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Along-rift variations in the stage of continental separation are observed in the northern East African Rift System (EARS), from magma-assisted continental rifting in the Main Ethiopian Rift (MER) to nascent oceanic spreading in Afar. However, the implications on spatial and temporal changes in mantle melting and melt evolution remain poorly understood. Given that the EARS is the longest and best-exposed example of continental rifting in the world, the MER and Afar are an ideal place to investigate magmatism and volcanism in late-stage continental rifts. Here, we focus on the Adda’do Magmatic Segment (AMS) in the northernmost sector of the MER, that has experienced the most prolonged lithospheric thinning. We present new trace element data and petrographic observations from around 50 samples, and combine these with geochemical modelling to investigate depth of melt origin and melt evolution, in the AMS. Using mixing modelling of garnet lherzolite and spinel lherzolite mantle peridotite sources, we show that the AMS magmas are produced from a relatively deep source with 10%–60% garnet lherzolite, corresponding to depths of around 85 km, and generated by approximately 4%–9.5% partial melting of the mantle. We find no significant variation of these characteristics with either sample age or sample location at the AMS, suggesting no systematic temporal variations occurred in either the depth or the degree of melting within a single magmatic segment. However, on a regional scale, depth of melting is between that interpreted for the MER and northern Afar, implicating the stage of rift evolution and consequent degree of lithospheric thinning as a major control. MELTS modelling of the samples indicates that the observed variations in sample compositions in the AMS can be explained predominantly by fractional crystallisation, with negligible crustal contamination in the basaltic samples. Crustal contamination may play a greater role in the composition of intermediate and evolved samples in the AMS.

Keywords: trace elements, AFAR, volcano, rift, geochemistry
1 INTRODUCTION
The MER and Afar are the two northernmost sections of the East African Rift System (EARS), which at 3,000 km long is the world’s longest active continental rift system (e.g., Ebinger, 2005; Corti, 2009; Corti et al., 2013). Together, the MER and Afar represent the final stages of transition from continental rifting to a proto-oceanic ridge system (Ebinger, 2005; Ayele et al., 2007; Nicotra et al., 2021) (Figure 1), making this region an ideal place to study the characteristics of volcanism associated with late-stage continental rifting. Recent and current volcanic activity in the MER and Afar is generally confined to localised magmatic segments respectively (Barberi and Varet, 1970; Hayward and Ebinger, 1996; Mazzarini et al., 2013; Pagli et al., 2019), and includes both caldera-forming silicic centres (such as Kone, Aluto and Gedemsa in the MER; Peccerillo et al., 2003; Rampey, 2005; Hutchison et al., 2016), basaltic axial ranges (e.g., Erta Ale and Manda Harraro in Afar; Barberi and Varet, 1970; Barrat et al., 2003), and rift-controlled basaltic fields associated with monogenetic centres (Abebe et al., 2007) (Figure 1).
[image: Geological map showing the Afar region's tectonic plates and rift stratigraphy. The left panel displays magmatic segments, fault lines, and plate movements around the Nubian, Arabian, and Somalian plates. The right panel details rift stratigraphy with color-coded volcanic formations and sedimentary rocks, indicating their ages and characteristics.]FIGURE 1 | Generalised geological setting of the Ethiopian rift and Afar. a) simplified map of major rift border faults, magmatic segments and key volcanoes. Da is Danakil microplate and the TGD is the Tendaho Goba’ad discontinuity, and tectonic structure that is considered to separate the Red Sea and Gulf of Aden rifts in central, north and east Afar, from the northern end of the MER in southern Afar. Arrows are simplified GNSS measured plate motions with those of the Danakil microplate and Arabia from Viltres et al. (2020), and those from Somalia-Nubia from Kogan et al. (2012). b) is a simplified version of classical in-rift geological map of Afar and the MER showing the major rift volcanic units (modified after Varet, 1975; Rees et al., 2023). The geology of the plateau regions are not shown.Regional studies and detailed geochemical investigations of Quaternary volcanic systems are available across the MER and Afar (e.g., MER: Giordano et al., 2014; Ayalew et al., 2016; Hutchison et al., 2016; Siegburg, 2019; Afar: Barrat et al., 1998; Ferguson et al., 2013; Field et al., 2013; Watts et al., 2023; Tortelli et al., 2021; Tortelli et al.,2022; Tortelli et al.,2024). These geochemical studies have revealed a wide range in estimates of depth of melting across the MER and Afar region. The Dabbahu Magmatic Segment (central–north Afar) and Erta Ale Magmatic Segment (Danikil Depression, northern Afar) show evidence for melt generation at depths of 80–95 km and 65–85 km, respectively (Ferguson et al., 2013; Watts et al., 2023), whilst estimates from basalts from the Ethiopian Plateau are somewhat shallower at 30–60 km (Ayalew et al., 2019). In the MER, estimates for melt generation depth are higher, at around 110 km (Chiasera et al., 2018; Chiasera et al., 2021). The range of melting depths observed across the MER and Afar suggest that the depth of melt decreases with the stage of rift evolution. However current melt depth estimate data across the region lacks the resolution to confirm this.
In particular, there are no detailed volcanological and geochemical studies in Southern Afar where the MER propagates into Afar – a key area where rift history and amount of plate stretching changes (Figure 1). Consequently, very little is currently known about the conditions of magma generation and evolution in this region, and how these may have varied both spatially and temporally. In this study, we present trace element and petrographic data from three volcanoes in the Adda’do Magmatic Segment (AMS) in southernmost Afar (Figures 1, 2), to constrain the depth of melting and melt fraction involved in melt generation in the AMS, and to investigate how these may vary by stage of rift evolution. We use these petrographic and trace data in conjunction with major element data and geochemical modelling to investigate the evolution from basaltic to intermediate and silicic compositions in the AMS.
[image: Geological map showing volcanic and sedimentary formations in the Yangudi (2a) and Ayelu/Abida (2b) regions, with a stratigraphic column. Areas are coded by color to indicate specific formations, such as silicic and basaltic lavas, and features like faults, calderas, and volcanic cones are marked. Sample sites are indicated with stars of various colors. The map includes coordinates, scale bars, and a key for reference.]FIGURE 2 | Geological maps of the volcanoes in study region along with sample locations. (a) is the geological map of Yangudi and (b) of Ayelu – Abida (modified after Rees et al., 2023; Hayward and Ebinger, 1996). Lava flows and deposits are coloured by broad rock type and shaded according to relative chronology.2 GEOLOGICAL BACKGROUND
2.1 The Main Ethiopian Rift and Afar
Rifting in Afar is thought to have started around ∼30 Ma from the NE directed extension of the Arabian plate from the rest of Africa (Wolfenden et al., 2004). On a regional scale, this rifting started around ∼35 Ma in the East of the Gulf of Aden, propagated to Afar by ∼30 Ma, followed by initiation of rifting in the Red Sea around 29–26 Ma (Zwaan et al., 2020). The triple junction tectonics only started later in the rift history. Initial rifting of the Somalian plate in an ∼ E-W direction away from Africa began in the central and southern parts of MER during the Miocene-Pliocene between 18 and 15 Ma (WoldeGabriel et al., 1990; Ebinger et al., 2000; Wolfenden et al., 2004). Starting ∼11 Ma, the MER then propagated northwards into southern Afar to form a triple junction (Wolfenden et al., 2004). Southern Afar has therefore experienced a complicated rift history of around 20 myrs of dominantly NE directed extension, followed by ∼10 myrs of mainly ∼ E-W extension (Tesfaye et al., 2003; Maestrelli et al., 2024). Extension of most of the MER and Afar is thought to have been initially controlled by displacement along boundary faults (e.g., Wolfenden et al., 2004; Erbello et al., 2022; Kebede et al., 2024). Since the Quaternary however, extension has predominantly focussed in a rift floor system of right-stepping en-echelon magmatic segments with small offset faults, aligned cones and volcanic centres (Ebinger and Casey, 2001; Agostini et al., 2011; Keir et al., 2015; Trippanera et al., 2015; Siegburg et al., 2020). Extension in the magmatic segments is thought to be dominated by episodic dyke intrusion and largely aseismic creep along extensional fault networks (e.g., Ebinger et al., 2010; Ferguson et al., 2013; Barnie et al., 2016; La Rosa et al., 2021; Siegburg et al., 2023; Keir et al., 2025).
Volcanic activity in the near Afar began at around 30 Ma with the eruption and rapid emplacement of Ethiopian–Yemen flood basalts believed to be related to the Afar plume (e.g., Ebinger et al., 1993; Hofmann et al., 1997; Pik et al., 1998; Kieffer et al., 2004) (Figure 1). This was concomitant with the onset of rifting in Afar region (Wolfenden et al., 2005), This emplacement was followed by a renewed increase in flood volcanism at around 10 Ma, with eruption of the Dahla Basalts and then since at ∼4.5–1 Ma by the Stratoid Series (e.g., Kidane et al., 2003; Tortelli et al., 2025). Since 0.65 Ma, volcanic activity within the MER has been restricted to distinct magmatic segments (e.g., Ebinger and Hayward, 1996; Chernet et al., 1998; Abebe et al., 2007; Corti, 2009). Similarly, in Afar, recent (since 0.6 Ma) volcanic activity is mainly confined to distinct axial rift zones and magmatic segments (e.g., Figure 1, in Barberi et al., 1972; Lahitte et al., 2003; Watts et al., 2020; Watts et al., 2025). Quaternary volcanism in the NMER and Southern Afar is characterised by predominantly bimodal basalt–rhyolite volcanism (Gasparon et al., 1993; Trua et al., 1999). Since the late Palaeogene, the proportion of basaltic volcanism relative to felsic volcanism in Afar has increased, reflecting increasing rift evolution (Deniel et al., 1994; Ayalew et al., 2006; 2016; 2019).
2.2 The Adda’do magmatic segment
The Adda’do Graben is in Southern Afar where the northern MER has propagated into Afar (Tesfaye et al., 2003), and is sometimes referred to as the northern MER – Southern Afar Transition Zone, e.g., Chernet et al., 1998), and is the youngest and most tectonically active graben in Southern Afar (Varet, 2017) (Figures 1, 2). During its early stages, the development of Afar was tectonically controlled by the opening of the Red Sea and the Gulf of Aden (at around 26–29 Ma and 35 Ma respectively; Wolfenden et al., 2005; Leroy et al., 2010; Zwaan et al., 2020), but since the development of the MER this region is characterised structurally and volcanically as the northernmost expression of the MER. The Adda’do Magmatic Segment (AMS) is formed of a group of three stratovolcanoes within this graben, Ayelu and Abida in the south and Yangudi in the north (Figure 2). Ayelu and Abida lie on a region of rift lateral offset at the southern end of the AMS, whilst Yangudi is situated approximately 60 km to the NNE within the centre of the rift (Figure 2). Several NNE-trending faults cut through Yangudi, whilst Ayelu and Abida are relatively un-faulted (Figure 2).
Like much of Afar and the MER, Quaternary volcanic activity in the AMS is dominated by bimodal volcanism (e.g., Trua et al., 1999; Abebe et al., 2007), although both Abida and Yangudi also have a small range of intermediate compositions (Rees et al., 2023). All three volcanoes are believed to have originated in the late Pliocene–Early Pleistocene with an initial base of predominantly basaltic lavas (47.5–54.2 wt% SiO2), which was followed by several cycles of mafic-to-felsic evolution (46.5–72.6 wt% SiO2), including large caldera-forming eruptions (Rees et al., 2023). All three volcanoes are believed to have been active throughout the Quaternary (Rees et al., 2023), with the most recent activity to the east of Abida believed to be only a few hundred years old (Global Volcanism Program and Venzke, 2023).
3 DATA AND METHODOLOGY
3.1 Trace element geochemical analyses
A total of 47 rock samples from the Afar Repository collection at the University of Pisa (https://repositories.dst.unipi.it/index.php/afar-repositories) were chosen for trace element analysis by ICP-MS (sample names, locations, rock types, and trace element results are given in Table 1). The samples were crushed and sieved to obtain the 0.5–1 mm size fraction. Following this, they were then cleaned and ultrasonicated in deionized water to remove powder and dust. Samples were then dried at 85°C for 12 h and were handpicked under a microscope to remove weathered grains and non-rock material. The cleaned samples were then ground to a fine powder using an agate mortar and pestle, to eliminate contamination that could occur using a porcelain or metal grinder.
TABLE 1 | Sample locations and indication of analyses conducted on them. Major elements analysis is published in Rees et al. (2023).	Volc	ID	Lat. (°N)	Long. (°E)	WRmajor (XRF)	WRtrace (ICP-MS)	Thin section
	Abida	H23	10.05	40.73	✓ GSJ	✓	✓
	Abida	H24	9.97	40.78	✓ SOU	✓	✓
	Abida	H25	9.94	40.87	✓ GSJ	✓	✓
	Abida	H28	9.90	40.90			✓
	Abida	H29	9.90	40.90	✓ SOU	✓	✓
	Abida	H30	9.90	40.90			✓
	Abida	H32a	9.90	40.90	✓ GSJ	✓	✓
	Abida	H32b	9.90	40.90	✓ GSJ	✓	
	Abida	H33	9.90	40.90			✓
	Abida	H34	9.90	40.90			✓
	Abida	H35	9.90	40.90	✓ GSJ	✓	
	Abida	H36	9.90	40.89	✓ SOU	✓	✓
	Abida	H37	9.90	40.89			✓
	Abida	H42	10.02	40.97			✓
	Abida	H43	10.06	40.95	✓ GSJ	✓	✓
	Abida	H46	10.07	40.87	✓ GSJ	✓	✓
	Abida	H47	10.07	40.86	✓ GSJ	✓	✓
	Abida	H48	10.06	40.84	✓ GSJ	✓	✓
	Abida	H50	10.06	40.82	✓ GSJ	✓	✓
	Abida	H52	10.07	40.85	✓ GSJ	✓	✓
	Abida	H53	10.13	40.89	✓ GSJ	✓	✓
	Abida	H54†	10.13	40.84	✓ GSJ	✓	✓
	Ayelu	H11†	10.02	40.60		✓	✓
	Ayelu	H12†	10.07	40.62	✓ GSJ	✓	✓
	Ayelu	H13†	10.11	40.64	✓ GSJ	✓	✓
	Ayelu	H14†	10.13	40.64	✓ GSJ	✓	✓
	Ayelu	H15	10.18	40.66	✓ GSJ	✓	✓
	Ayelu	H17†	10.17	40.68	✓ SOU	✓	✓
	Ayelu	H18a†	10.17	40.69	✓ GSJ	✓	✓
	Ayelu	H18b†	10.17	40.69	✓ GSJ	✓	✓
	Ayelu	H57†	10.09	40.69	✓ GSJ	✓	✓
	Ayelu	H59a†	10.13	40.69	✓ SOU	✓	✓
	Ayelu	H59b†	10.13	40.69	✓ GSJ	✓	
	Ayelu	H9	9.98	40.55	✓ GSJ	✓	✓
	Yang	H345†	10.67	41.02	✓ GSJ	✓	✓
	Yang	H348	10.67	41.02			✓
	Yang	H350	10.67	41.02	✓ GSJ	✓	✓
	Yang	H352	10.67	41.04	✓ SOU	✓	✓
	Yang	H354	10.67	41.04	✓ GSJ	✓	✓
	Yang	H355	10.67	41.05	✓ SOU	✓	✓
	Yang	H357	10.65	41.05			✓
	Yang	H358	10.65	41.06	✓ SOU	✓	✓
	Yang	H360	10.61	41.04	✓ GSJ	✓	✓
	Yang	H363	10.60	41.06	✓ GSJ	✓	✓
	Yang	H368	10.59	41.03	✓ SOU	✓	✓
	Yang	H372	10.58	41.04		✓	✓
	Yang	H374	10.58	41.04	✓ GSJ	✓	✓
	Yang	H376	10.56	41.03	✓ GSJ	✓	✓
	Yang	H377	10.55	41.03	✓ GSJ	✓	✓
	Yang	H381	10.56	41.01	✓ SOU	✓	✓
	Yang	H382	10.56	41.01			✓
	Yang	H385	10.53	41.00	✓ SOU	✓	✓
	Yang	H387	10.54	40.97	✓ SOU	✓	✓
	Yang	H398	10.52	41.04	✓ GSJ	✓	✓
	Yang	H399	10.52	41.04	✓ GSJ	✓	✓
	Yang	H402	10.61	41.10	✓ GSJ	✓	✓


The powdered samples were then digested in sealed Savillex Teflon vials with a HNO3 HF mixture on a hotplate at 130°C for 24 h. The HNO3/HF was evaporated off, and the samples were refluxed in 6M HCl for another 24 h on a hotplate at 130°C. The 6M HCl was evaporated off, and the samples were redissolved in 6M HCl. Mother solutions were prepared by adding 6M HCl and MQ water (total 30 mL) to the dissolved samples. Daughter solutions were prepared using 0.5 mL of mother solution, diluted to 5 mL with 3% HNO3 (containing the internal standards In/Re/Be), resulting in an overall dilution factor of c. 4,000.
Whole rock trace element analyses were undertaken on the ThermoScientific XSeries2 quadrupole inductively coupled plasma mass spectrometer (ICP-MS) at the University of Southampton. Analytical standards and accuracy were monitored using international standards BCR-2, BHVO2, BIR-1, JA-2 and JB-3 (Supplementary Table S2). Accuracy relative to the reference values is typically less than <6% with the exception of Hf, Ta, U. Reproducibility is typically <4% with the exception of V, Cr, Co, Ni and Cu. Results in counts per second were processed with the calculated dissolution factors and blank corrections to calculate concentrations in ppm for the trace elements analysed.
3.2 Petrography
Petrographic observations of 51 thin section samples from the Afar Repository collection at the University of Pisa were undertaken using a Meiji MT9300 petrographic microscope. For each thin section, total percentage surface areas of groundmass, vesicles, and major phenocryst phases were estimated, and textural observations were recorded. Percentage area charts after Terry and Chilingar (1955) were used to aid and improve accuracy of percentage area estimates. Selected representative thin sections were photographed using an Olympus BX60 microscope with Plan Apo ×1.25 objective and Canon EOS 60D camera. Sample names and locations are given in Table 1 and shown in Figure 2.
4 RESULTS
4.1 Petrography
Descriptions of the 51 thin section samples from Ayelu, Abida and Yangudi are provided below. In this work, the thin section samples have been grouped and described according to their major rock types (Supplementary Table S1; Figures 2, 3). For each thin section, total percentage surface areas of groundmass, vesicles, and major phenocryst phases were estimated, and textural observations were recorded. The Supplementary Material provides more detailed descriptions, with the thin sections grouped by volcano and their relative ages. A graphical summary of the whole-rock and phenocryst content for each of the thin sections analysed from Abida, Ayelu and Yangudi is provided in Figure 3, with representative photomicrographs provided in Figure 4.
[image: Bar chart showing rock component and normalized phenocryst abundance for various samples from Abida and Yangudi. Components include vesicles, groundmass, and phenocrysts, with phenocrysts further detailed as different mineral types. A key and abbreviations explain colors and terms.]FIGURE 3 | Graphical petrological overview of the whole-rock and phenocryst phase content of 51 thin sections from Ayelu, Abida and Yangudi. Thin sections are arranged by volcano, and by rock type (basalt, crystalline intermediate, intermediate tuff, rhyolite/microgranite and felsic tuff). Rock chemistry was determined via major element analysis (Rees et al., 2023). Percentage surface area (%SA) modal abundances of rock components (vesicles, groundmass and phenocrysts) are provided.[image: Microscopic images of rock samples labeled a to h. Panel a shows a textured, wavy pattern. Panel b features a square black area surrounded by shiny fragments. Panel c displays densely packed crystalline structure. Panel d contains a mixture of fine grains with larger, light-colored patches. Panel e shows elongated, colorful mineral shards. Panel f highlights large, irregularly-shaped crystals. Panel g reveals layered, fibrous structures. Panel h depicts dense, linear crystals in a dark matrix. Each panel includes a red scale bar for measurement reference.]FIGURE 4 | Representative thin section photomicrographs from Abida, Ayelu and Yangudi, selected to showcase the variability in petrography from the Adda’do Graben volcanoes. (a) H17: Welded tuff from a distal ignimbrite, N Ayelu. (b) H24: Porphyritic basalt from a recent (Quaternary) distal basaltic lava flow to the SE of Abida, highlighting a large plagioclase phenocryst showing oscillatory zoning. (c) H32: fine grained porphyritic basalt from a very recent (Quaternary/historical) basaltic lava flow to the SE of Abida. (d) H47: holocrystalline rhyolite from the summit of Abida. (e) H48: porphyritic basalt with a very fine-grained groundmass from the summit of Abida. (f) H54: trachytic ashy tuff from the northern flank of Abida. (g) H57: Welded tuff from near the summit of Ayelu. (h) H350: fine grained basalt from a recent (Quaternary) distal basaltic flow to the north of Yangudi. Red scale bar in all photos is 1 mm. Please refer to Table 1 for the coordinates of the samples.4.1.1 Mafic crystalline rocks (basalts and microgabbros)
Including samples: H24, H32, H37, H25, H34, H48, H36, H33, H42, H43, H23, H29, H28, H30 (Abida); H15 (Ayelu); H348, H350, H352, H363, H399, H402, H355, H358, H382, H385, H398, H387, H357, H354, H368, H381, H374 (Yangudi).
The mafic crystalline rocks from Ayelu, Abida and Yangudi are variably vesicular (0%–30%, mean 8%; apart from glassy samples H28, H29 and H30 from Abida with 40%–70% vesicles, mean 56%). The majority are porphyritic (phenocryst content 0%–60%, mean 22%), with over three-quarters of the samples containing at least 5% phenocrysts by surface area (Figures 4b,e). Groundmass textures are generally fine to very fine grained microcrystalline, and where visible appear to be formed predominantly of plagioclase feldspar, pyroxene, opaque oxides, and interstitial glassy material. Three of the samples (H28, H29 and H30 from Abida) have glassy groundmasses, and four of the samples have a coarse microgabbroic texture (porphyritic microgabbros H33 and H36 from Abida, and holocrystalline microgabbros H15 and H348 from Ayelu and Yangudi).
The dominant phenocryst phase in all but two of the samples is plagioclase, which makes up an average of 49% of the phenocrysts present (Supplementary Table S1). Plagioclase phenocrysts are generally euhedral to subhedral, although in some samples (H32, H33, H36, H37) there is notable evidence of zoning, pitting and rim resorption, particularly in larger (>1.5 mm) phenocrysts (Figure 4c). The other dominant phenocryst phases are K-feldspar (average 19% of total phenocryst content), clinopyroxene (average 16% of total phenocryst content) and orthopyroxene (average 11% of total phenocryst content), all of which are present in almost all the samples. Four samples contain small amounts of olivine (2%–5% of total phenocryst content in those samples), and 13 samples contain varying amounts of opaque oxides (2%–13% of total phenocryst content in those samples).
4.1.2 Intermediate crystalline rocks
Including samples: H52, H46 (Abida); H377 (Yangudi).
Samples H377 (Yangudi), H46 and H52 (Abida) are crystalline intermediate rocks. They contain very few vesicles (0%–1%) and few phenocrysts (4%–15%, mean 10%; Supplementary Table S1). The dominant phenocryst phases are plagioclase and K-feldspar (18%–47% and 20%–55% of total phenocryst content respectively). Clinopyroxene, orthopyroxene and opaque oxides are present in varying amounts (0%–25% of total phenocryst content). H377 and H52 have very fine crystalline groundmasses, whereas H46 has a slightly coarse groundmass. As in the basalt samples described above, large plagioclase phenocrysts in these samples can exhibit a degree of zoning, pitting and rim resorption.
4.1.3 Felsic crystalline rocks (rhyolites and microgranites)
Including samples: H47, H50, H53 (Abida); H360, H372, H376 (Yangudi).
Samples H372, H376 and H360 are very fine grained aphanitic crystalline rocks from Yangudi. They contain <1% vesicles and very rare (1%–2% of total rock content; Supplementary Table S1) plagioclase or K-feldspar phenocrysts. The phenocrysts present are generally complete, unfractured and euhedral, though sometimes there is evidence for slight dissolution around the rims.
Samples H47, H50 and H53 from Abida are coarser rhyolites, containing no vesicles and 6%–11% (mean 8%; Supplementary Table S1) phenocrysts (Figure 4d). The dominant phenocryst phase is K-feldspar, with which are commonly fractured and often display significant disequilibria textures such as resorbed rims and, in some cases, partial or total overgrowth and replacement. Subordinate amounts of hornblende are present in all samples (9%–17% of total phenocryst content), and clinopyroxene and opaque oxides are present in some of the samples.
4.1.4 Intermediate tuffs
Including samples: H11, H13 (Ayelu); H54 (Abida).
H54 (Abida), H11 and H13 (Ayelu) are tuffs of intermediate composition. H54 is a fine-grained tuff with an ashy matrix, containing around 14% phenocrysts (Figure 4f). The dominant phenocryst type is K-feldspar (44% of total phenocryst content), with subordinate plagioclase, clinopyroxene and hornblende. Phenocrysts are generally irregular in shape, either due to fracturing or resorption and dissolution. H11 has a strongly flattened and welded matrix, with phenocrysts (plagioclase, K-feldspar and clinopyroxene, totalling 3% of total rock content) aligned parallel to the direction of flattening. H13 has a clear glassy groundmass, with generally well-aligned phenocrysts.
4.1.5 Felsic tuffs
Including samples: H12, H14, H18a, H18b, H57, H17, H59 (Ayelu); H345 (Yangudi).
The majority of the felsic tuff samples come from Ayelu (seven) with one from Yangudi. The felsic tuffs from Ayelu contain almost no vesicles (0%–1%; Supplementary Table S1), and few phenocrysts (3%–5%, mean 4%). The groundmass of samples H12, H14, H17 and H57 is strongly welded, flattened and stretched, with phenocrysts generally aligned parallel to this flattening direction (Figures 4a,g). The groundmass is formed of generally colourless to light brown glassy material. H59, H18a and H18b are less strongly welded, with no distinct flattening and stretching direction, and no evidence of phenocryst alignment. The dominant phenocryst type is orthoclase, generally angular and euhedral in form, although in some samples (notably H12, H18a and H18b) the crystals are fractured and display subtle signs of dissolution. H345 from Yangudi has a very fine glassy welded matrix, with few phenocrysts (3%).
4.2 Trace element geochemistry
Trace element analyses for 47 whole-rock samples from Ayelu, Abida and Yangudi are shown in Supplementary Tables S1, S2, along with their locations and rock types as determined by the rock classification through the Total Alkali-Silica (TAS; Le Maitre et al., 2005) diagram for the same dataset, already published along with major element compositions by Rees et al. (2023). Zirconium (used as a fractionation index) is plotted against selected trace elements in Figures 5a–i, and selected trace element ratios are plotted in Figures 5j–p. The Zr concentrations range from 65.38 to 1,051.50 ppm, with concentrations over 300 ppm generally associated with compositionally intermediate and evolved samples (Figure 5) With respect to Zr, trace element variations show an increase in Rb, Sm, Yb, Pb, Nb and Th, and a decrease in Sr and Sc. Barium increases with Zr for most samples, with the exception of lava samples H360, H372, H53 and H356, and tuff samples from Ayelu (Supplementary Table S2).
[image: Multiple scatter plots showing relationships between zirconium (Zr) in parts per million (ppm) and various other elements (Ba, Rb, Sm, Yb, Sr, Pb, Nb, Sc, Th, (Dy/Yb)_n, (La/Sm)_n, (Sm/Yb)_n, (La/Yb)_n, Eu/Eu*, Ce/Pb) in different samples. Datasets are marked with triangles, diamonds, and circles in varying colors and sizes to distinguish studies and rock types. Arrows indicate fractionation trends, and some plots highlight the role of feldspar. A legend identifies symbols used for different studies and rock types, including basaltic, intermediate, and rhyolitic lavas and tuffs.]FIGURE 5 | Trace elements and trace element ratios. (a) Zr vs. Ba, (b) Zr vs. Rb, (c) Zr vs. Sm, (d) Zr vs. Yb, (e) Zr vs. Sr, (f) Zr vs. Pb, (g) Zr vs. Pb, (h) Zr vs. Sc, (i) Zr vs. Th, (j) Zr vs. (Dy/Yb)n, (k) Zr vs. (La/Sm)n, (l) (La/Sm)n vs. (Sm/Yb)n, (m) (La/Sm)n vs. (Dy/Yb)n, (n) (Dy/Yb)n vs. (La/Yb)n; (o) Zr vs. Eu/Eu* (where Eu/Eu* = Eun/(Smn * Gdn)0.5); (p) Zr vs. Ce/Pb. All trace element concentrations are in ppm. Basaltic = SiO2 < 55 wt%, intermediate = SiO2 55–65 wt%, rhyolitic = SiO2 wt% > 65%. Previous studies: Afar data from Duffield et al. (1997); Ferguson et al. (2013); Hutchison et al. (2018); Hagos et al. (2016); Barrat et al. (2003); Watts et al. (2023). MER data from Siegburg (2019); Ayalew et al. (2016); Furman et al. (2006); Ronga et al. (2010); Rooney et al. (2012); Giordano et al. (2014); Peccerillo et al. (2003); Peccerillo et al. (2007).Rare Earth Element (REE) patterns (Chondrite normalised; Sun and McDonough, 1989) for all three volcanoes are similar (Figure 6, left). All samples are enriched in light REE (LREE) relative to middle REE (MREE; Lan/Smn ∼2.3–3.6 for Ayelu; ∼1.7–4.2 for Abida; and ∼1.8–3.4 for Yangudi), increasing slightly with fractionation (Figure 5k). Samples are moderately enriched in MREE relative to heavy REE (HREE; Dyn/Ybn ∼1.1–1.4 for Ayelu; ∼1.1–1.4 for Abida; and ∼1.1–1.5 for Yangudi), decreasing slightly with fractionation (Figure 5j). Multi-element primitive mantle normalised spider diagrams show similar patterns across all three volcanoes (Figure 6, right). Evolved samples have very low Sr and Ti values, whereas basaltic samples are characterised by typically low Cs, Rb, Ba and Pb.
[image: Composite image of multi-line graphs showing rock composition analysis from the Yangudi, Ayelu, and Abida regions. Each graph presents data sets in different colors: orange for Yangudi, yellow for Ayelu, and blue for Abida, with lines representing different rock types (mafic, intermediate, felsic, felsic tuff). The x-axes show elements like La, Ce, Nd, while the y-axes display rock to chondrite and rock to primitive mantle ratios. Previous study data from MER and Afar are shown in gray.]FIGURE 6 | (left) REE profiles (chondrite normalised; Sun and McDonough, 1989), for Yangudi, Ayelu and Abida, and (right) trace element profiles normalised to primitive mantle (Sun and McDonough, 1989). Colours of lines from dark to light indicate whole-rock chemistry (dark = basaltic, SiO2 < 55 wt%; mid = intermediate, SiO2 55–65 wt%; pale = rhyolitic SiO2 wt% > 65%). Solid lines indicate lava samples, dashed lines indicate tuff samples. Grey lines show selected published REE analyses from other Quaternary volcanoes in Afar (Badi, Alid, Nabro, Tat Ali, Borawli, Dabbahu, Afdera, Gabilema; darker grey) and the MER (Boset-Bericha Volcanic Complex, Dofa, Fantale, Hertali, Kone, Gedemsa, Aluto; light grey). Published data from Lowenstern et al. (2006); Ronga et al. (2010); Ferguson et al. (2013); Giordano et al. (2014); Ayalew et al. (2016), Ayalew et al. (2019); Hutchison et al. (2016); Donovan et al. (2017); Siegburg (2019); Castillo, Liu and Scarsi (2020); Hoare et al. (2020)Compositionally evolved and intermediate samples (Zr > 300 ppm) from all three volcanoes have significant to negligible negative Eu/Eu* anomalies (0.46–0.99, excluding H54 being anomalously high sample; Figure 5o; Equation 1). Whereas, basaltic samples have negligible to positive Eu/Eu* anomalies (0.98–1.20; Figure 5o). Europium anomaly (Eu/Eu*)) values from Yangudi are typically slightly higher relative to Ayelu and Abida, for both basaltic and evolved samples. Cerium-Lead ratios (Ce/Pb) from Yangudi range from 14.13 to 36.55 (mean 27.70; excluding anomalously high sample H355), and from 14.34 to 37.06 (mean 20.31) for Ayelu and Abida Figure 5p – typically higher than MORB Ce/Pb (25 ± 5, calculated from Atlantic, Pacific, and Indian Oceans; Hofmann et al., 1986).
Eu/Eu*=Eun / Smn * Gdn0.5(1)
Equation 1 used to calculate Eu/Eu*, from McLennan et al. (1990). Trace element concentrations have been normalised to chondrite compositions of Sun and McDonough (1989).
5 DISCUSSION
Reasonably steep REE patterns (Figure 6, left) and moderate enrichment in MREE relative to HREE (Dyn/Ybn ratios: Ayelu 1.40–1.45, average 1.43; Abida 1.28–1.43, average 1.36; Yangudi 1.34–1.52, average 1.42) (Figures 5j,m,n) are observed in basaltic samples (Zr < 300 ppm) from Ayelu, Abida and Yangudi. This indicates that a garnet phase was present during the partial melting of the mantle as garnet strongly retains HREE (e.g., Devoir et al., 2021; Su et al., 2010), thus resulting in a depletion of HREE relative to LREE/MREE in the subsequent partial melt. The depth of the garnet lherzolite – spinel lherzolite transition within the mantle is debated, with estimates from the Main Ethiopian Rift in excess of ∼85 km (Wong et al., 2022).
Relative to other volcanic centres in Afar, the basaltic samples from Ayelu, Abida and Yangudi are more enriched in MREE compared to HREE. For example, average Dyn/Ybn ratios for basaltic samples from Afar volcanoes are Alid 1.15 (Duffield et al., 1997), Erta Ale magmatic segment 1.39 (Watts et al., 2023), Manda Hararo 1.28 (Barrat et al., 2003). Conversely, the AMS samples are more depleted in MREE compared to HREE than other volcanic centres in the MER (average Dyn/Ybn ratios for basaltic samples from MER volcanoes are Boset-Bericha 1.49 (Siegburg, 2019), Dofan 1.57 (Furman et al., 2006), Fentale 1.52 (Furman et al., 2006), Gedemsa 1.50 (Giordano et al., 2014), Kone 1.50 (Furman et al., 2006). The changes in these REE ratios along the volcanic rift centres can therefore be used to estimate the spatial variation in melting depth as these ratios correspond to the amount of garnet lherzolite in the melt source (e.g., Wood et al., 2013). As such, these geochemical observations suggest a southward increase in melt depth from Afar through to the MER, with values from the AMS lying somewhere between the two.
Independent modelling of trace elements are consistent with our findings, with melting depths in Afar having been estimated at 65–95 km (Watts et al., 2023; Ferguson et al., 2013) whereas melting depths for the central MER are estimated to be predominantly more than 100 km (Chiasera et al., 2018; 2021) These along rift variation in depth of the melt zone is supported by geophysical evidence of southwards increase in depth range of the high amplitude slow velocity anomalies (interpreted as the melt zone from seismic tomographic imaging of the mantle) from ∼120–90 km beneath the central portions of the MER to ∼120–60 km beneath Afar (e.g., Gallacher et al., 2016; Chambers et al., 2022). The depth to the base of the melt zone is relatively constant with the deep onset of melting primarily controlled by a regionally elevated mantle potential temperature caused by presence of a mantle plume (e.g., Ferguson et al., 2013). However, the depth of the top of the melt zone shows significant spatial variations both in tomographic images and geochemical models, and correlates well with the limited measurements of decreasing plate thickness towards Afar (e.g., Lavayssière et al., 2018; Dugda et al., 2007). This strongly indicates that the range of melting depths during continental rifting and breakup are primarily modulated by degree of extension related plate thinning, and supports recent global interpretations of a primary control on depth of melting from thickness of the overlying lithosphere (Niu, 2021).
To assess the relative proportions of spinel lherzolite vs. garnet lherzolite in the melt source of the samples, we modelled partial melting and mixing of a garnet lherzolite and a spinel lherzolite mantle source, using the PetroGram magmatic petrology program (Gündüz and Asan, 2021). Using the REE compositions of garnet mantle peridotite from Frey (1980) and spinel mantle peridotite from McDonough (1990) as starting values (Table 2), we modelled the forward non-modal dynamic melting and mixing of these two sources. Dynamic melting assumes that the melt is in equilibrium with the mantle source until a critical proportion of melt is reached to achieve permeability, and then it is extracted (cf. fractional melting, in which melt is extracted immediately after formation) (e.g., Shaw, 2000). Modal melting (an uncommon melting type) assumes the minerals undergoing melting are in proportion to the modal mineralogy of the rock, whereas in non-modal melting (a more common melting type) the mineral proportions in the melt may be different to the proportions in the source (Wilson, 1989; Gündüz and Asan, 2021). Here, we assume the mode of melting to be non-modal and dynamic, as S-wave tomographic images suggest a moderate degree of melt is present in the upper mantle in southern Afar (Chambers et al., 2019).
TABLE 2 | REE compositions of the mantle peridotites used in the PetroGram melt modelling. Spinel lherzolite values after McDonough (1990), garnet lherzolite values after Frey (1980).	Element	Spinel
Lherzolite	Garnet
Lherzolite
	La	2.60	2.10
	Ce	6.29	6.10
	Pr	0.56	-
	Nd	2.67	4.10
	Sm	0.47	1.30
	Eu	0.16	0.49
	Gd	0.60	-
	Tb	0.07	0.36
	Dy	0.51	-
	Ho	0.12	0.50
	Er	0.30	-
	Tm	0.038	-
	Yb	0.26	1.10
	Lu	0.043	0.16


We compared the composition of basaltic samples from the AMS (Zr > 300 ppm, with MgO >5.5 wt%; to minimise the effects of fractionation) with the modelled melting and mixing lines. We find that our geochemical data is best modelled by invoking a reasonably high degree of partial melting (melt fraction, F, between 4% and 9.5%), with garnet lherzolite contributions between <10% and 60% (Figure 7). The modelled degree of partial melting is reasonably similar to other volcanoes in East Africa (e.g., Erta Ale magmatic segment, Afar: 3%–4.5% partial melt, Watts et al., 2023; Bishoftu/Debre Zeyit, MER: 7% partial melt, Rooney et al., 2005; Turkana, North Kenya: 5%–7% partial melt, Furman et al., 2004). Although there is a wide range in modelled values for both F and mantle source contributions for all three volcanoes of the AMS, there does not appear to be any discernible trends in these values with respect to relative sample age (Figure 7). There also does not appear to be any particular trends in F or mantle source contribution between the three volcanoes (Figure 7), suggesting that the melt generation conditions at the volcanoes have not varied systematically with space or time, and that melt generation conditions at all three volcanoes are likely to be similar. These similarities come despite the fact that the three volcanoes have slightly different tectonic settings (Yangudi lies on the central rift axis whilst Ayelu and Abida lie on a region of rift laterally offset (Figure 2), suggesting that these tectonic differences have little to no impact on the conditions of melt generation in the AMS. The results are consistent with the mantle melt source zones being at least of comparable spatial scale to the magmatic segments. The lack of clear difference in melt generation along segment is also consistent with recent numerical models showing that deep sedimentary basins such as that between Ayelu/Abida and Yangudi can deflect crustal melt pathways towards the segment tips (Armeni et al., 2024). As such, organisation of the crustal sub-volcanic plumbing systems in the magmatic segments could be strongly influenced by crustal processes such as unloading (ref), and stress focusing around intrusion zones (Beutel et al., 2010), rather than directly correlating to mantle processes. Consistent with this interpretation and true to the data and results is that the melt source modelling cannot rule out whether these tectonic differences influence the melt evolution during its ascent from source to eruption.
[image: Four geochemical diagrams show mantle melting processes with (La/Sm)_n and (Sm/Yb)_n ratios. Panel (a) illustrates the spinel and garnet lherzolite fields. Panel (b) focuses on a subset of samples with variations noted. Panel (c) shows (Sm/Yb)_n versus (Ce/Sm)_n with spinel and garnet fields detailed. Panel (d) highlights additional sample variations. Symbols indicate different sample ages and volcanoes, explained in the key: Ayelu, Abida, and Yang.]FIGURE 7 | Results from trace element modelling (using PetroGram, Gündüz and Asan, 2021) of non-modal batch melting and mixing of garnet lherzolite (Frey, 1980) and spinel lherzolite (McDonough, 1990). (b) and (d) are enlarged views of (a) and (c) respectively, with dashed boxes indicating the extent shown. Samples are normalised to the chondrite values of Sun and McDonough (1989). Only basaltic samples (where Zr < 300 ppm and MgO >5.5 wt%) are shown here, to minimise the effects of fractionation.5.1 Basaltic melt evolution in the AMS
Significant variation in trace element concentrations across the range of samples (e.g., Nd: Yangudi 12.17–110 ppm; Ayelu 18.50–83.00 ppm; Abida 18.48–86.59 ppm; see Supplementary Table S2; Figures 5a–i for further examples) suggests that fractional crystallisation has played a key role in their petrogenesis (Barrat et al., 1998). Samples with similar degrees of fractionation (i.e., similar Zr or MgO contents (Figures 5, 8; Supplementary Table S2) have broadly similar incompatible elements (e.g., Rb and Th, Figures 5b,i), suggesting that much of the chemical variation observed in the AMS can be explained by fractional crystallisation.
[image: Scatter plots in eight panels (a to h), each showing chemical trends of oxide weight percentages plotted against MgO weight percentage. Panels illustrate different elemental behaviors: SiO₂, Al₂O₃, CaO, Na₂O, K₂O, P₂O₅, Fe₂O₃, TiO₂. Symbols represent different studies and rock types, including basaltic, intermediate, and rhyolitic lavas and tuffs. Annotations suggest processes like removal or accumulation of minerals such as olivine, plagioclase, clinopyroxene, magnetite, and apatite. A legend explains symbol meanings.]FIGURE 8 | Major element oxides in wt% vs. MgO. (a) MgO vs. SiO2; (b) Al2O3 vs. MgO; (c) CaO vs. MgO; (d) Na2O vs. MgO; (e) K2O vs. MgO; (f) P2O5 vs. MgO; (g) Fe2O3 vs. MgO; (h) TiO2 vs. MgO. Basaltic = SiO2 < 55 wt%, intermediate = SiO2 55–65 wt%, rhyolitic = SiO2 wt% > 65%. Previous studies: Afar data from Duffield et al. (1997); Ferguson et al. (2013); Hutchison et al. (2018); Hagos et al. (2016); Barrat et al. (2003); Watts et al. (2023). MER data from Siegburg (2019); Ayalew et al. (2016); Furman et al. (2006); Ronga et al. (2010); Rooney et al. (2012); Giordano et al. (2014); Peccerillo et al. (2003); Peccerillo et al. (2007).Trace element variations with respect to degree of fractionation show an increase in Rb, Sm, Yb, Pb, Nb and Th, and a decrease in Sr and Sc (Figures 5a–i). These trends, along with major element trends (Rees et al., 2023), display the behaviour that would be predicted from fractionation involving olivine, plagioclase, clinopyroxene and Fe-Ti oxides (e.g., Figures 5a,i; Figure 8; Barrat et al., 1998). This is consistent with petrographic analysis, which finds plagioclase and clinopyroxene phenocrysts are present in the majority (94%) of basaltic samples, whilst opaque oxides are seen in 31% of basaltic samples (Figure 3). Olivine phenocrysts are only seen in 12% of the samples (Figure 3), but it is possible they may have formed in more of the melts and settled out prior to eruption (e.g., Larsen and Pedersen, 2000; Earle, 2019). Barium increases with Zr (up to Zr concentration of 600 ppm, Figure 5a) – suggesting that for most samples, the dominant crystallising phase is plagioclase, rather than alkali feldspar. This finding too is consistent with observations of the mineralogy of the thin section samples (Figures 3, 4), where we observe that the dominant phenocryst phase for most basaltic samples (84%) is plagioclase.
The Mg# (Mg/(Mg + Fe) * 100) for basaltic samples (Zr < 300 ppm) from Ayelu, Abida and Yangudi range from 39.4 to 14.7, with average values from Ayelu and Abida (35.3 and 27.8 respectively) slightly higher than those from Yangudi (23.8). We find that all values are significantly lower than basaltic melts in equilibrium with the residual upper-mantle (Mg# ∼70; Wilkinson, 1982). All basaltic samples from the AMS contain low to moderate MgO (2.1–8.3 wt%, average 5.4 wt%; Figure 8; Rees et al., 2023), as well as low Ni (173.5–1.1 ppm, average 51.5 ppm; Supplementary Table S2) and low Cr (413.6–0.26 ppm, average 110.5 ppm; Supplementary Table S2. These values are all significantly lower than the values that would be expected from a primary magma that is in equilibrium with the upper mantle (i.e., MgO 10–15 wt%, Cr > 1,000 ppm, Ni > 450 ppm; Frey et al., 1978; Hess, 1992). This suggests that even the most primitive basalts from the AMS have undergone some degree of fractionation (likely olivine, clinopyroxene and plagioclase) prior to eruption.
Positive Eu/Eu* anomalies observed in all basaltic samples (Figure 5o) are indicative of plagioclase crystallisation and accumulation, supported by the dominant plagioclase phenocryst phase in thin section observation (Figure 3). Negative Eu/Eu* anomalies in most intermediate and felsic samples (Figure 5o) are indicative of prior plagioclase crystallisation and removal leaving behind a melt depleted in Eu, again supported by thin section observations (Figures 3, 4). Decreasing major element trends of Al2O3 and CaO with MgO are consistent with fractionation and removal of olivine, clinopyroxene and plagioclase with increasing magma evolution.
We modelled the fractionating phases using Rhyolite MELTS v1.2. For Microsoft Excel (Gualda and Ghiorso, 2015). This model allows for the investigation of crystallisation and is customisable for starting and ending temperatures and pressures, and oxidation conditions. We used the most primitive sample (lowest SiO2 concentration, where MgO >5.5 wt%) from Ayelu, Abida and Yangudi as three starting compositions in our experiments (samples H9, H35 and H355 respectively; Table 3). The pressure-temperature (P-T) ranges used in the model were T = 1,300°C–700°C and P = 700–100 MPa. A maximum pressure of 700 MPa was chosen based on the accepted values for crustal thickness of ∼25–30 km beneath the AMS (Maguire et al., 2006), whilst a maximum temperature of 1,300°C was chosen as it is both consistent with the crustal thickness in the region and less than the estimated mantle temperature of 1,490°C (Rooney et al., 2012).
TABLE 3 | Major element compositions (Rees et al., 2023) of the three samples chosen as starting compositions for the MELTS modelling.	Sample ID	H35	H355	H9
	Volcano	Abida	Yangudi	Ayelu
	Lat. (°N)	9.90	10.67	9.98
	Long (°E)	40.90	41.05	40.55
	SiO2 (wt%)	48.12	47.45	48.09
	TiO2 (wt%)	2.44	2.15	1.92
	Al2O3 (wt%)	14.83	15.70	15.89
	Fe2O3 (wt%)	12.70	11.31	11.64
	MnO (wt%)	0.19	0.17	0.18
	MgO (wt%)	6.96	7.78	7.48
	CaO (wt%)	11.75	11.82	11.58
	Na2O (wt%)	2.53	2.49	2.73
	K2O (wt%)	0.40	0.42	0.60
	P2O5 (wt%)	0.33	0.26	0.28
	LOI (wt%)	0.03	−0.24	−0.59
	Total (wt%)	100.28	99.31	99.79


A H2O value of 1 wt% and fO2 (oxygen fugacity) value of −2 NNO were determined using iterative modelling of Abida and Yangudi to ascertain the best fit for the data by visual inspection (Supplementary Figures S1-S5). Due to the lack of any intermediate samples from Ayelu, it was not possible to determine which H2O and fO2 values resulted in the best fit for this volcano. Instead, a modelled line using a H2O value of 1 wt% and fO2 contents of −2 NNO are shown in Figure 9, as these were the values which resulted in the best fit for samples from both Abida and Yangudi. This initial H2O value is similar to other volcanoes reported in the MER and Afar (e.g., Aluto, MER, H2O 0.5 wt%, Gleeson et al., 2017; aligned cones between Fentale and Kone volcanoes (Nicotra et al., 2021; Dabbahu, Afar, H2O < 1 wt%; Field et al., 2013). fO2 values too are within range of previous estimates from Afar and the MER (e.g., Field et al., 2013; Gleeson et al., 2017).
[image: Eight scatter plots display the variation of different oxides (SiO₂, Al₂O₃, CaO, Na₂O, K₂O, P₂O₅, Fe₂O₃, TiO₂) with MgO content. Three sample sets are represented by blue circles (Abida), yellow triangles (Ayelu), and brown diamonds (Yangudi). Curves indicate MELTS modeling solutions for different conditions. Inlets show the crystallization order of minerals such as plagioclase (plag), olivine (ol), clinopyroxene (cpx), orthopyroxene (opx), and biotite (bt). A legend provides context for the sample codes and conditions.]FIGURE 9 | Major element oxides in wt% vs. MgO diagrams, (a) MgO vs. SiO2; (b) Al2O3 vs. MgO; (c) CaO vs. MgO; (d) Na2O vs. MgO; (e) K2O vs. MgO; (f) P2O5 vs. MgO; (g) Fe2O3 vs. MgO; (h) TiO2 vs. MgO, showing the modelled liquid line of descent during melt evolution. Lines indicate the best fit results from the Rhyolite Melts v.1.2 model, using 1 wt% H2O, −2 fO2 NNO, temperature 1,300°C–700°C, pressure 700–100 MPa, point symbols represent major element data from Ayelu, Abida and Yangudi. Starting composition sample names for each volcanic system are given in brackets. Labels show when each mineral phase begins crystalising.The results of the best-fit models are shown in Figure 9. The main phases predicted by the models were feldspar, clinopyroxene, orthopyroxene and olivine, with minor amounts of apatite and Fe-Ti oxides with fractional crystallization beginning at ∼21 km depth and ∼1,240°C for each model (see Table 4). The depth of onset of fractional crystallisation is consistent with being near the base of the crust in Afar (La Rosa et al., 2024). Although most crystal phases predicted by the MELTS model match those seen in thin sections (see Figure 3; Table 4), none of the calculated lines of liquid descent fit the observed geochemical data perfectly (Figure 9). In particular, the modelled Al2O3 is too high especially across the intermediate samples and the modelled P2O5 is too high for the evolved samples, whilst the modelled TiO2 is low for the evolved samples. This discrepancy could be due to a number of factors, for example, that rhyolite MELTS is not optimised for alkaline systems (note the samples from the AMS mostly lie on the alkaline–subalkaline division as reported by Rees et al., 2023) Another factor could be that the model predicted a late crystallisation of feldspar, which could cause the Al2O3 to continue increasing too much throughout the range of intermediate samples. Despite this, the modelled lines of liquid descent still provide a good fit for most geochemical data (Figure 9), indicating that the variation in samples can be primarily attributed to fractional crystallisation, with little requirement for substantial crustal contamination.
TABLE 4 | Temperature, pressure and mineral proportions estimated through MELTS modelling of each starting composition. Depth is estimated by approximating 30 MPa to 1 km depth.	Model	1 wt% H2O, −2 fO2 NNO, Yangudi	1 wt% H2O, −2 fO2 NNO, Ayelu	1 wt% H2O, −2 fO2 NNO, Abida
	Starting composition	H355	H9	H35
	Pressure at which fractional crystallisation begins (Mpa)	644	642	635
	Estimated depth at which fractional crystallisation begins (km)	21.5	21.4	21.2
	Temperature at which fractional crystallisation begins (°C)	1,244	1,242	1,235
	Final mineral proportions (%)	Clinopyroxene	32.2	31.2	32.5
	Feldspar	38.7	39.8	35.6
	Olivine	9.9	9.1	5.9
	Apatite	0.5	0.5	0.7
	Biotite	0.0	3.2	0.5
	Orthopyroxene	12.0	10.1	0.0


Incompatible element ratios for basaltic samples (e.g., Ba/Nb 5.39–9.01; Rb/Nb 0.26–0.79) suggest that the basalts are not considerably affected by crustal contamination, as the element ratios are far lower than the values expected for continental crust (Ba/Nb ∼54; Rb/Nb ∼4.7; Weaver, 1991). Rather, the incompatible trace element ratios from the AMS are more similar to a depleted mantle-like component (Ba/Nb 4.70–17.80; Rb/Nb 0.30–1.23; Hofmann et al., 1986). Lanthanum-Niobium (La/Nb) ratios for basalts from Ayelu, Abida and Yangudi are 0.60–0.75, below the value expected for basalts with crustal contamination (>0.90; Pik et al., 1999).
Average Ce/Pb values for basalts from Yangudi are higher than those from Ayelu and Abida (31.92 vs. 23.92, excluding anomalously high sample H355; Figure 5p), whilst Ce/Pb values for evolved samples are much lower for both Yangudi and Ayelu/Abida (22.03 and 16.70 respectively; Figure 5p). The Ce/Pb values for MORB and OIB are consistent at 25 ± 5, characterising a depleted mantle (Hofmann et al., 1986), and high Ce/Pb ratios (>30) are associated with an EM1 or EM2-type mantle source (Hofmann and White, 1982; Hofmann et al., 1986). Therefore, mantle sources alone can explain the Ce/Pb ratios seen in all but two of the basaltic samples (H29 and H35 from Abida; Figure 5p), which appear to be potentially affected by contamination with crustal material (Ce/Pb value for crust ∼4 Hofmann et al., 1986). However, within the suite of basaltic samples we find no correlation between the degree of evolution (Zr) and decreasing Ce/Pb (in fact, samples from Yangudi show an inverse correlation), suggesting that crustal contamination is not a dominant process affecting basaltic samples (Ayalew et al., 2016).
Trace element data suggests that crustal contamination has not played a significant role during the petrogenesis of basalts in the AMS. However, much lower Ce/Pb values seen in most of the intermediate and evolved samples from the AMS (Ce/Pb < 20; Figure 5p) are likely explained by contamination with a crustal or sub-crustal source with a low Ce/Pb ratio. It is however difficult to identify a likely source of contamination using trace element ratios alone. Thus, future work may examine this scenario using radiogenic isotope constraints.
5.2 Origin and evolution of intermediate and evolved rocks in the AMS
The felsic samples (nine tuff samples, four lava samples) in the AMS suite are dominated by tuffs, predominantly from Ayelu, along with rhyolite lavas from Yangudi and Abida (Figure 8a). Intermediate samples from the AMS consist of four lava samples from Abida and Yangudi, and two tuff samples from Ayelu and Abida. Relative to basaltic rocks from the AMS, intermediate and felsic samples, including tuffs, are characterised by negative Eu anomalies and large depletions in Sr and Ti, as well as minor depletions in Y and enrichments in Pb (Figure 6). Depletions in Sr, Ti and Eu could be related to increasing fractionation of plagioclase, alkali feldspar and Ti- and Mg-oxides (Figures 5e,o; Figure 8h).
Deposits of intermediate composition occur far less frequently than basaltic and felsic deposits in the AMS (Rees et al., 2023). This bimodal style of volcanism is common in the MER where it is observed across the wider region (e.g., Trua et al., 1999; Abebe et al., 2007). The origins of this scarcity of intermediate products (known as the “Daly Gap”; Daly, 1925) could be attributed to a range of factors. This includes the trapping of intermediate and basaltic magmas by shallower low-density silicic magmas (viscous/gravitational trapping and density stratification) (e.g., Baker et al., 1977; Peccerillo et al., 2003), large crystal loads limiting melt convection (Brophy, 1991), or variations in magma residence time and rate of cooling (Bonnefoi et al., 1995). Elsewhere in the MER, the spatial distribution and restriction of intermediate and basaltic lavas to volcanic cones and fissures away from the main central volcanic complexes has been attributed to this density stratification and trapping process, preventing the eruption of basaltic or intermediate magmas from the central volcano (e.g., Gleeson et al., 2017; Boset-Bericha Volcanic Complex; Siegburg et al., 2018). In the AMS, recent (that is, late Quaternary/historical) basaltic and intermediate flows are predominantly associated with cones distal to the main volcanic centres of Abida and Yangudi (Figure 2; Rees et al., 2023). However, older basaltic and intermediate flows appear to originate from, or near to, the main central volcanic edifices (Figure 2; Rees et al., 2023), ruling out density stratification and trapping as likely processes during the early stages of the volcano formation. As such, it may be more likely that small variations in magma residence time and/or cooling rates (e.g., Bonnefoi et al., 1995) could be responsible for the predominantly bimodal volcanism seen in the AMS.
6 SUMMARY AND CONCLUSION
We present trace element analyses from 47 whole rock samples from the AMS, alongside detailed petrographic descriptions from 51 corresponding thin sections. We then used these data in geochemical models PetroGram (Gündüz and Asan, 2021) and Rhyolite MELTS (Gualda and Ghiorso, 2015) to investigate melt generation conditions and melt evolution in the AMS. Our main findings are:
Forward non-modal dynamic melting and mixing modelling using PetroGram (Gündüz and Asan, 2021) of spinel lherzolite and garnet lherzolite mantle peridotite sources suggests that the magmas in the AMS are produced from a relatively deep source with 10%–60% garnet lherzolite, corresponding to depths of >85 km. Modelling suggests that the parental melts for all three AMS volcanoes were generated from a similar source by around 4%–9.5% total partial melting (F). We find no significant variation of these characteristics with either sample age or sample location at the AMS, suggesting no systematic temporal variations occurred in either the depth or the degree of melting within a single magmatic segment. However, our new results place the depth of melting intermediate between the more highly extended lithosphere in Afar, and the less thinned lithosphere of the MER. These results suggest that degree of lithospheric thinning plays a major role in rift magma geochemistry.
Major element geochemical modelling of whole rock samples suggests that the observed variation in compositions of the samples can be explained predominantly by fractional crystallisation. We find that basaltic samples from the AMS have experienced negligible crustal contamination (Ce/Pb > 20 for all but two basaltic samples), but crustal contamination may have a greater influence on the composition of intermediate and evolved samples (where Zr < 300 ppm). Best-fit modelling suggests that during initial pre-eruption conditions at Abida and Yangudi, magmas have a H2O content of 1 wt%, with an fO2 of −2 NNO, consistent with previous estimates for other volcanic centres in the MER and Afar.
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