation during sampling for Kone, Fantale and Boset lava flows. The lava flow at Beru on the northern part of the Kone segment is mafic in composition, with the flow surface in the field being slightly more vegetated and weathered as well as more smoothed and less blocky. The absolute age of Beru lava flow is not dated yet, however we interpret the volcanic activity of Beru to be possible within a similar time frame as the other studied historical lava flows. The different surface appearance of Beru lava flow can be due to secondary processes such as seasonal variation and by water accumulation due to the lower topography and normal fault offsets (Figure 2) or due to slightly earlier eruption age.
Our 14C dates and other age constraints in the Boset, Kone, and Fantale segments, suggest that as a conservative estimate all three rifting episodes occurred within about 2–3 centuries of each other, between 1648 and 1919 CE, but most likely within a narrower time window within the late 18th to early 20th centuries. The lavas were erupted from fissures aligned along major faults in their respective segments (Williams et al., 2004; Kurz et al., 2007; Siegburg et al., 2018). This process is thought to repeatedly occur in individual segments every 100–400 years (Pagli et al., 2015; Siegburg et al., 2018) when considering a dyke width of 0.5–2 m and rift extension rates of 5 mm/year (Bendick et al., 2006). Furthermore, 50 km south of the BBVC, a comenditic fissure system (Giano domes) at Tullu Moye volcano is thought to have been active during 1900 CE (Gouin, 1979; Wooley, 2001; Fontijn et al., 2018). Therefore, the recent eruption from the BBVC could be part of a more extensive period of unrest along the very northern part of the East African rift (see Wadge et al., 2016).
Given that the suite of fissure eruptions from Boset, Fantale, and Kone occur within time windows that potentially overlap, we use the geochemical data to test whether these eruptions are likely related to a single, multi-segment long dike intrusion, or to individual shorter dikes beneath each discrete segment. All studied lavas fall within the broad chemical range previously observed at these volcanoes (Figure 5), (e.g., Furman et al., 2006; Peccerillo et al., 2007; Rooney et al., 2007; Ronga et al., 2010; Giordano et al., 2014; Ayalew et al., 2016; Siegburg et al., 2018; Nicotra et al., 2021). However, they do differ in their petrography and geochemistry, suggesting variations in mineral proportions and/or composition alongside difference in the degree of fractionation between mafic magmas (basalt to trachy-basalt) of neighbouring segments (Figure 5; Table 1). In the Kone lava flows, which contain a larger proportion of olivine and clinopyroxene, the higher MgO, Fe2O3, MnO, and TiO2 together with high Ni and Cr, and low Zr suggest a more primitive composition compared to the neighbouring magmatic segments. The lava of Beru is geochemically most similar to the lava of Kone south, consistent with their shared location of the same segment. Both exhibit similar REE trends, with the lower REE concentrations for the Kone south lava most likely due to a lower degree of fractionation (Figure 5). Higher values of Nb/Yb, Th/La, La/Sm, relative enriched LREE patterns and slightly enriched alkali content for the lava flow at Kone crater suggest a lower degree of parental partial melting and/or deeper source compared to the other samples of Kone and other segments. These geochemical differences imply variation in mineral composition, source heterogeneity, degree of partial melting (e.g., Rooney et al., 2007) or different ascent and pre-eruptive storage dynamics (Nicotra et al., 2021) within a tectono-magmatic segment.
The recent Boset and Fantale lavas differ geochemically from those at Kone but are near-identical in terms of their REE distributions (Figure 5B), again suggesting a similar degree of fractionation. The Fantale lava differs from the Boset lava only in terms of its higher ΔNb value (defined by Fitton et al., 1997) of 0.47–0.52 (Fantale) and 0.40–0.42 (Boset), and Ce/Pb of >36 (Fantale) and 21.1–23.7 (Boset), which is consistent with other samples of Fantale (Rooney et al., 2007) possibly indicating heterogenous mantle and plume composition (e.g., Fitton et al., 1997) or that local shallow processes occur only in the Fantale segment. Sulphur saturation and segregation (Mavrogenes and O’Neill, 1999) during magma evolution would decrease Pb (flow out by fluids) and therefore increase Ce/Pb ratios. This is consistent with low Ni and Cu values within the samples (Table 1). These geochemical variations between and within segments cannot be explained only by fractional crystallisation. We also interpret that a heterogenous mantle composition (e.g., Daoud et al., 2010) as well as shallow crustal processes (e.g., Rooney et al., 2007) may contribute to the geochemical differences observed. Overall, the geochemical variability strongly points towards the fissural eruptions at the three magmatic segments each being fed by a discrete intrusion, which favours an interpretation of rifting episodes within discrete magmatic segments but with these discrete episodes being somewhat clustered in time (Figure 6).
[image: Figure 6]FIGURE 6 | Cartoon showing the inferred structure and magmatic systems of three segments of the Ethiopian rift. Magmas episodically rise from the mantle melt region to a deep lithospheric melt reservoir, where fractionation occurs. These juvenile mafic melts are then supplied to sub-volcanic plumbing systems in discrete segments, where they are modified through interaction with crust and sediments. SCML = sub-continental mantle lithosphere, BBVC = Boset-Bericha Volcanic Complex.
Our favoured interpretation is supported by the distance (∼60-km) between each eruptive fissure and en-echelon arrangement of the magmatic segments (Figure 1). While a >100 km lateral magma transport is not uncommon in the geological record (e.g., Isle of Mull, Ishizuka et al., 2017), there are no modern-day documented examples of diking events that transect multiple segments within an intracontinental rift. Instead, both observations and models point towards single segment-scale rifting episodes potentially being clustered in time. For example, further north of the MER in the Afar depression, southern Red Sea and western Gulf of Aden, Ruch et al. (2021) identify a clear regional increase in earthquake swarms and volcanic eruptions within discrete magmatic segments during the period from ∼2003 to 2013. The clustered timing of these multiple segment scale rifting episodes was interpreted as potentially driven from the magma source, with a pulse of melt input into a shared deep crustal or upper mantle reservoir (Ruch et al., 2021). Alternatively, the temporal clustering could be explained by dike induced stress changes from each rifting episode causing a positive Coulomb stress change in the neighbouring segment, aiding the triggering of a temporally linked series of rifting events (Ayele et al., 2007; Ruch et al., 2021). Both hypotheses can explain the Fantale, Kone and Boset rifting episodes.
6 CONCLUSION
In summary, we conduct new radiocarbon dating from a recent lava flow at the Boset magmatic segment of the Ethiopian rift, and combine this with historical dating of similarly historical lava flows in the adjacent magmatic segments. New radiocarbon dates of multiple charcoal samples from the base of the most recent fissural lava at Boset indicate that it likely occurred between 1812 and 1919 CE, a date range that is similar to those from historical accounts of fissural eruptions from the neighbouring Kone (∼1810 CE) and Fantale (∼1770 to 1808 CE) magmatic segments. New analysis of major elements compositions from these historical fissural lavas from all three magmatic segments show compositions that vary in the basalt and trachybasalt fields, with sufficient variation to rule out them having erupted from a single dike intrusion. This, combined with the scatter in dates from the radiocarbon analysis and historical accounts, along with the location of each eruption in a discrete and spatially offset magmatic segment, favours an interpretation that each magmatic segment ruptured during a discrete rifting episode, but that these were clustered in time across multiple segments of the rift. Mechanisms to explain the clustering are more speculative but could include stress transfer from dike intrusion and deep crustal hydraulic connection in the plumbing system of multiple segments.
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Sample 116 (a) 116 (b) South L4-A Crater L3-D L2-C(a) L2-C(b) L2-C(c)
si0, 4937 47.62 4670 46.85 47.40
TiO, 298 187 227 249 3.98
ALO; 1451 1431 14.98 15.40 1372
Fe,0, 1372 177 12,66 1335 1568
MnO 027 017 0.19 018 028
MgO 404 1106 8.81 7.94 479
G0 7.82 101 10.74 1063 9.20
Na,0 447 254 319 296 3.98
K0 112 063 1.08 0.70 092
P05 103 035 055 0.46 116
505 - 001 001 0.06 008
Lot -040 -0.49 -0.47 -041 -0.72
Total 98.93 10085 100.71 100.61 100.49
Li 692 9.16 453 578 481 595 571 574
s 3026 4135 3187 29.09 3057 3273 33.83 3340
Ti 17,710 18,330 10570 12,810 14,000 22710 24,110 24010
v 21050 23620 266.80 268.20 29540 287.50 294.40 306.00
cr 324 881 658.20 346.90 190.20 147 0.61 085
Co 24.64 2742 50.71 47.24 46.68 3311 3334 3488
Ni 742 942 188.20 124.10 52.52 148 113 126
Cu 3381 35.69 7149 69.38 55.79 13.56 1491 1445
Rb 227 2618 12,06 2679 1224 17.22 17.68 1620
s 45690 51220 365.50 562.20 459.90 462.50 474.40 477.00
Y 38.56 39.56 2101 24.89 277 39.66 42.54 4188
Zr 17100 17920 110.90 158.50 134.90 16120 160.40 164.50
Nb 3268 3354 19.81 37.69 2185 3136 3245 3379
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Ce 7261 7398 36.38 61.99 4237 70.68 7113 7261
Pr 977 9.65 473 7.48 5.56 9.44 9.58 9.68
Nd 4311 4215 19.94 2979 2354 42.08 4329 43.60
sm 9.49 9.20 450 6.07 524 9.50 9.78 991
Eu 384 358 156 206 1.88 3.69 3.66 381
Gd 9.35 9.14 445 5.68 515 9.55 9.75 10.06
Tb 133 130 068 083 0.76 135 141 141
Dy 7.39 7.25 392 471 436 7.57 7.82 7.83
Ho 142 138 077 091 085 144 151 149
Er 364 359 206 240 223 373 387 387
Tm 050 048 029 033 031 050 0.52 052
b 3.07 301 184 209 1.89 3.05 317 320
Lu 045 044 027 031 028 044 047 047
Hf 417 414 258 349 3.09 372 3.84 388
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Pb 344 312 182 271 208 193 1.96 179
Th 266 278 145 3.00 148 219 225 222
u 071 068 038 077 0.40 059 0.62 059
Zn 11660 13370
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Cpx 5 15 6
Plag 20 7 40 40
Opaques 2 2 20
Groundmass 60 43
Vesicles 10 10-20 10-15 30
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