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A multidisciplinary approach was applied to unravel temporal and spatial constraints of volcanism, 

inferred magmatic processes and sources, as well as the relative role of tectonic deformation over 

time on an axial segment of a magma-assisted continental rift. The Boset-Bericha Volcanic Complex 

(BBVC), located in the northern Main Ethiopian Rift is the perfect location to study the influence of 

magmatism on rifting due to evidence for subsurface melt and the faulted stratovolcano on the 

surface.  

Here, detailed remote sensing data (including LiDAR), field observations and volcanic rocks analysis 

were used to investigate the 1) lava flow chronology, 2) geochemical magma evolution and 3) fault 

evolution at the BBVC.  Lava flows, cones, craters, fissures and faults were mapped and combined 

with 40Ar/39Ar dating, to constrain the relative and absolute chronology of lava flow emplacement 

at the BBVC. In addition, detailed geochemistry, including major and trace elements, Pb-Sr-Nd-B 

isotopes analysis, and fault displacement analysis, were performed.  

A major finding is, that the lava flow chronology at the BBVC reveals four main eruption stages: (1) 

early rift floor emplacement; (2) formation of southern Gudda Volcano, which occurred within two 

main cycles at ~120 ka and since ~16 ka; (3) the northern Bericha Volcano, formed since ~16 ka, 

and (4) sporadic fissure eruptions. Lava flow geochemistry indicates trachytic-pantelleritic 

composition for Gudda, a rhyolitic-comenditic composition for Bericha and mafic to intermediate 

composition of fissure lava flows. Pb isotopes suggest a magma source with isotopic signature of 

the Afar plume and lower crustal assimilation. Comendites experienced around twice as much 

crustal assimilation as pantellerites. Further, less amphibole crystallisation but additional feldspar 



 

 

accumulation is found for pantellerite compared to comendite. The contrasting compositions in 

different edifices suggest different stages in the evolution of peralkaline silicic volcanoes with a 

more mature plumbing system for pantelleritic composition.  

For the first time, fault displacements were analysed through dated lava flows to determine fault 

architecture and constrain their slip-rates. Fault surface expressions vary with time from open 

mode fissure/fracture, to small normal faults with openings and to large normal faults. Estimated 

minimum slip-rates range from 0.01-0.37 mm/yr in rift floor deposits to 0.3-4.4 mm/yr in faults 

cutting through young lava at Gudda.  

These geochemical – structural analyses combined with chronological constraints at the BBVC 

reveal episodic magmatic (~120 Ka; since ~16 Ka) and tectonic activity with recent volcanism offset 

by fractures. Differences in magma sources and evolution (including the degree of crustal 

assimilation), as well as magma plumbing systems forming comenditic and pantelleritic lavas at the 

BBVC, can be applied to other MER volcanoes. The slip-rate estimates potentially account for a 

significant percentage of the total extension, indicating that faulting in the uppermost crust may 

accommodate shallow extension, even in magma-rich rifts. 
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Chapter 1 Introduction 

1.1 Thesis Motivation 

The formation of new plate boundaries by continental rifting provides important insights into the 

plate tectonics of past (i.e., passive rifted margins) and present rift valleys (i.e., active rifts), and also 

into how rifts may evolve in the future. Continental rifting involves plate thinning and weakening 

and is a key component of the Wilson cycle since it can evolve to full break up and seafloor 

spreading. This active stage of the Wilson cycle is only currently exposed in a few places on Earth, 

including East African Rift, Baikal Rift and the Gulf of California. Understanding of tectonic and 

magmatic processes are essential to unravel global scale kinematics because these processes 

combine to accommodate large-scale plate reconfiguration. 

Three primary deformation models were defined as the pure shear model (McKenzie, 1978), the 

simple shear model (Wernicke, 1985) and crustal delamination model (Lister et al., 1986). The pure 

shear model involves symmetrically stretching all layers in the lithosphere by the same amount, 

with subsidence occurring due to density and thermal differences (McKenzie, 1978). The simple 

shear model proposes asymmetrically stretching by a large scale detachment fault extending from 

the upper crust to the lower lithosphere (Wernicke, 1985). The combined model of simple and pure 

shear is known as flexural cantilever model (Kusznir and Ziegler, 1992). In this model, the brittle 

upper crust deforms through processes of simple shear, while the ductile lower crust stretches by 

pure shear (Lister et al., 1986). However, these kinematic models do not consider the underlying 

causes of differences in geometry of faulting and history of the extension and are mainly applied to 

magma-poor rifting. In these settings rifting is thought to be initiated by kinematic processes within 

the lithosphere e.g., pre-existing sutures (e.g., Vauchez et al., 1997) and strength contrasts of the 

lithosphere (e.g., Ebinger and Sleep, 1998). 

In recent years, the role of the mantle and magmatic processes have been recognised as 

fundamental to understand some continental rift systems. Distal and underlying mantle forces such 

as slab-pull and ridge-push forces, dynamic topography by large low-shear velocity province (LLSVP, 

Nyblade and Robinson, 1994), gravitational and buoyancy forces (e.g., Buck, 1991), and mantle 

diapirs and plumes (White and McKenzie, 1989) thermally weaken the base of plate and may 

facilitate further rifting by dyke intrusion (Buck, 2004). The model of magma assisted rifting by dyke 

intrusion in the lithosphere is thought to accommodate extension at lower yield stresses compared 

to extension by mechanical faulting or stretching (Buck, 2004) (Fig. 1-1) and plays an increasing role 

when rift initiation is supported by long-lived mantle upwelling producing large igneous provinces 
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(LIPs) or with increasing development of continental rifting (Ebinger, 2005; Hayward and Ebinger, 

1996). 

 

Figure 1-1 Continental rifting models of a) purely tectonic extension (amagmatic) and b) extension 

by dyke intrusion (magma-assisted), modified after (Buck, 2004). Yield stress is lower for magma-

assisted extension compared to a tectonic extension. Shaded blue indicates the field of stress 

accumulation. 

In the past decades, the understanding of lithospheric stretching and its thermal and mechanical 

response has been largely improved by the study of several passive margins and active continental 

rifts. Here, we focus on active continental rifting, exemplified in several locations on Earth. Active 

continental rifts can include magma-poor and magma-assisted regimes within one large rift, as it is 

currently exposed in the southern and northern East African Rift (EAR), respectively. One example 

of dominantly amagmatic rifting is the Corinth half-graben between the Peloponnese peninsula and 

mainland of Greece, which is thought to extend dominantly by pure shear (e.g., Bell et al., 2011, 

2008; Nixon et al., 2016). Although the surface volcanism and fault system indicate the type of 

rifting, the deeper mantle structures are not always well resolved, as it has been shown in the Baikal 

rift in Russia. This rift is located along the Sayan-Baikal and Mongolia-Okhotsk Belt between the 

Eurasian and Amur plate and is debated to actively extend by pure shear processes (Thybo and 

Nielsen, 2009) or to be the result of a deep localised mantle structure (Zhao et al., 2006). Other 

studies e.g., at the Gulf of California rift, suggest that magma involvement is not necessary for the 

continental breakup (Lizarralde et al., 2007).  

In contrast, in magma-assisted rifts, magma plays a larger role with increasing rift evolution (e.g., 

Ebinger, 2005), as it is shown in the Rio Grande Rift and the EAR. Rifting in the Rio Grande Rift 
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(Morgan et al., 1986), which separates the Colorado Plateau from the interior of the North 

American craton, is thought to be induced by melting of ancient subducted slab material. 

 

Figure 1-2 Evolution of continental rifting and the increasing role of magmatism, from the example 

of the northern MER (modified after Ebinger, 2005). A) Main flood basalt event due to mantle plume 

activity, before the main extensional event started. B) Activation of large boundary faults with 

diffuse volcanism. C) The shift of deformation from border faults to axial segments by oblique rifting. 

D) The extension is facilitated and accommodated by a combination of magmatic intrusion, diking 

and faulting along the axial segments. E) With further rift development, lithosphere thins until 

continental breakup and formation of ocean basins with spreading occurs.  
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In comparison, rifting in the EAR is supported by rising mantle plume material (Hofmann et al., 

1997; Vidal et al., 1991) (Fig. 1-2a). Detailed constraints of the evolution of continental rifting in the 

EAR are described in section 1.2 and Fig. 1-2. 

Despite the fact that our understanding of magmatism within continental rifts has improved in 

recent years, there are still some gaps in knowledge. The temporal and spatial constraints on 

volcanism (Hutchison et al., 2016a) relative to magmatic compositional evolution and sources (e.g., 

Ayalew et al., 2016; Furman et al., 2006a; Rooney et al., 2014a), as well as the extent and behaviour 

of the magmatic system at individual volcanic centres, remains poorly understood. In addition, the 

causes and consequences of along-rift variability of these processes remain relatively unexplored. 

The evolution of faulting and current tectonic contribution to the dominant magma assisted rifting 

stage at individual axial segments has only been of limited focus in previous studies (Casey et al., 

2006; Kurz et al., 2007). Understanding the interplay of magmatism and tectonism at a variety of 

scales is essential to solving the overall mechanism of continental rifting. 

The northern Main Ethiopian Rift (MER) within the EAR (Figs. 1-3, 1-4) is an ideal location to 

investigate the role and impact of magmatism within individual segments and volcanoes. Indeed 

80 % of the strain is thought to be accommodated by magmatism in axial segments (Bilham et al., 

1999). The availability of high-resolution LiDAR data combined with other remote sensing data 

(Aster, SRTM, Landsat and satellite images), field observations and rock sampling provide the 

unique possibility to link geochronology, geochemistry and structural analyses. These analyses aim 

to investigate Quaternary to Recent eruption chronology and the evolution and sources of the 

magma plumbing system for peralkaline lavas as well as the interaction between the magmatic 

system and the fault and fracture system. These aims are applied along the axial segment at the 

Boset-Bericha Volcanic Complex (BBVC). The BBVC has experienced intense pre- and post-caldera 

phases up to recent times, and exhibits evidence for recent intrusion at depth (Cornwell et al., 2006; 

Whaler and Hautot, 2006), indicating particular importance to study the role of magmatism in 

rifting. With this multidisciplinary approach, we gain new key insights into the impacts of 

magmatism during the evolved stage of continental rifting.  

The results of this study also contribute to assessing the potential hazard and risk associated with 

tectonic and volcanic activity, considering the fact that 4 million people live within 100 km of the 

volcano (Aspinall et al., 2011). Furthermore, continental rift volcanoes offset by faults are potential 

locations for energy and natural resources, e.g., geothermal power plants, water, hydrocarbon and 

mineral resources (e.g., REE and metals). 
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1.2 Rifting in the East African Rift 

The seismically and volcanically active East African Rift (EAR) (Fig. 1-3) extends more than 3000 km 

from Afar towards Malawi - Mozambique and is the longest exposed active continental rift on Earth. 

At the northern end of the EAR, the Afar triple junction links the Main Ethiopian Rift with the Red 

Sea Rift, and Gulf of Aden Rift (Fig. 1-3). The EAR exposes a number of stages of rift sector 

development with early continental extension in the south (e.g., Malawi rift) and near breakup in 

the north (e.g., Danakil in Afar). 

Initiation of rifting is thought to be linked to the gravitational collapse of the uplifted region above 

a large low shear velocity province (LLSVP, super-swell) (Nyblade and Robinson, 1994), which is 

thought to have been below eastern Africa since the initiation of rifting (Conrad and Gurnis, 2003). 

The upwelling asthenosphere and lithospheric thin spots (Armitage et al., 2009) provide the 

horizontal and radial traction (Kendall and Lithgow-Bertelloni, 2016), dynamic topography 

(Lithgow-Bertelloni and Silver, 1998) and gravitational potential energy (e.g., Stamps et al., 2010) 

necessary for rifting in the EAR. 

Rifting in East Africa is facilitated by the occurrence of pre-existing Precambrian weaknesses along 

suture zones (e.g., Corti et al., 2013b; Vauchez et al., 1997) and the spatial contrast in strength and 

morphology of the plate (e.g., Ebinger and Sleep, 1998). These Precambrian suture zones are 

marked by N-S to NE-SW trending ophiolites and arc complexes, formed during Neoproterozoic East 

African / Pan African Orogeny related to the collision/accretion of multiple cratons during the break 

up of Rodinia between 800 – 650 Ma (Stern, 1994). Ethiopia is part of the Arabian-Nubian Shield 

and the northern part of the Mozambique belt. This episode was followed by peneplanation, early 

Permian NE-SW extensional deformation and formation of several NW-SE striking Mesozoic to 

Paleogene structural basins (e.g., the Blue Nile, Malut and Muglad rifts) (Gani et al., 2009; Guiraud 

et al., 2005).  

Rift evolution in the EAR is expressed from south to north by early tectonic extension developed to 

magma-assisted rifting just before continental break up (Fig. 1-2, 1-3). This trend is also associated 

with increasing extension rates from 1mm/yr to 6 mm/yr (Saria et al., 2014; Stamps et al., 2008). 

The eastern branch in Kenya and Tanzania is associated with magma assisted rifting, compared to 

the less magma dominated rifting in the western branch. 

The NE-SW Okavango Rift in Botswana, ~N-S orientated Malawi Rift (8.6 Ma, Ebinger et al., 1993) 

and NW-SE Tanganyika Rift (12-17 Ma, Cohen et al., 1993; Scholz et al., 2011) (Fig. 1-3) are half-

graben with deep seismic activity (e.g., Ebinger, 1989) and minimal magmatism (Accardo et al., 

2017). These sections of the rift are commonly interpreted as deforming mainly by mechanical 
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processes on the border faults and are within early rift stages (Fig. 1-2b). With increasing rift 

development, seismicity shallows, axial and border faults are active and the role of magmatism 

increases (Weinstein et al., 2017), as shown in the ~7 Ma N-S trending Kenyan Rift (Muirhead et al., 

2016) and northern part of NE-SW orientated Western branch (Muirhead et al., 2015). With rift 

evolution, the majority of the extension was transformed from border faults (Fig. 1-2b) towards 

axial magmatic and tectonic segments (Ebinger and Casey, 2001) (Fig. 1-2c). The interpreted 

evolution is further supported by analogue models of rifting (e.g., Corti, 2008). The next stage of 

magma-assisted rifting focussed along axial segments is represented in the northern MER (e.g., 

Bilham et al., 1999; Corti, 2009). Lithospheric thinning allows focussed dyke intrusion along axial 

segments (Buck, 2006), which accommodates most of the extensional strain (Bilham et al., 1999) 

(Fig. 1-2d) and reduces the need for mechanical strain. However, some focussed volcanism along 

off-axis segments at border faults can still be observed during this phase (e.g., Rooney et al., 2014a). 

Further, lithospheric stretching increases the frequency of magmatic activity towards more mafic 

intrusion compared to previously felsic dominated activity (e.g., Barberi and Varet, 1970). This stage 

is shown in the Danakil region, where the thickness of the crust is about less than 15 km (Hammond 

et al., 2011). Rifting progressively continues towards the continental breakup and ocean basin 

formation (Fig. 1-2e).   

Magmatic activity in the EAR is associated with potential mantle plume structures in the northern 

part of the EAR. Previous models propose for the geometry of a plume a) a single large superplume, 

b) two to three smaller mantle plumes (Kenyan plume and Afar plume) or several small scale 

plumelets (Civiero et al., 2015). Volcanism in the EAR (Fig. 1-3) is thought to have initiated around 

the Eocene Epoch in the southern MER and propagated towards Tanzania in the Miocene. This is 

thought to be associated with African plate motion over the Kenyan plume structure (George et al., 

1998; George and Rogers, 2002; Rogers et al., 2000). Volcanism in the MER initiated during the 

Eocene – Late Oligocene with the eruption of Ethiopian – Yemen flood basalts, with a peak in 

eruption activity at around 31 to 28 Ma (Hofmann et al., 1997; Pik et al., 1998; Ukstins et al., 2002). 

This event was associated with the onset of Red Sea rifting (Wolfenden et al., 2005). This phase of 

volcanism is commonly thought to have been caused by the Afar mantle plume (Hofmann, 1997) 

impinging on the base of the continental lithosphere. The activity of the Afar plume differs 

isotopically and by the temporal-spatial trend from the Kenyan plume (Furman et al., 2006a; George 

et al., 1998; George and Rogers, 2002; Rogers et al., 2000).  In the northern part of the Western 

branch, volcanism began between 12 to 9 Ma, followed by a long period of quiescence and the 

formation of large Pliocene – Pleistocene central volcanoes of potassic – ultra alkaline lavas 

(Kampunzu et al., 1998). 
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Volcanism ranges from explosive to effusive with alkaline compositions (peralkaline to ultra-

alkaline) and large variation in silica content, including carbonatite magmas in Tanzania. With 

increasing rift development, volcanism progresses from felsic explosive activity with some mafic 

phases (e.g., Furman, 2007) towards dominantly mafic effusive fissure activity in Afar (e.g., Barberi 

and Varet, 1977). Changes in the style and compositions of volcanism along the rift may be affected 

by rifting through different lithospheric zones, such as the Proterozoic Mozambique belt, the 

Archaean cratons and the Nubian–Arabian Shield. This is also suggested for the highly variable 

volcanism in the eastern branch of Kenyan Rift (Foster et al., 1997). 

 

Figure 1-3 Map of the East African Rift shows different rift parts (dashed thick black lines) and the 

distribution of Pleistocene and Holocene volcanism (red triangles). The yellow box indicates the 

location of the MER shown in figure 1-4. A general South to North trend of different rift parts 

suggests the degree of evolution, with the increasing role of magmatism northwards.  
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1.3 The Main Ethiopian Rift (MER)  

The Main Ethiopian Rift (MER) (Figs. 1-3, 1-4) is seismically and volcanically active, linking the Afar 

depression and Kenyan rift in North East Africa and forming the southern arm of the Afar triple 

junction. The MER separates the Ethiopian and Somalian plateau and extends ~500 km in a NE-SW 

to N-S orientation southwards. Crustal thickness along the rift, constrained from wide-angle seismic 

refraction and from teleseismic receiver functions, decreases northwards from ~ 38 km (southern 

MER) to ~ 24 km (Fantale volcano) to 15 km (Danakil) with large changes over short distances within 

the northern MER and in northern Afar (e.g., Hammond et al., 2011; Maguire et al., 2006). The crust 

of the southeastern plateau is around ~40 km thick, whereas the western plateau of the rift is 

underlain by a ~50 km thick crust including a ~10 to 15 km high-velocity lower crust believed to be 

lower crustal intrusions (Mackenzie et al., 2005). Previous tomographic models (Bastow et al., 2005; 

Gallacher et al., 2016) indicate that current decompression melting occurs in the asthenosphere at 

depths of ~70–100 km. Further, Kendall et al. (2005) proposed that partial melt beneath the MER 

rises through dykes that penetrate the thinned lithosphere and continue into the upper crust (Keir 

et al., 2005). The amount of intrusion is thought to increase northwards and reduce the strength of 

the plate (Hammond et al., 2011; Hutchison et al., 2018).  

Based on variation in the stages of rifting, the MER is divided into northern, central and southern 

rifts. The different evolution of rifting in those parts is shown by decreasing crustal thickness (e.g., 

Keir et al., 2015) and orthogonal to oblique rift evolution northwards (Acocella et al., 2011; Agostini 

et al., 2011b). Further volcanism plays an increasing role with a trend towards more mafic lavas 

towards more evolved rifting (e.g., Barberi and Varet, 1970). The MER division in three parts (Fig. 

1-4) are also supported by pre-existing cross-rift structures, such as the Boru Toru Structural High 

(Bonini et al., 2005), Yerer-Tullu Wellel volcano-tectonic lineament on the Ethiopian plateau (YTVL; 

e.g., Abebe et al., 1998; Tommasini et al., 2005) and offsets in both rift margins between the 

northern and central MER. The central and southern MER are separated by Goba-Bonga transverse 

lineament, which is associated with a change in rift orientation from NE-SW to N-S (Bonini et al., 

2005) (Fig. 1-4). Rifting started between 18 Ma and 15 Ma in the southern and central MER (Ebinger 

et al., 2000; WoldeGabriel et al., 1990), whereas the northern MER commenced rifting from ~ 11 

Ma (Wolfenden et al., 2004). However, Keranen and Klemperer, (2008) along with Bonini et al. 

(2005) suggest rifting to have started around 5-6 Ma in the central MER. 

Extension is thought to have been episodic rather than smooth and continuous (Corti, 2009; 

Keranen and Klemperer, 2008). GPS measurements and plate kinematic modelling suggest 

extension is currently mainly focused on the rift axis and is directed between 095 to 108° from north 
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and at a rate of 4–6 mm/yr (Bendick et al., 2006; Bilham et al., 1999; Calais et al., 2006; Fernandes 

et al., 2004).  

 

Figure 1-4 The Main Ethiopian Rift and its intersection in the northern, central and southern part, 

after (Corti et al., 2018). Volcanic fields and calderas are labelled as follows: Al: Aluto; Bo, BBVC; Co, 

Corbetti; Do, Dofan; Du, Duguna; DZ, Debre Zeyt; Fa, Fantale; Ge, Gedemsa; Ko, Kone; NA, North 

Abaya; SB, Silti-Butajira; TM, Tulu Moye; Ch: Chilalo and Zw, Zikwala. Lakes labelled as follows: Ab, 

Lake Abijata; Ay, Abaya; Aw, Awasa; C, Lake Chamo; K, Lake Koka; Ln, Langano; Sh, Shala; Zw, Lake 

Ziway. Other labels: GBL: Goba-Bonga transversal lineament; So: Soddo; and YTVL: Yerer-Tullu 

Wellel volcano-tectonic lineament. Cross-section 2 between Kone (Ko) and the BBVC (Bo) indicates 

the location for the stratigraphic profile in Figure 1-5. The black box indicates the location of the 

Boset axial segment. 
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Figure 1-5 Rough stratigraphy constrained from border faults and interpolated in the northern MER 

north of the BBVC edifice. Narrow dyke injections are focused on the axial segment, modified after 

Wolfenden et al. (2004).  

1.3.1 Northern MER 

The focus of this study is the northern MER (Fig. 1-4), which is thought to be the most evolved part 

of the MER, characterised by significant magmatic interaction with the axial faults. The current 

extension is focussed on the 20 km wide right-stepping en-echelon zones of magmatism and 

faulting in the axial centre (Casey et al., 2006; Corti, 2009; Ebinger and Casey, 2001; Keir et al., 

2006b; Mohr, 1967, 1962) within the 60 – 100 km wide rift graben (Hayward and Ebinger, 1996) 

(Figs. 1-2, 1-4). The morphological expression of these segments is dominated by Quaternary to 

Recent silicic volcanoes with aligned monogenetic cones and NNE striking faults and fissures the on 

rift axis (Ebinger and Casey, 2001). 

The peak in basaltic volcanism (~28 to 31 Ma) (Coulié et al., 2003; Hofmann et al., 1997; Ukstins et 

al., 2002) was broadly coeval with silicic ignimbrite eruptions in the northern MER around 30.2 Ma 

(Ukstins et al., 2002) (Fig. 1-2). The bimodal episode was followed by the formation of large basaltic 

shield volcanoes of transitional to Na-alkaline basalts and minor trachytes in the Miocene (Piccirillo 

et al., 1979). The next phase of volcanism saw an increase in Miocene activity within the Adama 

basin including the eruption of Megezez volcano at ~11 Ma (Chernet et al., 1998) (Fig. 1-5). 

Widespread ignimbrite deposits with minor felsic and mafic lavas were emplaced between 6.6 and 

5 Ma (Chernet et al., 1998; WoldeGabriel et al., 1990) at the rift margin in the central and northern 

MER. Magmatism became focused in the rift centre around ~4 Ma to 1 Ma ago (Abebe et al., 2007; 

Abebe et al., 2005 a; Beutel et al., 2010; Corti, 2009), promoting basaltic eruptions along the Wonji 

fault belt (e.g., Mohr, 1971), including the Bofa basalt (3.5 to 2.0 Ma (Kazmin et al., 1979); 0.3 Ma 

(Chernet et al., 1998)) younger than Balchi formation (Fig. 1-5). Axial silicic volcanoes and basalts 
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erupted during the last ~650 ka and are dominated by caldera formation events with peralkaline 

rhyolitic ignimbrites and pumices, ash fall and minor lava flows. Formation of faults provides 

pathways for magma intrusion, which then erupt through the volcanic edifices and along their 

flanks (Abebe et al., 2007).  

The most recent volcanic activity in the northern MER is recorded by historical accounts of fissure 

basalt flows at Sabober vent south of Fantale volcano between 1810 and 1808 CE (Harris, 1844), 

between 1770 and 1808 CE at Kone (Harris, 1844) and the eruption of the Giano obsidian domes at 

Tullu Moye Volcano between 1800 to 1900 CE (Di Paola, 1972).        

1.3.2 Boset-Bericha Volcanic Complex (BBVC) 

The BBVC (Fig. 1-6) is one of the largest stratovolcanic complexes on the Boset axial segment (BAS) 

in the northern MER and comprises Gudda (2447 m) and Bericha (2120 m) volcanoes. It is located 

between Kone and Gedemsa volcanoes, around 20 km east of Adama-Nazret and ~80 km east of 

Addis Ababa.  

The volcanic history of the BBVC was previously documented by Di Paola (1972) and Brotzu et al. 

(1974, 1980), whose petrological description and geochemical analyses of rock sample data was 

further analysed by Ronga et al. (2010) and Macdonald et al. (2012). Brotzu et al. (1980) divided the 

formation of the BBVC into three main phases, 1) pre-caldera activity and formation of the main 

edifice from “old Gudda Volcano”, 2) caldera formation, 3) post-caldera activity, which covers the 

eastern part of the caldera at the Gudda Volcano and formed the edifice of the Bericha Volcano 

(Fig. 1-6). The pre-caldera stage in the Pleistocene includes basaltic lava flows, spatter and cinder 

cones as well as domes and composite cones, and ended with the emplacement of ash and pumice 

fall deposits. This post-dates the formation of the “Balchi-formation” (3.5–1.6 Ma) (Chernet et al., 

1998; Kazmin et al., 1979; Morbidelli et al., 1975) (Fig. 1-5). “Old Gudda Volcano” (Fig. 1-6) is 

thought to have collapsed during caldera formation on an unknown timescale and post-caldera 

activity started with thick trachytic pantelleritic lava flows and intercalated pumiceous deposits 

sometime during the Pleistocene–Holocene, on the eastern side of the BBVC. Bericha is thought to 

have formed at around the same time as post-caldera activity of Gudda. This involved central 

phases of trachytes and alkali rhyolites followed by explosive activity and another central phase of 

obsidian and trachytic comendite flows (Brotzu et al., 1980). Activity between both edifices is 

documented as fissure activity sourced from the rift axis and is believed to be younger than the 

nearby Gara Chisa cone (Morton et al., 1979, chapter 3).  

Petrological investigations record mafic to peralkaline felsic lavas (Brotzu et al., 1980; Macdonald 

et al., 2012; Ronga et al., 2010) and pumice (Fontijn et al., 2018) at the BBVC, which is modelled to 
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form by 90 % fractional crystallisation (Gleeson et al., 2017; Ronga et al., 2010). The rare occurrence 

of intermediate lavas represents the Daly Gap between 58 – 62 wt% of SiO2. Crustal assimilation is 

thought to play a minor role due to a number of low 87Sr/86Sr isotope ratios from mafic rocks 

(Gleeson et al., 2017; Ronga et al., 2010). However, Macdonald et al. (2012) also suggest a complex 

mixing between peralkaline magmas as a potential pre-eruptive process at the BBVC.  

Extension measured by GPS across the Boset axial segment (1992–2003), combined with the 

occurrence of an Mw 5.2 earthquake near the BBVC in 1993 is best explained by dyke intrusion and 

induced faulting (Bendick et al., 2006).  

Ongoing seismicity in the EAR is mostly localised in the rift axis above 15 km depth. At the BBVC, 

however, seismicity is shallower than 8 km (Mazzarini et al., 2013) suggesting heat flow is higher 

than at other volcanoes in the rift (Beutel et al., 2010). Gravimetric evidence for a 5 km wide body 

between 2 and 7.5 km depth directly beneath the BBVC and above the north-western edge of a 

gabbroic intrusion is interpreted as a distribution of dykes feeding the BBVC from a ca. 8 km deep 

intrusion (Cornwell et al., 2006; Mickus et al., 2007). At 20 km below the surface, high conductivities 

observed by magnetotellurics suggest a deep zone of partial melt (Whaler and Hautot, 2006). 

Further, the occurrence of a caldera and another shallow conductivity zone (Whaler and Hautot, 

2006) suggest a shallow magma storage reservoir (e.g., Ronga et al., 2010). These observations, 

combined with fumarole activity and fresh appearance of lava flows suggest the BBVC is active. 

 

 

Figure 1-6 The BBVC previously mapped A) from Brotzu et al. (1974) and redrawn by Macdonald et 

al. (2012) showing rift floor activity (dark), pre-caldera phases (medium grey) and post-caldera 

activity (light grey). B) Oblique satellite view on the BBVC, looking south with 3X vertical 

exaggeration. Details in chapter 3 (Google Earth).  
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1.4 Research objectives and questions 

This study focusses on tectonic and magmatic interaction and the role of magmatism in an active 

magma – assisted continental rift. To approach this, I used high-resolution remote sensing data, 

field observations and volcanic rock samples and applied analyses of geochronology and 

geochemistry as well as mapping and structural investigations. The flow chart (Fig. 1-7) summarises 

the multidisciplinary approach and research objectives. The following key questions are primarily 

related to the study of the Boset-Bericha Volcanic Complex (BBVC). However, in places, I also 

broadened the scope of the work to include other volcanoes and segments of the MER and Afar.  

 

Figure 1-7 Flow chart of available data and used methods within this study. 

a) The timescale of Quaternary magmatism in the MER - What is the eruption history of the BBVC? 

Based on mapping lava flows and remote sensing investigations, I investigated the relative 

chronology of the BBVC and combined those results with analyses of 40Ar/39Ar from a representative 

suite of rock samples. This was then combined with geochemical data to present the eruption 

history of mainly post-caldera activity at the BBVC. In addition, recent activity based on 14C dating 

of two charcoal samples is compared to overall rifting events in the northern MER.  

b) How does a peralkaline silicic volcanic complex and its magma plumbing system evolve in a 

continental rift? What are the differences between Gudda and Bericha edifice? 

The MER volcanoes are mainly felsic and peralkaline with comenditic and pantelleritic composition, 

but little is known about the evolution of both magma compositions. The BBVC is a perfect place to 

study this issue with detailed geochemical analyses, as these compositions erupted separately on 
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the two neighbouring edifices, Gudda and Bericha. Differences between both edifices are also 

shown on temporal and spatial scale, as well as in morphology. 

c) What is the structural style of an active segment of the MER? How do faults grow and link to 

each other in a magmatic continental rift?  

Few previous investigations have studied for the evolution of individual faults in magmatic rifts. 

LiDAR data provides the possibility for high-resolution structural analyses of axial rift segments to 

allow investigation of fault growth and linkage over time. 

d) What makes the BBVC different compared to other central rift volcanoes in the MER and Afar? 

The BBVC is the largest stratovolcano in the northern MER with a young and explosive post-caldera 

activity phase. The proximity to the capital, emphasises the importance to investigate past activity 

to assess the likelihood of future eruptions compared to other volcanoes in the MER. The gradually 

decreasing crustal thickness towards Afar, associated with increasing rift maturity, may also 

indicate differences between segments and volcanoes in the MER. To identify more or less evolved 

parts within the rift, we compare isotopic constraints between northern MER towards Afar 

volcanoes. 

e) How does tectonic and magmatic activity interact in a continental rift? 

Different rift stages provide either dominance of magma-assisted or tectonic activity. Interaction of 

tectonic and magmatic activity is analysed by spatial and temporal distribution and density of 

magmatic sources (cone, crater, fissures) and tectonic features. Detailed geochemical analyses of 

lava flows suggest that magma is sourced by different degree magma evolution. Magma intrusions 

percolate through the fault system. This suggests that magma assisted faults and fissures are more 

evolved compared to tectonic faults (e.g. fault linkage). 

1.5 Thesis outline 

The thesis contains a number of stand-alone research papers (chapters 3 - 5) that progressively 

build upon one another. Chapters 1, 2 and 6 contain details of background, data and methods, as 

well as overall interpretations. As each data chapter contains an individual review of the geological 

background, there may be some degree of repetition between chapters. 

Chapters 2: Data and Methodology 

This chapter describes the data ranging from field observation, remote sensing data, and volcanic 

rocks samples. Further, the applied methods used for mapping and geochemical analyses of 

volcanic rocks are described in detail.  
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Chapter 3: Geological evolution of the Boset-Bericha Volcanic Complex, Main Ethiopian Rift: 

40Ar/39Ar evidence for episodic Pleistocene to Holocene volcanism 

This chapter presents a relative and absolute lava flow chronology of the BBVC by mapping 

individual lava flows, cones and craters, assigning them to eruption units based on remote sensing 

data and field observation and dating volcanic rocks by 40Ar/39Ar isotope ratio. These results were 

compared to whole rock lava flow compositions (major elements) and morphometric analyses of 

lava flows and eruption units (volume, area, thickness) to determine the geochemical trends and 

lava flow volumes through time. Further, a comparison of dated eruptions to other silicic centres 

showed evidence for episodic rift-wide activity. This chapter is published as  

Siegburg, M., Gernon, T.M., Bull, J.M., Keir, D., Barfod, D.N., Taylor, R.N., Abebe, B., Ayele, A., 2018. 

Geological evolution of the Boset-Bericha Volcanic Complex, Main Ethiopian Rift: 40Ar/39Ar evidence 

for episodic Pleistocene to Holocene volcanism; Journal of Volcanology and Geothermal Research, 

351, 115-133. 

Since this publication, new chronological data of 14C dating from charcoal fragments were acquired 

and added as an additional part.  

Chapter 4: Constraining the evolution and mantle source of peralkaline magmas in the Main 

Ethiopian Rift: Evidence from the Boset-Bericha Volcanic Complex 

This chapter provides detailed analyses of major and trace elements of lava flows and pumice 

samples to investigate the magmatic history of the BBVC. Further, isotopic analyses (Sr, Nd, Pb) of 

lava flows provide evidence of magma sources and magmatic processes. Microscopic analyses 

(SEM, EMPA) of individual phenocrysts and groundmass are used to identify the mineral 

assemblage and composition. Major- and trace element as well as isotopic ratios from Gudda and 

Bericha help to determine the origin and differences of comenditic and pantelleritic composition, 

which aids interpretation of similar observations from other peralkaline volcanoes in continental 

rifts. Isotopic constraints from the BBVC are compared to other axial rift volcanoes to determine 

axial variations within the northern MER.  

Chapter 5: Quantitative constraints on faulting and fault slip-rates in the northern Main Ethiopian 

Rift 

Based on structural analyses of Aster and LiDAR remote sensing data, this chapter sheds light on 

rift-wide and axial segment geometries between Gedemsa in the south and Dofan in the north. In 

addition, I present a detailed strain distribution and displacement analyses of faults around the 

silicic centre on the Boset axial segment. The results contribute to the evaluation of fault growth 

and activity with slip-rate calculations of faults cutting through different lava units.  
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Chapter 6: Conclusion and Synthesis 

The final chapter summarises the outcome of the thesis and integrates individual aspects of 

chronology, geochemistry and tectonics to contribute to the overall characterisation of the 

evolution of faulting and magmatism in magma-assisted continental rifts. This is done by answering 

the outlined hypothesis and scientific questions as well as pointing out future research and 

outstanding questions which are associated with the results of this thesis.
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Chapter 2 Data and Methodology 

This chapter provides a detailed description of the data and methodology relating to field mapping, 

remote sensing, structural analyses, radiometric dating and volcanic rock analyses. This section is 

intended to expand on the methods described within chapters 3-5, which are written in a style to 

be consistent with a journal publication.  

 

 

Acknowledgement and Collaboration: 

Field work was supported by the supervisor team, Finn Illsley-Kemp and Tim Greenfield of the 

University of Southampton as well as Bekele Abebe and Atalay Ayele of Addis Ababa University. 

LiDAR data were collected and processed by the NERC Airborne Research and Survey Facility. ArcGIS 

and detailed displacement analyses were performed under the guidance of Casey Nixon.  

Major elements were prepared and analysed at XRF instrument under the guidance of Ian 

Croudance at the University of Southampton. Trace elements and Sr, Nd, Pb isotopes of lava flows 

were prepared, analysed and processed under the guidance of Matthew Cooper, Agnes Michalik, 

Andy Milton and Rex Taylor of the University of Southampton.  

Samples preparation for 40Ar/39Ar analyses were prepared under guidance from Dan Barfod, Jim 

Imlach and Ross Dymock of the AIF laboratory at SUERC. The prepared samples were then further 

sent for radiation and mass spectrometer analyses lead by Dan Barfod. Charcoal samples were 

collected during the field work and analysed by the Beta Analytic Laboratory. 

Analyses at the SEM was explained by Richard Pearce for an independence performance. EMPA 

analyses and background were introduced by the NERC EMPA course at the University of Bristol 

with additional analyses under the guidance of Iris Buismann at the University of Cambridge.  

Trace elements and microscopic textural analyses of pumice samples were led by the M.Sc. student 

Elisabeth Roberts with some EMPA analyses under the guidance of Karen Fontjin at the University 

of Oxford. Boron isotope analyses were performed by the M.Sc. student Alex Tyerman under the 

guidance of Martin Palmer at the University of Southampton. Both M.Sc. theses are complementary 

to this study.  

 



Chapter 2  

36 

2.1 Data  

2.1.1 Field observations 

Reconnaissance field work was undertaken at the Boset-Bericha Volcanic Complex (BBVC) in 

November 2012 by Dr D. Keir for LiDAR data acquisition and volcanic rock sampling in the north of 

Bericha, prior to the start of this PhD project (Table 2-1). 

I led the main field work within this PhD project, which took place in April - May 2015 for 

approximately two weeks, in collaboration with scientists from Addis Ababa University and the 

University of Southampton. Here, the main aim was to undertake geological mapping of lava flows, 

fault networks and fumarole activity, as well as ground-truthing remote sensing data (i.e., 

identification of boundaries and sources of different lava flow phases) (Fig. 2-1). A major aim was 

to produce a map showing a relative chronology of tectonic and volcanic activity at the BBVC. 

Mapping focussed on the north - north-eastern lava flows and basaltic cones at Bericha Volcano, 

the south to the south-eastern part of Gudda, and on the fissure between Bericha and Gudda 

Volcano. An allied aim was to investigate the youngest part of the BBVC at the central fissure 

between Gudda and Bericha edifices. During field work, well-preserved pyroclastic deposits were 

investigated to the west of the central fissure. A structural sub-focus was on the southern fault 

system by taking GPS measurements of elevation on the hanging walls and footwalls, for 

comparison with LiDAR data (Fig.  2-2). GPS data from field work correlates with LiDAR data with 

slightly higher values for GPS hand-held instrument at the footwall due to slightly different paths. 

This correlation also suggests correct rock sample GPS coordinates. Rock and pumice samples (Fig. 

2-1) were collected for geochemical and textural analyses representative of major units of the BBVC 

(Tables 2-1, 2-2).  

A third field trip was undertaken by Dr T. Greenfield in February 2017, focussing on the north of the 

BBVC, in particular, to sample a number of recent mafic flows between the BBVC, Kone and Fantale 

Volcanoes (Table 2-1). 
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Figure 2-1 Overview map of the BBVC showing sample (lava, pumice) and fumarole locations, LiDAR 

data extent and field locations. A detailed list of coordinates and sample type is tabulated in Table 

2-1. Accessible roads used on the field trip in 2015 are marked. Samples are labelled by sample 

number. White boxes indicate some key locations. Location of Figure 2-2 is indicated by box south 

of Gudda edifice.  
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Table 2-1 Sample ID and coordinates of the field trip in 2015 
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Table 2-2 Fumarole locations around the BBVC 

Sample Latitude Longitude Altitude [m] Location Type 

WP47 8.655970 39.519200 1513.0 BBVC Fumarole 

WP59 8.642953 39.515068 1403.5 BBVC Fumarole 

WP63 8.640332 39.517403 1407.7 BBVC Fumarole 

WP72 8.654247 39.518705 1327.4 BBVC Fumarole, fault 

WP73 8.654688 39.518781 1331.1 BBVC Fumarole (women bath) 

WP74 8.656121 39.519221 1327.3 BBVC Fumarole (men bath) 

WP77 8.600801 39.506173 1860.7 BBVC Fumarole 

WP78 8.602690 39.507587 1884.7 BBVC Fumarole 

WP79 8.602726 39.507753 1882.8 BBVC Fumarole 

WP92 8.490425 39.526334 1332.6 BBVC cold spring 

WP149 8.491687 39.457055 1490.8 BBVC Fumarole 

WP150 8.492102 39.457317 1497.0 BBVC Fumarole 

 

 

Figure 2-2 GPS measurements along the hanging wall (square) and footwall (circle) of fault III, which 

offsets the Bofa basalt and Gudda lava flow south of the BBVC. These data were collected by a 

handheld GPS instrument to ground truth LiDAR data for fault displacement analyses (lines). Both 

elevation data correlate but have slightly offset at footwall, possibly by slightly different walking 

path then LiDAR profile. In Bofa basalt the fault displacement is up to ~70 m, which decrease 

abruptly in the younger lava flow of Gudda. Location is indicated on the large scale map in Figure 2-

1. The dashed vertical line in the diagram indicates the transition between Bofa and Guddas lavas.  

 



Chapter 2  

40 

2.1.2 Remote Sensing Data 

 

Figure 2-3 a) LiDAR data cover three strips with the main cover along the volcanic axes of the BBVC, 

one parallel and one crossing to cover part of the remnant caldera rim. LiDAR data were collected 

by NERC ARSF LiDAR survey over the BBVC in November 2012, and have a horizontal resolution of 2 

m. This high resolution permits detailed mapping of volcano-tectonic features as shown for example 

by b) volcanic cones, c) the central axis between two edifices; d) normal faults; e) aligned craters; 

and f) a lava-filled crater with radial fractures. All figure locations (b-f) are indicated by black boxes 

in the main LiDAR image (a).  
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High-resolution Light Detection And Ranging (LiDAR) data were collected and processed by NERC 

ARSF LiDAR survey during a survey over BBVC in November 2012 and have 2 m horizontal and 0.2 

m vertical resolution. The LiDAR data cover the central rift from the edge of the southernmost lava 

flow of Gudda up to the northern fissure north of Bericha and are recorded within two swaths (30 

km long, 5.8 km and 0.75 km width) parallel to the rift axis and one stripe (26.5 km long, 0.75 km 

width) across the remnant caldera wall of Gudda Volcano (Fig 2-3). Accuracy of LiDAR data was 

verified and corrected with GPS stations for ground control points by the Airborne Research and 

Survey Facility, with two of them located at Nazret and Wellenchiti. The raw LiDAR data will be 

published with structural analyses (chapter 5). These data allow us to map detailed volcanic and 

tectonic features in remote areas where access during field work was not available (Fig. 2-3). 

LiDAR data were combined with more regional Advanced Spaceborne Thermal Emission and 

Reflection Radiometer (Aster) data, to cover the entire volcanic complex. Further Aster data, 

satellite optical images, Shuttle Radar Topography Mission (SRTM) data and Landsat data 

(multispectral, panchromatic and pansharpened) with different resolution and colour bands (Table 

2-3, Fig. 2-4) were used to identify lava flows, faults, lithology and degree of vegetation. These data 

were also used for structural analyses at the rift-scale.  

Table 2-3: Resolution of remote sensing data used in this study  

 Aster Lidar Landsat satellite, aerial image 

Data 

ASTGTM2,    Aster 

global digital 

elevation model 

V002 

NERC ARSF 

LiDAR 

Multispectral          

Landsat 8 OLI 

Image 

Panchromatic 

Landsat 8 OLI 

image 

PanSharpened 

Landsat 8 OLI 

image 

World Imagery 

(TerraColor 

imagery, SPOT 

imagery) 

Google 

earth, 3D 

size [km] 
83˚N to 83˚S,                                   

cut of 110 x 110 

5.8 x 30,   

0.785 x 30, 

0.6 x 26.4 

80˚N to 80˚S, 85˚N to 85˚S, 77˚N to 66˚S, 85˚N to 85˚S, - 

resolution x 30 m 2 m 30 m 15 m 15 – 30 m 0.3 – 1 m 1 – 5 m 

resolution z 10 – 25 m 0.2 m - - - - - 

used colour black - white black - white 
8 bands, red, 

green, blue 
black - white 

red, green, 

blue 
- - 

source 

NASA EOSDIS Land 

Processes DAAC, 

USGS, EROS 

NERC ARSF 
USGS, NASA 

Landsat 

USGS, NASA 

Landsat 

USGS, NASA 

Landsat 
Esri et al. 

CNES, 

Astrium, 

GoogleEarth 

date of 

recording or 

last updating 

June 2009 spring 2012 October 2015 Jan -Oct 2015 October 2015 July 2016 April 2018 
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Figure 2-4: Mapping is based on field observations as well as remote sensing data such as a) satellite 

and aerial images and b) digital elevation LiDAR data. Additionally, Landsat 8 data of c) 

multispectral and d) panchromatic version are used for characterisation and assessment of the 

relative chronology of lava flows.  

2.1.3 Volcanic rock sampling 

During field work, ~100 representative samples of lava flows were collected from Gudda and 

Bericha, as well as fissure lava flows and volcanic cones around the edifices/rift floor and pumice 

deposits at the BBVC. Sample collection covered a wide range of representative locations (Fig. 2-1) 

and compositions, naturally constrained by access. We recorded the precise locations of samples 

using GPS coordinates, sketches, photos and detailed descriptions (Table 2-1). Several pumice 

deposits on the western side of BBVC were logged, described and sampled (Appendix C.4). These 

samples are labelled after their location (WP). Samples collected in 2012 are marked with sample 

numbers between 2 and 18. Samples collected in 2017 are labelled by the name of the volcano and 

number. Pumice samples were further analysed in an associated MSci project (Roberts, 2017). 

Gabbroic cumulates were collected north of Bericha and preliminary analyses were started during 

this study.  
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2.2 Methodology 

2.2.1 Mapping 

2.2.2 Arc GIS tools 

Mapping based on remote sensing data was undertaken in the Geographic Information System 

(ArcGIS by ESRI, version 10.3) projected in the coordinate system UTM, WGS 1984 Zone 37 N. In 

addition to the range of remote sensing data types the following GIS morphometric and 

topographic functions, as well as hydrology tools, were applied to the LiDAR and Aster data to map 

different eruption phases, individual lava flows, cones and craters, fractures and fissures as well as 

topographic features and infrastructure within the Boset axial segment. These functions are 

sensitive to small changes in topography and allow us to identify lava flow edges, differentiate 

between individual flows as well as to map cross-cutting relationships between volcanic and 

tectonic features (Fig. 2-5). 

The tool Slope identifies the maximum gradient in topography in degree from each cell of a raster 

surface whereas the tool Aspect shows the downslope direction of the maximum rate of change in 

value from each cell to its neighbours. For the curvature tool, two different calculations are used. 

Profile curve raster indicates the bending of the surface in the direction of the slope whereas plan 

curve raster shows the bending of the surface perpendicular to the slope direction. Visualising and 

identifying surface structures is supported by the tool Hillshade, which creates a shaded relief from 

the LiDAR surface raster by considering the illumination source angle and shadows. The azimuth 

angle and altitude angle of the light source are 315 and 45, respectively. For determination of areas 

affected by erosion, hydrology tools including flow accumulation, flow direction and flow length are 

applied. Isolines for the geological map are calculated by the tool Contour with an interval of 20 m.  

The software Arc Scene GIS, version 10.3 by Esri is used to visualise the geological map based on 

the DEM and mapped features in 3D. This approach allowed the morphology and topography of 

BBVC to be fully analysed. 
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Figure 2-5: Mapped lava flows, cones, craters and faults interpreted from ArcGIS tools a) flow length 

b) hillshade, c) aspect, d) slope, e) profile curvature, f) plan curvature, g) flow acceleration, h) flow 

direction. See main text for further explanation. 
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2.2.3 Morphometric analyses 

Morphometric analyses of lava flows enable calculation of the volume of lava flows to provide 

constraints eruption activity and style. Based on these data we obtained morphometric analyses of 

lava flows and edifices including length, thickness, area and volume for each eruptive phase 

(Appendix E.2). Length was measured by tracing the flow path from the source to the end of the 

flow (error ± 50 to 100 m). The thickness T is determined by measuring the difference in elevation 

of the lava flow edge and ground elevation. The volume of the eruption phases and the edifices of 

the BBVC were estimated by using a modified Generic Mapping Tools (GMT) volume calculation 

tool developed by Lara Kalkins described in Nomikou et al. (2014). This script calculates the 

difference between the surface morphology and an artificial smoothed surface for each exposed 

eruption phase polygon, both edifices and the whole volcanic complex (Fig. 2-6, Appendix B). For 

all individual lava flows, and in particular, for sub-horizontal eruption phases, volumes are 

estimated by the product of area and thickness assuming that thickness at the edge of the lava flow 

is representative of the entire lava flow. Given the possibility that the lava flows might be 

channelized, the flow volumes are likely conservatively underestimated. 

 

Figure 2-6: Lava volume calculation of phase N at Bericha after the GMT script of L. Kalkins, here 

calculated based on Lidar combined with Aster grid data. The background map provides the 

topography (a-c), where the lava flow polygon is marked (b) and subtracted from an artificial 

smoothed surface(c). The subtracted flow is present in d with the scale of flow height. This example 

shows lava flows covered by LiDAR data (west) and Aster data (east). Further examples are 

presented in Appendix B. 
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2.3 Structural analyses 

The structural analyses are mainly based on fault, fissure and fracture mapping as well as cross 

profiles over the whole rift width on the BBVC axial segment and over individual faults based on 

Aster and LiDAR data as well as field observations. In total over 2300 faults were mapped in ArcGIS, 

grouped into segments after Kurz et al. (2007) and presented in length weighted rose diagrams. 

These rose diagrams are illustrated with the Generic Mapping Tool (GMT). Distribution of strain was 

analysed by area in density maps (ArcGIS) as well as on particular profiles over the rift around the 

BBVC after the method applied in Putz-Perrier and Sanderson (2008a, 2008b) (details in chapter 5).  

Displacement analysis (vertical separation) was completed on 588 selected faults within the Boset 

axial segment using LiDAR and ASTER data. Displacement profiles (e.g., Fig. 2-7, Appendix E.4) were 

produced, to characterise fault architecture and growth, from the gridded data, with along-strike 

interval of 100 – 200 m for faults on the Boset axial segment and 25 m intervals for a detailed 

investigated individual fault south of the edifice covered by LiDAR data. Fault intervals were merged 

with individual picked displacement properties in ArcGIS. Based on that, fault tips were determined 

with 0 displacement, intervals and intersections between picked displacement points have its 

average displacement. Fault lines are coloured and line thickness was adjusted according to 

displacement range and dip direction. Slip-rates (SR) were determined by SR = throw (mm) / time 

(year), using the throw in chapter 5 and lava flow ages in chapter 3 combined with dated volcanic 

deposits from literature and geological maps. 

A sub-focus was on geometries (width, length, dip angle) of fault linkage zones on different scales 

(individual fault to axial segment linkage) at the BBVC segment, using along and across ramp 

profiles. 
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Figure 2-7: Example showing variations in the architecture of the normal fault structure offsetting 

the Bofa basalt and Gudda’s lavas south of the edifice. Across profiles are used to identify throw and 

heave as well as opening. This fault is ranging from normal and opening displacement (a) to a 

normal fault (b), linking in a relay ramp (c) and linking by horst structure (d).  

2.4 Analytical Geochemistry 

2.4.1 Whole rock geochemistry 

2.4.1.1 Sample preparation for whole rock analyses 

Fresh lava flow samples were cut by saw and polished to remove saw marks. Rock pieces were 

crushed in plastic bags with a fly-press and using Teflon sieves separated into different size fractions 

(>1mm, 0.5 to 1 mm, <0.5mm). The large and middle fractions were cleaned by ultra-sonicating 

with MQ water to remove powder or dust. The large fraction was soaked in MQ water for 3–6 h 

and dried at 60 °C for 12 h. After drying, the large and middle fractions were hand-picked under a 

binocular microscope to remove non-rock material and weathered grains. The middle fractions 

were kept as rock chips for trace element and isotopic analyses. The large fractions were further 

crushed and ground to powder for major and trace element analyses by using agate pestle and 
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mortals (batch 1) and agate grinder machine (batch 2). The small fraction discarded, on the basis 

that this fraction likely contains the most weathered material. 

2.4.1.2 Major and trace elements by XRF 

For major element whole rock analyses, 41 powdered rock samples were selected. For each sample, 

the Loss on Ignition (LOI) was determined by weighing before and after heating at 100 °C and 750 °C 

(felsic rocks) or 1000 °C (mafic rocks) in porcelain vessels for less than 4 hours. Different 

temperatures for the ignition heating for felsic and mafic rocks are due to melting of felsic rocks at 

the usual ignition temperature of 1000 °C. Glass discs for analysing major elements were prepared 

using 0.5 g of ignited sample powder with 5 g lithium tetraborate flux (exact ratio of 1:10) in 

platinum vials using the propane-oxygen gas Vulcan Fusion instrument at the University of 

Southampton. Automated melting and shaking of the individual separates, followed by fast cooling 

produced the glass bead. Whole rock major element analyses (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, 

CaO, Na2O, K2O and P2O5) and some trace element analyses (Sr, Zr, Ni, Cr, Pb, Zn, Cu, Co, V, Ba and 

Ce) were undertaken on the prepared fusion glass beats with the Philips MagiX Pro Xray 

fluorescence spectrometer at the University of Southampton for all samples listed in Table 4-1.  

Two samples of the BBVC (WE2 and Harbona) and the recent fissure lava flows from Beru, Fantale, 

and Kone Volcano (chapter 3.7) were analysed at the Department of Geology in University of 

Leicester, UK. At this laboratory major elements analysis was performed using fused glass beads 

(SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O5 and SO2) prepared from ignited powders 

with a ratio of 1:5 sample: flux using 80% Li metaborate and 20 % Li tetraborate flux. Trace element 

(As, Ba, Ce, Co, Cr, Cs, Cu, Ga, La, Mo, Nb, Nd, Ni, Pb, Rb, Sb, Sc, Se, Sn, Sr, Th, U, V, W, Y, Zn and Zr) 

analysis for these samples were prepared as 32 mm diameter pressed powder pellets produced by 

mixing 7 g fine ground sample powder with 12-15 drops of a 7% PVA solution (Moviol 8-88), pressed 

at 10 tons per square inch. These samples were analysed on a PANalytical Axios Advanced XRF 

spectrometer. 

All pumice samples were analysed for major elements using fused glass beads and samples 111-

WP, 114I, 181 and Abek were additionally analysed for trace elements from pressed powder pellets 

at the University of St. Andrews, UK. 

Analytical precision and accuracy were monitored by standards for all measurements (Tables 2-4, 

2-5). Precision (RSD %) is for most samples below 2% with some exemptions when the oxide is less 

abundant. Accuracy is for most oxides below 2 % deviation of the reference value. 
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Table 2-4: Precision and accuracy for XRF major element analyses at the University of Southampton. 

Individual measurements of standards are reported in Appendix E.3. 
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Table 2-5: Standards measured along with samples for XRF major element analyses at the University 

of Leicester (a) and the University of St. Andrews (b). Reference values are compiled values from 

GeoRem.  

 

2.4.1.3 Trace elements by ICP-MS 

Trace element analyses were performed on 0.05 g powdered lava flow samples and rock chips 

(middle fraction) digested with HNO3 (200 μl) – HF (50 drops) for 24 h on a hot plate at 130 °C in 

sealed Savillex Teflon vials. Following evaporation, the residue sample was refluxed in 6M HCl for 

another 24 h on the hot plate. If digestion was incomplete (e.g. the presence of black dots or milky 

crystals), the HF/ HNO3 digestion procedure was repeated. The 6M HCl was dried off and each 

sample was re-dissolved in 6M HCl (24 h). A final mother solution was prepared by adding this 

dissolved sample to an acid cleaned HDPE bottle, the Teflon pot rinsed several times with 6M HCl 

and made up to the final volume with MQ water. Daughter solutions of samples and reference 

materials (6 international, 2 internal) were made from the residue of ~1 ml sub-sample of the 

mother solution diluted with 3% HNO3 (containing internal standards of In, Re, Be) to obtain an 

overall dilution factor DF of ~ 4000. 

Forty-two samples from the BBVC and 5 samples for neighbouring volcanoes were measured in two 

batches (Jan. 2017 and Oct. 2017) on the ThermoScientific XSeries2 quadrupole inductive coupled 

plasma mass spectrometer (ICP-MS) at the University of Southampton. Data in counts per second 

were processed with the calculated dissolution factor and blank corrections using the Plasma-lab 

software for X-Series ICPMS to provide concentration in ppm for the elements Li, Sc, Ti, V, Cr, Co, 

Ni, Cu, Rb, Sr, Y, Zr, Nb, Sn, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, Pb, 



Chapter 2  

51 

Th, U and Zn. Samples and standards were spiked with internal standard elements and corrected 

for instrument drift, interferences and blanks, and calibrated using a suite of international rock 

standards (JB-3, JB-1a, JGb-1, BHVO-2, BIR-1, JA-2). Reference data from GeoReM database (JA2, 

JR2, BCR2) (Jochum et al., 2005) and lab internal reference materials (BAS206 and BRR1) were used 

as unknown to monitor accuracy and precision of samples. Long term accuracy relative to reference 

values is 3-5% (laboratory Southampton) (Table. 2-6).   

Rock chip and powder digestions are found to have the same trace element compositions. 

Powdered samples were preferred as they are most likely to maintain the same sample fraction for 

the major and trace element analyses. Accuracy and precision within each sample batch were 

monitored by standards (Table 2-6) and is generally better than 2%. Higher values for precision 

(RSD %) and accuracy were observed by metals, which are less abundant in evolved volcanic rocks 

(JA2 and JR2). All elements are above detection limits except for Ni and Cr in the most evolved 

samples. 
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Table 2-6 Averages (av) of certified reference materials (summarised in Jochum et al., 2005) and lab internal standards used as unknown to monitor precision and accuracy 

of ICP-MS analyses.  Individual measurements of standards (number n) are reported in Appendix E.3. See text for further explanation. 

 

  JA 2 (Imai et al., 1995), n=8 JR2 (Imai et al., 1995), n=4 BCR 2 (Wilson et al., 1997), n=4 BRR1 (internal), n=9 BAS 206 (internal), n=5 
  av  std RSD % ref. uncert. Acc % av std RSD % ref. Acc % av std RSD % ref. uncert. Acc % av std RSD % ref. Acc % av std RSD % ref. Acc % 

Li 29.06 0.4 1.5 29.18 0.6 0.4 78.98 6.8 8.6 79.2 0.3 8.83 0.2 1.7 9.13 0.22 3.3 5.20 0.1 1.1 5.12 -1.5 5.85 0.03 0.6 5.85 0.1 
Sc 17.81 0.4 2.2 18.93 0.3 5.9 5.28 0.6 11.5 5.59 5.5 32.53 0.8 2.3 33.53 0.40 3.0 43.68 0.6 1.4 43.99 0.7 49.03 0.94 1.9 50.16 2.3 
Ti 3852 214 5.6     325 32.4 10.0   13105 293 2.2    6123 181.2 3.0  

 11980 183.98 1.5 12218.86 2.0 
V 107.5 3.6 3.4 119.70 2.4 10.2 0.71 0.134 18.9 3 76.4 397 9.8 2.5 417.60 4.50 5.0 303.2 8.7 2.9 308.21 1.6 442.9 19.86 4.5 452.97 2.2 
Cr 394.0 8.7 2.2 424.80 9.3 7.2 1.82 0.5 25.7 3.1 41.4 14.37 0.4 2.6 15.85 0.38 9.4 366.0 5.3 1.4 369.86 1.0 80.7 2.52 3.1 81.62 1.1 
Co 27.3 0.6 2.2 28.33 1.0 3.8 0.11 0.015 12.9 0.46 75.1 36.46 0.3 0.9 37.33 0.37 2.3 47.9 0.6 1.3 48.16 0.5 52.8 0.98 1.8 53.72 1.8 
Ni 124.2 2.9 2.4 136.00 2.2 8.6 0.63 0.085 13.5 1.99 68.2 11.49 0.043 0.4 12.57 0.30 8.6 126.0 1.4 1.1 126.51 0.4 47.6 0.90 1.9 48.51 1.8 
Cu 29.7 0.8 2.8 29.00 1.5 -2.5 1.24 0.156 12.6 1.36 8.9 21.64 1.1 5.1 19.66 0.72 -10.1 85.4 1.7 2.0 87.15 2.0 69.3 2.34 3.4 70.76 2.0 
Rb 76.7 0.8 1.1 69.80 1.3 -9.8 341 48.6 14.3 303 -12.5 49.31 0.7 1.5 46.02 0.56 -7.1 0.63 0.1 16.4 0.55 -14.7 2.06 0.12 5.7 1.96 -5.0 
Sr 243.5 3.6 1.5 245.80 3.0 0.9 7.80 0.9 11.1 8.11 3.8 329.5 6.5 2.0 337.40 6.70 2.3 68.9 0.6 0.9 69.55 1.0 99.2 1.13 1.1 100.45 1.2 
Y 17.3 0.4 2.1 16.89 0.6 -2.7 49.70 5.6 11.2 51.1 2.7 36.0 0.9 2.6 36.07 0.37 0.2 27.7 0.5 1.9 27.63 -0.1 47.0 0.89 1.9 48.18 2.3 
Zr 114.8 5.8 5.1 108.50 2.6 -5.8 89.34 13.8 15.5 96.3 7.2 195.6 2.3 1.2 186.50 1.50 -4.9 56.7 2.6 4.5 57.38 1.1 124.1 1.83 1.5 127.45 2.7 
Nb 9.11 0.5 5.7 9.30 0.2 2.1 18.43 1.5 7.9 18.7 1.4 12.36 0.9 6.9 12.44 0.20 0.7 1.21 0.257 21.3 1.11 -8.7 4.42 0.159 3.6 4.32 -2.2 
Sn 1.55 0.03 1.8 1.69 0.2 8.5 3.22 0.3 8.9 3.51 8.2 2.14 0.3 13.8 2.28 0.13 6.2 0.59 0.013 2.3 0.61 3.0 1.12 0.031 2.7 1.13 0.4 
Cs 5.11 0.073 1.4 4.78 0.1 -7.0 27.02 3.0 11.1 25 -8.1 1.15 0.025 2.2 1.16 0.02 1.3 0.01 0.002 23.5 0.01 -21.1 0.06 0.003 5.8 0.06 -3.7 
Ba 320.8 2.8 0.9 308.40 5.1 -4.0 29.55 3.0 10.3 39.5 25.2 689.0 7.7 1.1 683.90 4.70 -0.7 6.88 0.058 0.8 7.00 1.7 41.16 0.188 0.5 42.66 3.5 
La 16.0 0.169 1.1 15.46 0.4 -3.3 15.52 1.544 9.9 16.3 4.8 24.62 0.124 0.5 25.08 0.16 1.9 1.55 0.011 0.7 1.55 0.3 4.51 0.028 0.6 4.61 2.1 
Ce 33.4 0.409 1.2 32.86 0.9 -1.8 38.77 3.836 9.9 38.8 0.1 52.60 0.276 0.5 53.12 0.33 1.0 5.14 0.036 0.7 5.17 0.6 13.53 0.046 0.3 13.81 2.0 
Pr 3.81 0.029 0.8 3.69 0.1 -3.3 5.13 0.499 9.7 4.75 -7.9 6.82 0.084 1.2 6.83 0.04 0.1 0.98 0.003 0.3 0.98 0.2 2.37 0.017 0.7 2.40 0.9 
Nd 14.50 0.150 1.0 14.04 0.2 -3.3 20.11 1.947 9.7 20.4 1.4 28.39 0.423 1.5 28.26 0.37 -0.4 5.71 0.042 0.7 5.71 0.0 12.88 0.108 0.8 12.98 0.7 
Sm 3.10 0.036 1.2 3.03 0.0 -2.2 5.58 0.542 9.7 5.63 0.9 6.53 0.109 1.7 6.55 0.05 0.2 2.25 0.036 1.6 2.26 0.3 4.64 0.062 1.3 4.67 0.6 
Eu 0.86 0.090 10.5 0.89 0.0 3.9 0.10 0.011 10.4 0.14 26.8 1.94 0.036 1.8 1.99 0.02 2.2 0.88 0.036 4.1 0.86 -2.7 1.61 0.014 0.9 1.63 1.2 
Gd 3.04 0.035 1.2 3.01 0.1 -0.8 5.88 0.594 10.1 5.83 -0.9 6.64 0.106 1.6 6.81 0.08 2.5 3.39 0.027 0.8 3.42 0.6 6.60 0.089 1.4 6.61 0.3 
Tb 0.48 0.007 1.4 0.48 0.0 -0.7 1.08 0.107 9.9 1.1 2.3 1.04 0.026 2.5 1.08 0.03 3.3 0.64 0.007 1.1 0.64 0.1 1.19 0.013 1.1 1.19 0.5 
Dy 2.91 0.040 1.4 2.85 0.1 -2.1 7.00 0.705 10.1 6.63 -5.7 6.31 0.144 2.3 6.42 0.06 1.8 4.34 0.049 1.1 4.37 0.6 7.86 0.126 1.6 7.89 0.4 
Ho 0.60 0.007 1.2 0.59 0.0 -1.1 1.51 0.146 9.7 1.39 -8.6 1.28 0.025 2.0 1.31 0.01 2.4 0.97 0.011 1.1 0.97 0.4 1.69 0.024 1.4 1.71 1.2 
Er 1.70 0.028 1.6 1.68 0.0 -1.6 4.71 0.456 9.7 4.36 -8.1 3.57 0.084 2.4 3.67 0.04 2.6 2.86 0.031 1.1 2.88 0.4 4.89 0.073 1.5 4.92 0.7 
Tm 0.26 0.005 1.9 0.25 0.0 -0.5 0.79 0.084 10.7 0.74 -6.5 0.52 0.013 2.5 0.53 0.01 2.2 0.44 0.006 1.4 0.44 -0.4 0.73 0.015 2.0 0.73 0.5 
Yb 1.68 0.022 1.3 1.65 0.0 -2.1 5.66 0.572 10.1 5.33 -6.2 3.40 0.100 2.9 3.39 0.04 -0.1 2.88 0.041 1.4 2.91 1.0 4.72 0.093 2.0 4.78 1.2 
Lu 0.26 0.005 2.1 0.25 0.0 -0.3 0.88 0.087 9.9 0.88 -0.3 0.51 0.018 3.5 0.50 0.01 -0.7 0.44 0.009 1.9 0.44 -0.2 0.71 0.020 2.8 0.72 0.9 
Hf 2.86 0.147 5.1 2.84 0.1 -0.9 4.76 0.795 16.7 5.14 7.4 5.23 0.194 3.7 4.97 0.03 -5.1 1.61 0.059 3.7 1.58 -1.7 3.36 0.097 2.9 3.26 -3.0 
Ta 0.77 0.059 7.7 0.65 0.0 -17.9 2.04 0.491 24.1 2.29 11.1 0.90 0.078 8.7 0.79 0.02 -14.9 0.08 0.069 88.8 0.18 56.9 0.70 0.036 5.2 1.25 43.7 
Pb 22.11 0.360 1.6 18.88 0.3 -17.1 25.18 2.219 8.8 21.5 -17.1 11.21 0.370 3.3 10.59 0.17 -5.8 0.36 0.011 3.0 0.39 8.2 0.58 0.018 3.0 0.58 -1.1 
Th 4.94 0.095 1.9 4.80 0.1 -2.9 32.56 3.519 10.8 31.4 -3.7 6.14 0.119 1.9 5.83 0.05 -5.4 0.10 0.034 32.9 0.10 -0.7 0.30 0.006 2.0 0.30 -0.6 
U 2.30 0.056 2.4 2.18 0.1 -5.5 11.57 1.090 9.4 10.9 -6.1 1.67 0.058 3.5 1.68 0.02 0.6 0.04 0.001 2.8 0.04 -0.1 0.32 0.010 3.2 0.31 -2.1 
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2.4.2 Isotopes 

2.4.2.1 Pb isotope analyses 

For Pb isotope digestion, 0.3 g of rock chips from each sample was weighed into dedicated cleaned 

and rinsed Pb – Teflon pots and leached with 4 ml 6M HCl on the hot plate (obsidians 15 min, all 

other 30 min). Shorter leaching time for obsidian is important so as to not dissolve the sample in 

this stage. Samples were rinsed several times with MQ water before dissolving each sample in 0.5 

ml conc HNO3 and HF for 24 h on a hot plate. Following evaporation, the sample residues were 

dissolved and evaporated in 0.5 ml of conc HCl, then in 0.5 ml of conc HNO3. The final residue was 

dissolved in 0.5 ml HBr on a hot plate for more than 24 h. The samples were left to cool down and 

transferred into centrifuge tubes for centrifugation of 5 min. Pb was isolated by using the HCl-AG1x8 

resin method (Kamber and Gladu, 2009) with AGX-1x8 – 200 – 400 mesh resin in a 1 ml pipette tip 

column with frit. The elution scheme is given in Table 2-7.  

Table 2-7: Pb isotope column procedure 

Process Volume Reagent 

cleaning 1 ml MQ water 

 3 x 1ml 6M HCl 

 1 ml MQ water 

conditioning 0.5 ml 0.5 M HBr 

Change waste pot to scintillation vials to collect Pb waste 

load  Supernatant sample solution 

wash 2 x 2 ml 0.5 M HBr 

Elute matrix 0.9 ml 2 M HCl 

Change collect pots to Tephlon to collect Pb 

collect 0.7 ml 10.8 M HCl 

The lead abundance of the final Pb fraction was measured by ICP-MS to enable a consistent 

concentration in the MC-ICP-MS measurement solution (nominally 20 ppb Pb) and to ensure a 

correct amount of spike was added (204Pbspike/204Pbsample = 0.09 +/-0.03). For the unspiked (natural) 

sample the appropriate amount of sample residue was diluted to with 3% HNO3 to 2ml. The double 

spiked aliquot of the sample was made in the same way but with SBL74 spike added. The procedural 

blank was prepared with the whole blank sample (1ml) and 1μl 206Pb spike for the isotope dilution 

concentration measurement.  Pb isotope ratios were measured at the University of Southampton, 

using a multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS, Thermo 

Scientific Neptune). Pb isotopes were corrected for instrumental mass fractionation using the SBL74 

double spike (Taylor et al., 2015). SRM NBS981 standard (n=3) is 206Pb/204Pb = 16.9407 ± 0.0004 (2 

SD), 207Pb/204Pb = 15.4968 ± 0.0008, 208Pb/204Pb = 36.7127 ± 0.0018 for this measurement. The Pb 

isotope reference NBS981 long-term gave 206Pb/204Pb = 16.9400 ± 0.0023, 207Pb/204Pb = 15.4965 ± 

0.0026 and 208Pb/204Pb = 36.7124 ± 0.0076 (>100 analyses during past 4 years). 
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2.4.2.2  87Sr/86Sr and 144Nd/143Nd digestion  

Samples were separately digested for Sr and Nd, as the waste from the Pb elution did not have 

enough Sr for felsic samples or Nd for mafic samples. For the digestion for Sr and Nd isotopes 250 

mg for trachyte – rhyolite samples, 60 mg mafic – intermediate samples except for 172, 138, 96, 

WE2 and Kone south samples which used 100 mg of small rock chips, in order to obtain ~250 ng Nd 

and 1000 ng Sr.  The sample separates were leached with 4ml 6M HCl for 30 min (obsidians only 15 

min) to match the sample preparation used for Pb isotopes analysis. The samples were rinsed with 

MQ water and 0.5 ml HNO3 and the same digestion procedure followed as for the trace element 

analyses, except for the larger samples 4 ml of HF and for the smaller samples 2 ml HF was used. 

The final mothers were made up to 30 ml for felsic samples and 20 ml for mafic samples.  

2.4.2.3  87Sr/86Sr analyses 

Sr isotopes were separated by Sr-spec resin filled plastic funnel columns after the method of (e.g., 

Pin et al., 1994). Ba-rich trachytic and rhyolitic samples were passed through the Sr-spec columns 

twice with 8M HNO3 to elute and minimise barium from the samples to provide a successful 

measurement. The samples were subsampled to give 1 μg of Sr, dried down and the elution 

schemes (Table 2-8) were applied by using Sr-spec columns filled with Sr resin (100-150um by 

Triskem) for each sample. 

Table 2-8 Sr isotope column chemistry for normal and high Ba samples. 

 Normal method High Ba samples (trachyte – rhyolite) 

 200 μl sample 200 μl sample 400 μl sample 

Process Volume Reagent Volume Reagent Volume Reagent 

cleaning 2 x 0.750 ml  

2 x 0.750 ml  

2 x 0.750 ml  

MQ water 

SB 3M HNO3 

MQ water 

 

 

2 x 0.750 ml 

 

 

MQ water 

 

 

2 x 0.750 ml 

 

 

MQ water 

conditioning 2 x 0.750 ml SB 3M HNO3 2 x 0.750 ml 8M HNO3 2 x 0.750 ml 8M HNO3 

Load  200 μl SB 3M HNO3 200 μl 8M HNO3 400 μl 8M HNO3 

Wash in 200 μl SB 3M HNO3 200 μl 8M HNO3 200 μl 8M HNO3 

Elute 2 x 1ml SB 3M HNO3 1 ml 8M HNO3 800 μl 8M HNO3 

Collect 1.5 ml MQ water 1.5 ml MQ water 1.5 ml MQ water 

For high – Ba samples (trachyte and rhyolite from Gudda and Bericha) 8M HNO3 was used for 

elution, as Ba is retained on the resin in 3M HNO3 and results in poor ionisation of Sr during analysis. 

Rhyolitic – obsidian samples (64, 182) with very low Sr were difficult to dissolve, therefore the 

samples were dissolved in 800 μl and divided into 2 columns for each sample. The collected 

fractions were combined for analysis. For trachytic/rhyolitic samples (91, 93, 92, 84) a 2 x 200 μl 

load volume was used. 
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The samples were loaded onto outgassed tantalum filaments using 1 μl of a tantalum – activator 

and parafilm barriers to reduce the spreading of a sample of the filament. The samples were 

dissolved in 1.5 μl 1M HCl, loaded in fractions with drying at 0.7 A before the current was slowly 

increased to 2.2 A for an incandescent glow of the filament of ~10 sec. The standard NIST987 (1 μl 

of 1000 ppm Sr solution) was loaded using the same procedure.   

87Sr /86Sr analyses were undertaken using Thermo Fisher Scientific Triton Plus Thermal Ionisation 

Mass Spectrometry (TIMS) at the University of Southampton. Sr isotopic ratios of lava flow samples 

were measured in two batches along with NIST987 reference material average values of 0.710245 

± 0.0000179 (2SD, n=6) and the long term analyses of  NIST 987 with average values on this 

instrument of 0.710244 ± 0.000021 (2 SD). 87Sr/86Rb age correction for Rb-rich samples was 

considered minimal as these samples are young (< 120 Ka, Chapter 3).  

2.4.2.4  144Nd/143Nd analyses 

The samples were subsampled to give 250 ng of Nd and dried down. The Neodymium fraction was 

purified via ion exchange column chemistry, using a ~0.2 ml AG50-X8 200-400 mesh resin cation 

columns followed by a ~ 30 μl Ln-Spec resin (50 – 100 μm) column with elution scheme shown in 

Table 2-9. 

Table 2-9: Nd two-step column chemistry for cation columns, followed by Ln-Spec columns. 

 Cation Column Ln-Spec Column 

Process Volume Reagent Volume Reagent 

clean 2 ml 

2 ml 

6 M HCl 

MQ water 

  

Condition 2 ml 1.75 M HCl 1 ml 0.25 M HCl 

Load 100 μl 1.75 M HCl 200 μl 0.25 M HCl 

Wash in 100 μl 1.75 M HCl 200 μl 0.25 M HCl 

Elute Fe 1.5 ml 1.75 M HCl - - 

Elute Ba 3 ml 2 M HNO3 1 ml 0.25 M HCl 

Collect Nd 1.5 ml 6 M HNO3 1 ml 0.25 M HCl 

Clean Whole funnel 6 M HCl 2 x 1 ml 6 M HCl 

Clean Whole funnel MQ water 1 ml MQ water 

 

Following the Ln-Spec column, a 20 μl subsample diluted to 2 ml with 3% HNO3 was taken in a 

scintillation vial to screen the Nd and Ce concentration. Based on the Nd screening concentration, 

the volume of acid (3% HNO3) to produce a solution of 50 ppb Nd was calculated, using acid [ml] = 

x ng (screening) / 50 ppb. The dried sample together with the correct volume of acid was refluxed 

on a hot plate at 60 °C. 
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Nd isotope ratios were measured on 50 ppm Nd solutions on a Thermo Scientific Neptune multi-

collector inductively coupled plasma mass spectrometer (MC-ICP-MS) at the University of 

Southampton. Reference material JNdi-1 was measured with and without the addition of a Ce spike 

to calibrate Ce isobaric interference. 

Corrected Nd isotopic compositions were obtained using a method of Vance and Thirlwall (2002) 

through the adjustment to a 146Nd/144Nd ratio of 0.7219 and a secondary normalisation to 

142Nd/144Nd = 1.141876. Results for the JNdi-1 reference standard measured as an unknown were 

0.512115 ± 0.000006 (2SD) across 6 analysis sessions over 2 years. This compares to the 

recommended value of 0.512115 ± 0.000007 (Tanaka et al., 2000). 

2.4.2.5 Boron concentration and δ11B 

Boron isotopes were analysed for 12 samples of the BBVC by Tyerman (2018) following a standard 

method after Palmer et al. (2019). 

For each sample 100 mg of a cleaned and picked rock fraction was ground and dissolved in 100 μL 

of 1% mannitol, 100 μL of H2O2 and 1 ml 24 M HF in a sealed PFA vial at 60˚C for 3 days. 0.5 mL of 

each sample was centrifuged with 1.5 mL water. The sample supernatant was added to 2 mL of 

water to yield a solution of 3 M HF. A subsample was then analysed by the Thermo Element High 

resolution (HR)-ICP-MS to determine the boron concentration.  

For boron isotopes, ~100 ng boron was separated using ion exchange chromatography procedure 

(Table 2-10) in a single column procedure with Bio-Rad AG MP-1 anion exchange resin. The 

collected boron fraction was dissolved with 10 μL 1% mannitol, followed by evaporation at 55˚C. 

The sample was taken up in 0.5 mL of 0.5 M HNO3 to yield a solution with ~200 ppb boron. 

Table 2-10 Boron isotope column procedure 

Process Volume Reagent 

Resin washing, conditioning 2.5 mL 

0.5 mL 

1.5 mL 

H2O 

24 M HF 

H2O 

Sample load Adjusted according to sample 3 M HF 

Elute matrix 0.5 mL 

0.5 mL 

8.5 mL 

H2O 

H2O 

0.1M HCl 

Boron collection 1.2 mL 24 M HF 

 

Boron isotopes were analysed by using a Thermo Neptune multi-collector (MC)-ICP-MS at 

University of Southampton. Analyses were carried out in a batch of 10 using the standard-sample 

bracketing technique (Foster, 2008) with four duplicates of rock samples, the NIST 951 boric acid 

standard (Catanzaro et al., 1970) and a blank. Run reproducibility was typically better than 1% RSD 

for four repeats of each sample.  
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2.4.3 Crystal – Phase Geochemistry 

2.4.3.1 40Ar/39Ar dating 

An absolute timescale for the eruption history of the BBVC was provided by 40Ar/39Ar dating of 16 

feldspar and groundmass separates of lava flows. Samples for 40Ar/39Ar dating were selected to 

achieve a representative geographic and compositional distribution. Groundmass samples were 

screened for potassium content and degree of alteration. Feldspar separates were selected based 

on potassium content, low or negligible degree of alteration, crystal morphology (tendency towards 

euhedral shapes) and lack of inclusions. Sample preparation took place at the NERC Argon Isotope 

Facility (AIF) hosted by the Scottish Universities Environmental Research Centre (SUERC) in East 

Kilbride. Samples were pulverized in a jaw crusher, sieved and washed to obtain a 250–500 μm 

fraction and leached in 25% HNO3 to remove altered phases. Feldspars were separated using a 

magnetic Frantz machine and leached ultrasonically with 5% HF for 3–5 min (some required several 

runs) to remove adhering glass and groundmass, followed by repeated rinsing in distilled water and 

drying at T < 100 °C. Hand picking under a binocular microscope provided 1g of clean and inclusion-

free feldspar and groundmass separates for each sample. 

Samples and neutron flux monitors were stacked in quartz tubes with the relative positions of 

packets precisely measured for later reconstruction of neutron flux gradients. The sample package 

was irradiated in the Oregon State University reactor, Cd-shielded facility. Alder Creek sanidine 

(1.2056±0.0019 (1σ) Ma, (Renne et al., 2011) was used to monitor 39Ar production and establish 

neutron flux values (J) for the samples.  Gas was extracted from samples via step-heating using a 

mid-infrared (10.6 µm) CO2 laser with a non-gaussian, uniform energy profile and a 3.5 mm beam 

diameter.  The samples were housed in a double-pumped ZnS-window laser cell and loaded into a 

copper planchette containing 2.6 cm2 square wells.  Liberated argon was purified of active gases, 

e.g., CO2, H2O, H2, N2, CH4, using three Zr-Al getters; one at 16°C and two at 400°C.  Data were 

collected on an ARGUS V multi-collector mass spectrometer using a variable sensitivity faraday 

collector array in static collection (non-peak hopping) mode (Mark et al., 2009; Sparks et al., 2008).  

Time-intensity data are regressed to t0 with second-order polynomial fits to the data.  The average 

total system blank for laser extractions, measured between each sample run, was 1.5±0.6×10-15 mol 

40Ar, 1.1±0.9×1.1-17 mol 39Ar, 0.8±0.3×10-17 mol 36Ar.  Mass discrimination was monitored on a daily 

basis, between sample runs by analysis of an air standard aliquot delivered by an automated pipette 

system.  For n=134 air standards, the average mass fractionation factor (D) was determined to be 

0.99870 ± 0.00077 over the course of the 1.5 month analysis period.  All blank, interference and 

mass discrimination calculations were performed with the MassSpec software package (MassSpec, 

version 8.16, authored by Al Deino, Berkeley Geochronology Center) (Table 2-11).  
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Plateau ages were defined following these criteria: 

1) Steps overlap in age within 2σ uncertainty. 

2) Minimum 39Ar content for a step is ≥0.1% of total 39Ar release. 

3) Minimum of three contiguous steps. 

4) Minimum of 50% of 39Ar in the chosen steps 

5) The inverse isochron formed by the plateau steps yields an age indistinguishable from the 

plateau age at 2σ uncertainty. 

6) The trapped component composition, derived from the inverse isochron, is indistinguishable 

from the composition of air at the 2σ uncertainty level. 

7) Age and uncertainty (SEM) were calculated using the mean weighted by the inverse variance 

of each step. 

8) Composite: For replicated samples, an error-weighted plateau for each aliquot was 

independently calculated and the accepted steps for each aliquot combined into a composite 

isochron and composite plateau. 

 

Age t is calculated with equation (1), where λ is the decay constant and J the irradiation parameter. 

𝑡 =  
1

λ
ln  (1 + 𝐽 

40𝐴𝑟∗

39𝐴𝑟𝐾
)   (1) 

Table 2-11: Parameter for 40Ar/39Ar analyses. Nucleogenic production rates, isotopic constants and 

decay rates 

Nucleogenic production ratios: Isotopic constants and decay rates: 

(36Ar/37Ar)Ca 2.64 × 10−4 
 

λ(40Ke)/yr 5.757 ± 0.016 × 10−11 

(39Ar/37Ar)Ca 6.5 × 10−4 
 

λ(40Kβ-)/yr 4.955 ± 0.013 × 10−10 

(38Ar/37Ar)Ca 0.196 ± 0.00816 × 10−4 λ(37Ar)/d 1.983 ± 0.0045 × 10−2 

(40Ar/39Ar)K 8.5 × 10−3 
 

λ(39Ar)/d 7.068 ± 0.0788 × 10−6 

(38Ar/39Ar)K 1.22 ± 0.0027 × 10−2 λ(36Cl)/d 6.308 ± 0 × 10−9 

(36Ar/38Ar)Cl 2.629 ± 0.011 × 102 (40Ar/36Ar)Atm 298.56 ± 0.31 

37Ar/39Ar to Ca/K 1.96 
 

(40Ar/38Ar)Atm 1583.5 ± 2.5 

38Ar/39Ar to Cl/K 2.9 
 

40K/KTotal 0.01167 ± 0.00002 

2.4.3.2 Radiocarbon dating 14C 

Radiocarbon dating is applied on two pieces of charcoal, which were interbedded in lapilli tuff 

below the surface. Analyses were undertaken at the Beta Analytic Laboratory (Miami, Florida, US) 

using acid/alkali/acid pre-treatment 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, 2009). 
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2.4.3.3 Scanning Electron Microscope analyses (SEM) 

Petrographic observation and analyses of phenocrysts in thin sections of lava flows from the BBVC 

were performed with a polarising microscope and a Leo 1450VP scanning electron microscope 

(SEM) with an Oxford Instruments EDS detector at the University of Southampton. Quantitative 

point analyses were used prior to 40Ar/39Ar dating on feldspar phenocrysts to estimate the 

potassium content and select suitable samples for dating (section 2.4.3.1). Further qualitative point 

analyses on this SEM were carried out to identify ilmenite – magnetite pairs, clinopyroxene – melt, 

feldspar-melt and olivine - melt to estimate if detailed analyses by EMPA and thermometry and/or 

barometry estimations on those mineral pairs are reliable. Further qualitative analyses on feldspar, 

olivine and clinopyroxene phenocrysts were carried out on Hitachi TM1000 Tabletop Microscope 

with a SWIFT ED Oxford instrument EDS detector at the BOSCORF facility, National Oceanography 

Centre Southampton to identify and characterise the mineral assemblage in thin sections. Images 

are included in Appendix E.3 and Fig. 2-8. 

 

Figure 2-8 SEM images of lava flow samples of the Boset-Bericha Volcanic Complex with indicated 

mineral phases of olivine (Ol), magnetite (Mt), clinopyroxene (Cpx), pyrite (Py) and melt inclusion 

(MI). 
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2.4.3.4 Electron Microprobe analyses (EMPA) 

Quantitative major element analyses of individual minerals (core - rim), matrix glass and melt 

inclusions in polished thin sections were determined at the Cameca SX-100 electron microprobe 

(EMP) at the Department of Earth Sciences at the University of Cambridge. Smithsonian reference 

standards were used for calibration. The instrument operated at 15 kV. Glass of groundmass and 

melt inclusions (basaltic and rhyolitic) was analysed with a 5 µm defocussed beam of 6 nA (10s). 

Clinopyroxene and feldspar were analysed with a 5 µm defocussed beam of 20 nA and 10 nA to 

minimize alkali loss, respectively. Olivine and oxide crystals were analysed with a 1 µm focussed 

beam of 20 nA. Analytical precision and accuracy were monitored by regular analyses of reference 

materials along with the samples (Table 2-12) 

Major elements of tephra glass shards and powders were prepared by Roberts (2017) and analysed 

in collaboration with K. Fontjin. A 4cm x 4cm tephra piece of each sample was crushed using an 

agate pestle and mortar and sieved through a 100-200 μm copper sieve. The samples were placed 

into a hole on the mounts produced from resin, following the procedure outlined by Lowe (2011). 

Another mount was prepared with small glass shards being placed into the mounts holes, filled to 

halfway followed by a backfilling of impregnating resin to set the shards in. Once the resin had set, 

mounts were ground and polished until the shards were exposed and carbon coated for microprobe 

analyses on JEOL-8600 electron microprobe at the School of Archaeology at the University of 

Oxford. Each sample was analysed with 10-30 data points on exposed tephra bits. Analytical 

precision and accuracy were monitored by regular analyses of reference materials along with the 

samples (Table 2-13). 
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Table 2-12 Electron Microprobe standard analyses at the University of Cambridge for phenocryst 

and groundmass analyses of lava flows from the BBVC. Individual measurements of standards are 

reported in Appendix E.3.  

 

* (Jarosewich et al., 1980) 

** (Jarosewich et al., 1980; Helz et al., 2014) 

*** (Fournelle, 2011; Jarosewich et al., 1980) 

**** (Jarosewich et al., 1987) 
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Table 2-13 Electron Microprobe standard analyses at the University of Oxford for tephra from the 

BBVC. Standard reference material is by Jochum et al. (2006, 2011). Individual measurements of 

standards are reported in Appendix E.3. 
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Chapter 3 Geological evolution of the Boset-Bericha 

Volcanic Complex, Main Ethiopian Rift: 40Ar/39Ar 

evidence for episodic Pleistocene to Holocene 

volcanism 

This chapter is published in the peer-reviewed journal Journal of Volcanology and Geothermal 

Research. The full reference is:  

Siegburg, M., Gernon, T.M., Bull, J.M., Keir, D., Barfod, D.N., Taylor, R.N., Abebe, B., Ayele, A., 2018. 

Geological evolution of the Boset-Bericha Volcanic Complex, Main Ethiopian Rift: 40Ar/39Ar evidence 

for episodic Pleistocene to Holocene volcanism. J. Volcanol. Geotherm. Res. 351, 115–133. 

doi:10.1016/j.jvolgeores.2017.12.014 

 

Abstract 

The Boset-Bericha Volcanic Complex (BBVC) is one of the largest stratovolcanoes of the northern 

Main Ethiopian Rift (MER). However, very little is known about its eruptive history, despite the fact 

that approximately 4 million people live within 100 km of the complex. Here, we combine field 

observations, morphometric analysis using high-resolution LiDAR data, geochemistry and 40Ar/39Ar 

geochronology to report the first detailed account of the geological evolution of the BBVC, with a 

focus on extensive young lava flows covering the two edifices, Gudda and Bericha. These lavas 

exhibit a bimodal composition ranging dominantly from basaltic rift floor lavas and scoria cones, to 

pantelleritic trachytes and rhyolite flows at Gudda and comenditic rhyolites at Bericha. Further, 

several intermediate compositions are associated with fissure vents along the Boset-Kone segment 

that also appear to link the silicic centres. We divide the BBVC broadly into four main eruptive 

stages, comprising: (1) early rift floor emplacement, (2) formation of Gudda Volcano within two 

main cycles, separated by caldera formation, (3) formation of the Bericha Volcano, and (4) sporadic 

fissure eruptions. Our new 40Ar/39Ar geochronology, targeting a representative array of these flows, 

provides evidence for episodic activity at the BBVC from ~ 120 ka to the present-day. We find that 

low-volume mafic episodes are more frequent (~10 ka cyclicity) than felsic episodes (~100 ka 

cyclicity), but the latter is more voluminous. Over the last ~ 30 ka, mafic to intermediate fissure 

activity might have reinvigorated felsic activity (over the last ~16 ka), manifested as peralkaline lava 

flows and pyroclastic deposits at Gudda and Bericha. Felsic episodes have on average a higher 

eruption frequency (2–5/1000 years) and productivity at Gudda compared to Bericha (1–2/1000 

years). The young age of lavas and current fumarolic activity along the fault system suggest that the 
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BBVC is still potentially active. Coincident episodic activity within the BBVC and at several rift 

segments in the MER is observed and facilitates continental rifting. 

3.1 Introduction 

Volcanism in Ethiopia is thought to have commenced at ~ 60 Ma with a strong pulse of flood basalt 

activity around ~ 28–31 Ma associated with the Afar Plume (Hofmann et al., 1997). The flood basalts 

are approximately coeval with the initiation of rifting in the Red Sea and the Gulf of Aden, whereas 

rifting started around 11 Ma in the northern part of the MER (WoldeGabriel et al., 1990; Wolfenden 

et al., 2004). Time constraints of Quaternary volcanism within the northern Main Ethiopian Rift 

(MER) (Fig. 3-1) are rare and mainly developed in the context of early hominid evolution (Hutchison 

et al., 2016a; Morgan and Renne, 2008; Sahle et al., 2014, 2013; Vogel et al., 2006). Two main 

Quaternary silicic-centre volcanic episodes occurred in the rift between 2 and 1 Ma with basaltic 

flows followed by ignimbrites, while activity in the last ~ 0.65 Ma was dominated by axial silicic 

volcanoes and basalts (Abebe et al., 2007; Chernet et al., 1998). Absolute dates of fault activity 

(Boccaletti et al., 1999; Chernet et al., 1998; WoldeGabriel et al., 1990; Wolfenden et al., 2004) and 

eruptive phases of Quaternary volcanoes throughout the northern MER (Bigazzi et al., 1993; Cole, 

1969; Di Paola, 1972; Harris, 1844; Hutchison et al., 2016b; Peccerillo et al., 2003; Rapprich et al., 

2016; Williams et al., 2004) are scattered and at a regional scale. Further, detailed age control from 

high-resolution studies to constrain the evolution of individual volcanic complexes is rare and until 

now only constrained for Aluto Volcano (Hutchison et al., 2016b). Such constraints are vital to 

understanding the role of magmatism within individual volcanic complexes through the time during 

continental rifting. 

The focus of this study is one of the largest stratovolcanoes in the northern MER, the Boset-Bericha 

Volcanic Complex (BBVC) (Figs. 3-1, 3-2). The BBVC was formed by several large silicic explosive and 

effusive eruptions and comprises the Gudda and Bericha volcanoes. It is associated with several NE-

SW orientated fissure systems on the southern end of the Boset-Kone magmatic segment in the 

Adama basin. The BBVC is broadly divided in having pre- and post-caldera volcanic deposits with a 

remnant caldera rim on the western side at Gudda, which is dominantly covered by voluminous 

young post-caldera lavas on the eastern and southern side. This stratovolcano stage of evolution 

makes the BBVC unique and different from neighbouring volcanoes in the MER, which are typically 

dominated by calderas. Absolute K/Ar dating of individual cones and flows around the BBVC has 

been undertaken (Abebe et al., 2007; Chernet et al., 1998; Kazmin et al., 1979; Morbidelli et al., 

1975; Morton et al., 1979), but the BBVC has received little attention for systematic dating of lava 

flow activity. In particular, only one sample (ignimbrite) from Gudda has been dated and therefore 

the main part of the BBVC stratovolcano has only been weakly constrained to be around and 
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younger than 1.6 Ma (Morbidelli et al., 1975). We determine the eruption history of the BBVC for 

the first time using LiDAR high-resolution digital elevation data, supported by Aster, Landsat and 

satellite images combined with mapping of the relative chronology of different eruption units. The 

chronology is constrained using observations of lava flow cross-cutting relationships and 40Ar/39Ar 

dates of lava flows. This, together with morphometric, compositional and textural analyses of the 

lavas provides insights into the style and mode of volcanism throughout the history of the BBVC. 

Our new absolute chronology allows us to explore recurrence rates of volcanism in the BBVC, and 

compare how Gudda and Bericha have developed spatially, morphologically and compositionally. 

This study provides important insights for future volcanic hazard assessments as ~ 4 million people 

live within a radius of ~ 100 km of the BBVC (Aspinall et al., 2011). 

3.2 Geological Background 

3.2.1 Main Ethiopian Rift 

The Main Ethiopian Rift (MER) is seismically and volcanically active, linking the Afar depression and 

Kenyan rift in North East Africa (Fig. 3-1). It is one of a few places worldwide where the transition 

between continental and oceanic rifting is subaerially exposed. Extension in the northern MER is 

thought to have started at ~ 11 Ma (WoldeGabriel et al., 1990; Wolfenden et al., 2004) on NE-

striking border faults, which define 60–100 km wide grabens (Hayward and Ebinger, 1996). Early 

rifting was associated with volcanism, mainly near the rift margins (Chernet et al., 1998; Rooney et 

al., 2014a; Wolfenden et al., 2004). Through time, extension and volcanism became focused on the 

20-km-wide, right-stepping en-echelon zones of magmatism and faulting (Casey et al., 2006; Corti, 

2009; Ebinger and Casey, 2001; Keir et al., 2006a; Mohr, 1967, 1962), referred to as “magmatic 

segments”. The morphological expression of these segments is dominated by Quaternary silicic 

volcanoes (2.6 Ma to present), with aligned monogenetic cones and NNE striking faults and fissures 

the rift axis (Ebinger and Casey, 2001) (Fig. 3-1). Extension has been episodic rather than smooth 

and continuous (Corti, 2009; Keranen and Klemperer, 2008). GPS measurements and plate 

kinematic modelling suggest extension is still focused on the rift axis and is directed between 095 

to 108° from north and at a rate of 4–6 mm/yr (Bendick et al., 2006; Bilham et al., 1999; Calais et 

al., 2006; Fernandes et al., 2004).  

The peak in basaltic volcanism (~ 28 to 31 Ma) (Coulié et al., 2003; Hofmann et al., 1997; Ukstins et 

al., 2002) was broadly coeval with silicic ignimbrite eruption in the northern MER around 30.2 Ma 

(Ukstins et al., 2002). The bimodal episode was followed by the formation of large basaltic shield 

volcanoes of transitional to Na-alkaline basalts and minor trachytes in the Miocene (Piccirillo et al., 
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1979). The next phase of volcanism saw an increase in Miocene activity within the Adama basin 

including the eruption of Megezez volcano at ~ 11 Ma (Chernet et al., 1998).  

 

Figure 3-1 Map of the Main Ethiopian Rift formed by rifting of the Nubian and Somalian plate. 

Magmatic segments are red with silicic centres in brown. The BBVC is located between Kone and 

Gedemsa Caldera in the Adama basin. Further silicic centres are mapped from south to north, 

Corbetti (Co), Dunguna (Du), O'a caldera (O'a), Aluto (Al), Gademotta (Ga), Chilalo (Chi), Bora 

Bericha (Bor), Tulu Moye (Tu), Gedemsa (Ge), Boku (Bo), Kone (Ko), Fantale (Fe), Dofen (Do), 

Megezez (Me), Hertali (He), Ayelu (Ay), Adwa (Ad), Yangudi (Ya), Gabillema (Gab).  

Widespread ignimbritic deposits with minor felsic and mafic lavas were emplaced between 6.6 and 

5 Ma (Chernet et al., 1998; WoldeGabriel et al., 1990) at the rift margin in the central and northern 

MER. Magmatism became focused in the rift centre around ~ 4 Ma to 1 Ma ago (Abebe et al., 2007; 

Abebe et al., 2005 a; Beutel et al., 2010; Corti, 2009), promoting basaltic eruptions along the Wonji 

fault belt (e.g., Mohr, 1971), including the Bofa basalt (3.5 to 2.0 Ma (Kazmin et al., 1979); 0.3 Ma 

(Chernet et al., 1998)). Axial silicic volcanoes and basalts erupted during the last ~ 650 ka and are 

dominated by caldera formation events with peralkaline rhyolitic ignimbrites and pumices, ash fall 

and minor lava flows. Silicic centres became faulted and allowed basalts to erupt through the 



Chapter 3  

67 

volcanic edifices and along their flanks (Abebe et al., 2007). The most recent volcanic activity in the 

northern MER is recorded by historical accounts of fissure basalt flows at Sabober vent south of 

Fantale volcano between 1770 and 1808 (Harris, 1844), and of the Giano obsidian domes at Tullu 

Moye Volcano (Di Paola, 1972), indicate very recent volcanism in the magmatic segments. 

Crustal thickness in this area is constrained from wide-angle seismic refraction and from teleseismic 

receiver functions and decreases from 38 km in the southern MER beneath the caldera lakes (Fig. 

3-1) to 24 km in the northern MER beneath Fantale volcano (Maguire et al., 2006). The crust of the 

southeastern plateau is around ~ 40 km thick, whereas the western plateau of the rift is underlain 

by ~ 45–50 km thick crust including a ~ 10 to 15 km high-velocity lower crust believed to be lower 

crustal intrusions (Mackenzie et al., 2005). Previous tomographic models (Bastow et al., 2005; 

Gallacher et al., 2016) indicate that current decompression melting occurs in the asthenosphere at 

depths of ~ 70–100 km. Further, Kendall et al. (2005) proposed that partial melt beneath the MER 

rises through dykes that penetrate the thinned lithosphere and continue into the upper crust (Keir 

et al., 2005). 

3.2.2 Boset-Bericha Volcanic Complex 

The BBVC is located in the northern MER at the southern tip of the NNE-SSW orientated Boset-Kone 

magmatic segment, 20 km east of Adama/Nazret (Fig. 3-1). It is one of the largest stratovolcanoes 

in the MER with a lateral extent of 17 km E-W and 20 km N-S and comprises the northern Bericha 

Volcano (2120 m) and the southern Gudda Volcano (2447 m) (Fig. 3-2). 

The volcanic history of the BBVC was previously documented by (Di Paola, 1972) and (Brotzu et al., 

1980, 1974), whose rock samples were further analysed by Ronga et al. (2010) and Macdonald et 

al. (2012). Brotzu et al. (1980) divided the formation of the BBVC into three main phases, 1) pre-

caldera activity and formation of the main edifice from “old Gudda Volcano”, 2) caldera formation, 

3) post-caldera activity, which covers the eastern part of the caldera at the Gudda Volcano and 

formed the edifice of the Bericha Volcano. The pre-caldera stage in the Pleistocene includes basaltic 

lava flows, spatter and cinder cones as well as domes and composite cones, and ended with the 

emplacement of ash and pumice fall deposits. This post-dates the formation of the “Balchi- 

formation” (3.5–1.6 Ma) (Chernet et al., 1998; Kazmin et al., 1979; Morbidelli et al., 1975). “Old 

Gudda Volcano” is thought to have collapsed during caldera formation on an unknown timescale 

and post-caldera activity started with thick trachytic pantelleritic lava flows and intercalated 

pumiceous deposits some time during the Pleistocene–Holocene, on the eastern side of the BBVC. 

Bericha is thought to have formed at around the same time as Gudda and involved two central 

phases and lateral activity of alkali trachytic rhyolites and comendites (Brotzu et al., 1980). Activity 
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between both edifices is documented as fissure activity sourced from the rift axis and is believed to 

be younger than the nearby Gara Chisa cone (Morton et al., 1979). 

 

Figure 3-2 Oblique satellite view on the BBVC, looking south with 3× vertical exaggeration. Eruption 

phases are indicated and show the different morphologies as well as compositions (phase J: rhyolite, 

phase N: obsidian) and flow structures of individual lava flows. Fissures and fractures are along and 

parallel to the rift axis (red) (Satellite image from Google Earth).  

Extension measured by GPS across the Boset-Kone segment (1992– 2003), combined with the 

occurrence of an Mw 5.2 earthquake near the BBVC in 1993 is best explained by dyke intrusion and 

induced faulting (Bendick et al., 2006). Ongoing seismicity in the EAR is mostly localised in the rift 

axis above 15 km depth. At the BBVC, however, seismicity is shallower than 8 km (Mazzarini et al., 

2013) suggesting heat flow is higher than at other volcanoes in the rift (Beutel et al., 2010). Gravity 

evidence for a 5 km wide body between 2 and 7.5 km depth directly beneath the BBVC and above 

the north-western edge of a gabbroic intrusion is interpreted as a distribution of dykes feeding the 

BBVC from a ca. 8 km deep intrusion (Cornwell et al., 2006; Mickus et al., 2007). At 20 km below 

the surface, high conductivities observed by magnetotellurics suggest a deep zone of partial melt 

(Whaler and Hautot, 2006). Further, the occurrence of a caldera and another shallow conductivity 

zone (Whaler and Hautot, 2006) suggest a shallow magma storage reservoir (e.g., Ronga et al., 

2010). These observations, combined with fumarolic activity and fresh appearance of lava flows 

suggest the BBVC is active.  



Chapter 3  

69 

3.3 Methodology 

3.3.1 Field work 

Mapping and sampling of the BBVC were undertaken in 2012 and 2015. Field work concentrated 

on mapping lava flows, ground-truthing remote sensing data (identification of boundaries and 

sources of different lava flow phases), and mapping of fumarolic activity and fault networks (Figs. 

3-3, 3-4). Rock specimens (locations are shown in Fig. 3-4) were collected for geochemical and 

textural analysis as well as radiometric dating using the 40Ar/39Ar technique. 

3.3.2 Remote sensing data 

Volcano-tectonic mapping at the BBVC integrated observations from remote sensing, in particular, 

LiDAR elevation data, with field observations. High-resolution LiDAR data were collected during a 

NERC ARSF LiDAR survey over BBVC in November 2012 and have 2 m horizontal and 0.2 m vertical 

resolution. The LiDAR data (Figs. 3-3, 3-4) cover the central rift from the edge of the southernmost 

lava flow of Gudda up to the northern fissure eruption north of Bericha and are recorded within 

two stripes (30 km long, 5.8 km and 0.75 km width) parallel to the rift axis and one stripe (26.5 km 

long, 0.75 km width) across the remnant caldera wall of Gudda Volcano. Accuracy of LiDAR data 

was verified and corrected with GPS stations for ground control points by the Airborne Research 

and Survey Facility. LiDAR data were combined with more regional Aster data (Fig. 3-4), to cover 

the whole volcanic complex. In addition to the digital elevation data, satellite images and Landsat 

data (multispectral, panchromatic and pansharpened with different resolution and colour bands) 

were used to identify lava flows, lithology and degree of vegetation. 

3.3.3 Remote sensing methodology – mapping  

We mapped different phases of the BBVC as well as individual lava flows, cones and craters, 

fractures and fissures, topographic features and infrastructure around the BBVC. Geographic 

Information System (GIS) (UTM, WGS 1984 Zone 37 N) morphometric functions were applied to the 

LiDAR and Aster data, including Slope, Aspect, Curvature and Hillshade for identification of lava flow 

edges cross-cutting relationships between volcanic and tectonic features (Figs. 3-3, 3-4). 
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Figure 3-3 GIS morphometric tools hillshade, slope and aspect analyses (left to right) were used to 

map lava flows, cones, craters and tectonic features. The azimuth angle and altitude angle of the 

light source is 315° and 45°, respectively, in the hillshade analysis. The location of the box is shown 

in Figs. 3-4 and 3-5.  

3.3.4 Morphometric analyses  

Morphometric analysis of lava flows enables an understanding of eruption activity, type and 

volume. This study utilised LiDAR and Aster remote sensing data to obtain length, thickness, area 

and volume for each eruptive phase. The length was measured by tracing the flow path from the 

source to the end of the flow (error ± 50–100 m). The thickness T is determined by measuring the 

difference in elevation of the lava flow edge and ground elevation. The volume of the eruption 

phases and the edifices of the BBVC were estimated by using a Generic Mapping Tools (GMT) 

volume calculation tool developed by Lara Kalkins described in Nomikou et al. (2014). This script 

calculates the difference between the surface morphology and an artificial smoothed surface for 

each exposed eruption phase polygon. For all individual lava flows and in particular for 

subhorizontal eruption phases volumes are estimated by the product of area and thickness 

assuming that thickness at the edge of the lava flow is representative of the entire lava flow. 

3.3.5 Geochemical analyses 

Petrographic observation and analyses of feldspar were performed with a polarising microscope 

and a Leo 1450VP scanning electron microscope (SEM) with an Oxford Instruments EDS detector at 

the University of Southampton. For whole rock analyses, 41 selected rock samples were crushed, 

soaked in water for 3–6 h and dried in 60 °C for 12 h. The samples were ground in agate to avoid 

contamination. For each sample, the Loss on Ignition (LOI) has been determined by weighing before 

and after 100 °C and 750 °C (felsic rocks) or 1000 °C (mafic rocks). Glass discs for analysing major 
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elements were prepared with lithium tetraborate grains on the propane-oxygen gas Vulcan Fusion 

instrument. Whole rock analyses were undertaken with the Philips MagiX Pro Xray fluorescence 

spectrometer at the University of Southampton. Analytical precision and accuracy were monitored 

by standards. 

3.3.6 Geochronology 

An absolute timescale for the eruption history of the BBVC is provided by 40Ar/39Ar dating of 16 

feldspar and groundmass separates of lava flows (Figs. 3-4 to 3-7, Table 3-1, section 2.4.3.1, 

Appendix A.1, A.2). Samples for 40Ar/39Ar dating were selected to achieve a representative 

geographic and compositional distribution (Fig. 3-4). Groundmass samples were screened for 

potassium content and degree of alteration. Feldspar separates were selected based on potassium 

content, low or negligible degree of alteration, crystal morphology (tendency towards euhedral 

shapes) and lack of inclusions. Sample preparation took place at the NERC Argon Isotope Facility 

(AIF) hosted by the Scottish Universities Environmental Research Centre (SUERC) in East Kilbride. 

Samples were pulverized in a jaw crusher, sieved and washed to obtain a 250–500 μm fraction and 

leached in 25% HNO3 to remove altered phases. Feldspars were separated using magnetic Frantz 

machine and leached ultrasonically with 5% HF for 3–5 min (some required several runs) to remove 

adhering glass and groundmass, followed by repeated rinsing in distilled water and drying at a 

temperature of ~100 °C. Hand picking under a binocular microscope provided 1g of clean and 

inclusion-free feldspar and groundmass separates for each sample. 

3.4 Results 

3.4.1 Geological map of the BBVC – relative and absolute chronology of lava flows 

Based on the integration of high-resolution DEM (LiDAR and Aster), satellite, aerial and Landsat 

images, field observations and geochemical data, the BBVC can be divided into four main eruptive 

stages: (1) rift floor basalts, (2) formation of Gudda Volcano in two main cycles (“old” Gudda and 

Gudda), between which caldera formation occurred, (3) the formation of Bericha Volcano, and, (4) 

sporadic fissure eruptions recurring between those stages. Stages (1) and (4), described together 

as rift floor activity, are most likely formed by fissure eruption, and are difficult to differentiate as 

individual eruption events. 
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Figure 3-4 Map of the BBVC. Different colours denote eruption phases from old to young (blue to 

red, as in Fig. 7) showing the temporal and spatial evolution of lava flow emplacement. Aerial LiDAR 

data were collected within three main strips over the volcanic edifice and indicate topography and 

morphology of lava flows and tectonic structures. Most recent activity is indicated by fumaroles 

along the main fissure system and the youngest eruption phases (N, P and O, red). The orientation 

of faults and alignment direction of crater and cones are shown in a length weighted rose diagram 

and are consistent with the orientations measured from a more regional perspective by Muirhead 

et al. (2015). Composition of samples subject to bulk rock analysis is shown using symbols. Contour 

lines are in intervals of 20 m. Detailed maps of Bericha and Gudda are shown in Figs. 3-5 and 3-6.  
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These four broad stages are further differentiated into 16 eruption phases (A to P) (Figs. 3-4 to 3-6, 

3-8, 3-9), defined as several discrete eruptions of the same style that are spatially and temporally 

clustered. In total, ~ 128 discrete lava flows (excluding rift floor) were identified and assigned to an 

individual eruption phase based on a combination of eruption type, composition, morphology, 

morphometry and degree of vegetation and weathering. A relative chronology of the eruption 

phases was determined primarily by cross-cutting relationships, in addition to the above criteria. 

The relative chronology was combined with an absolute chronological framework provided by 

40Ar/39Ar dating (Table 3-1, Fig. 3-7). We expect phases with many lava flows to have a greater age 

range. The synthesis of the eruption history of the BBVC is described in the following section based 

on the four main eruption stages, starting with the earliest. 

3.4.1.1 Rift floor and fissure eruptions 

Fissure eruptions occur episodically before and between the main eruptions of Gudda and Bericha, 

showing evidence for reactivation on several occasions, and are likely the source of the rift floor 

basalt (phase A1 and A2), underlying the main BBVC. Fissures are characterized by tectonic fractures 

and chains of cones, craters and domes (phase A0, C and H), dominantly situated along the Boset-

Kone segment (Fig. 3-4). Fissure lava flows with distinct sources are north and northeast of Bericha 

(phases F, C and I), whereas phases G and P are located between the Gudda and Bericha edifices 

(Figs. 3-4, 3-5, 3-8, 3-9). 

3.4.1.1.1 Rift floor basalts (phase A1, A2 ~300 ka, D 104 ± 17 ka to 29.0 ± 8.1 ka). 

The oldest rocks exposed, phase A, occur as rift basalts, pre-date the main BBVC edifice and are 

exposed north (A1) and south (A2) of the BBVC (Figs. 3-4, 3-7 to 3-9), with the southern basalt 

belonging to the Bofa Basalt Formation (Brotzu et al., 1980; Chernet et al., 1998; Kazmin et al., 

1979). Mapping of these rift floor basalts is challenging due to Quaternary cover, but the total 

thickness of both phases is estimated to be ~ 10 ± 5 m. The exposed northern part (phase A1~228 

km2) is assumed to be sourced from fissures of the Kone segment and is buried by flows of the Boset 

segment north of the BBVC, whereas a potential source for the mapped Bofa basalt (phase A2 ~ 98 

km2) is a covered fissure beneath or south of the BBVC. The Bofa Basalt is elevated ~ 100 m above 

the northern basalt, which can only be partly explained by the topographic trend of decreasing 

elevation towards Afar (Fig. 3-1). Lava flows from Gudda Volcano clearly post-date these rift floor 

basalts, most immediately by phase B (Fig. 3-4). After volcanism associated with Gudda had started, 

a further phase of rift floor basalt volcanism occurred (phase D ~ 153 km2) to the north-east and 

south-west, likely sourced by reactivation of the Kone segment and Sodore lavas, respectively. The 

age range of phase D can be constrained by cross-cutting relations and morphology to 104 ± 17 ka 

to 29.0 ± 8.1 ka (Figs. 3-4, 3-8, 3-9). 
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Figure 3-5 Map of Bericha Volcano and fissure eruption between both volcanic centres of the BBVC 

with detailed lava flow chronology within eruptive phases. Colours and symbols are the same as on 

the map of the whole edifice of the BBVC (Fig. 3-4). 40Ar/39Ar ages in ka indicated with the white 

square and relative phase indicated by a letter. Contour lines are in intervals of 20 m.  

3.4.1.1.2 Cones, domes and craters on the BBVC segment (phase A0, C 104 ± 17 ka, H 12 ± 18 

ka) 

Cones and craters are aligned along fissures on the BBVC and Kone segment north of the BBVC 

edifice, whereas southwest of the BBVC, there is less clear alignment along the tectonic fabric (Figs. 

3-3, 3-4, 3-8, 3-9). Based on 40Ar/39Ar dating, at least two different phases, C (~45 km2; 104 ± 17 ka, 

possible source for the basaltic lava flows C01–C03 (Fig. 3-5)) and H (~2.3 km2; 12 ± 18 ka) along the 

cone chain on the BBVC segment north of the BBVC, can be identified, and suggest reactivation of 

this fissure on several occasions. Dome structures (phase A0, ~10 km2), mapped on the northern 

BBVC segment and west of Bericha edifice, likely pre-date the basaltic rift floor. Morphology of 

cones, sources and topographic steps of the northeastern slope of Bericha Volcano and on Gudda 
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(phase O, K, L) suggest a continuation of the cone chain of the BBVC segment below and near the 

summit of the BBVC (Figs. 3-4, 3-5, 3-8, 3-9). 

3.4.1.1.3 Phase F (30 ± 39 ka) 

Fissure eruptions of phase F (36 km2; at least six lava flows; flow F01 30 ± 39 ka) took place parallel 

to, but offset from, the main rift axis, and are most likely sourced from several truncated NNE-SSW 

fissures north of the BBVC or from the axial fissure pre-dating Bericha (Figs. 3-4, 3-7, 3-8, 3-9). This 

phase formed between the rift floor basalts (phase A, D) and Bericha (phase J). The eastern lava 

flows (F06–F07) pre-date phase M (Fig. 3-5). The dated flow is partly covered by the oldest lavas of 

phase G. 

3.4.1.1.4 Phase I (> 14 ± 3.8 ka) 

Phase I (4 km2; five lava flows (I00–I04)) occurs to the north-east of Bericha (Figs. 3-4, 3-5, 3-8, 3-

9), covering the rift axis (I00, I01, I04), as well as flowing towards the west (I03) and northeast (I02) 

from the fissure. These lava flows post-date the basalts and cinder cones of rift floor activity 

belonging to phase C (104 ± 17 ka) and pre-date phase J and phase N of Bericha Volcano. Thus, their 

age can be constrained to be between 104 ± 17 ka and 14 ± 3.8 ka. 

3.4.1.1.5 Phase G (29 ± 8.1 ka) and P (13 ± 8.3 ka west, 4.2 ± 3.2 ka east)  

The largest exposed fissure eruptions occurred along the central NE-SW trending rift axis between 

Bericha and Gudda (Figs. 3-4, 3-5,  3-8,  3-9). This part of the rift axis was tectonically and magmatically 

reactivated on at least two occasions (phase G, P). The lavas flowed towards the southeast and 

northwest. During phase G (28 km2; 3 mafic lava flows; flow G01 29±8.1 ka) the oldest flow (G01) 

moved towards the southeast and was followed by alternating flows towards both sides of the 

fissure. Cross-cutting relations indicate that both phases (G and P) post-date phase B and E on the 

eastern side and phase F phase on the western side. The older flows in phase G on both sides of the 

fissure (G00– G02) (Figs. 3-4, 3-5) appear to pre-date the first Bericha phase (J). In the last eruptive 

phase P (9 km2; 2 lava flows; flow P02 west 13 ± 8.3 ka and flow P01 east 4.2 ± 3.2 ka) fissure lavas 

post-date Bericha's eruptive phases J and M and have a characteristically dark (fresh) appearance in 

satellite images. Different compositions of lavas in phase P indicate individual eruptions even if absolute 

ages are within error. 
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Figure 3-6 Map of lava flows of post-caldera phases at Gudda Volcano with detailed lava flow 

chronology within eruptive phases. Colours and symbols are the same as on the map of the whole 

edifice of the BBVC (Fig. 3-4). 40Ar/39Ar ages in ka indicated with the white square and relative phase 

indicated by a letter. Contour lines are in intervals of 20 m. Samples shown on the right-hand edge 

of the map were taken at the edge of the lava flow (off the map) in which the symbol is shown.  

3.4.1.2 Gudda Volcano 

Lava flows can be subdivided into at least five different eruptive phases (B, E, K, L, O).  Multiple 

eruption centres, including cones, craters, fissures and a remnant caldera are aligned along the main 

rift segment at the summit of Gudda (Figs. 3-3, 3-4). Based on distribution, flow direction and cross-

cutting relations of lava flows, Gudda can be divided into pre-caldera activity on the western side 

(phase B) and post-caldera activity on the southern, central and eastern sides (phase E, K, L, O). 

3.4.1.2.1 Phase B (119.8 ± 6.1 ka) 

Phase B (~71 km2; at least 6 lava and pumice – lapilli deposits; B06 - 119.8 ± 6.1 ka) is mainly exposed 

on the western side of Gudda and represents a part of “old” Gudda edifice. It either pre-dates or 
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formed during the youngest caldera-forming event, and constituent deposits appear to have been 

truncated by the remnant caldera rim to the west (Figs. 3-4, 3-6 to 3-9). Based on the flow direction 

of the post-caldera lava flows (phase K, O), the eastern part of the caldera rim is assumed to be on 

the central rift axis of Gudda Volcano, or slightly west of it, covered by phases K and O. This unit is 

strongly affected by erosion and reworking. Our analysis suggests that the original caldera diameter 

is ca. 4 km (Figs. 3-4, 3-8). 

3.4.1.2.2 Phase E (119.8 ± 6.1 and 29.0 ± 8.1 ka) 

Phase E (~43 km2) contains 9 thick lavas that flowed from the central rift segment on Gudda towards 

the east (Figs. 3-4, 3-6, 3-9). A possible extension of this unit could underlie lava flows of Bericha. 

The eruption age range is constrained to be between 119.8 ± 6.1 and 29.0 ± 8.1 ka, as it post-dates 

phase B and pre-dates a fissure eruption NE of it and lava flows of phases G, J and P. 

3.4.1.2.3 Phase K (6.4 ± 5.3 ka)  

Phase K (55 km2; 28 lava flows; flow Ks10 6.4 ± 5.3 ka) represents post-caldera activity and is mainly 

exposed on the southern side (Ks) and central part of Gudda Volcano (Kc) with lava flows sourced 

from multiple cones and craters along the rift axis (Figs. 3-4, 3-6 to 3-9). The central part pre-dates 

the fissure eruption of phase O and post-dates phase B, as it flowed from the rift axis down into the 

caldera and covers the eastern caldera rim and floor. Based on cross-cutting relations, the southern 

part of phase K post-dates (6.4 ± 5.3 ka) phase B and pre-dates lava flows of phase L and O. Lava 

flows of the central part of this phase (~ 13 km2,8 lava flows Kc1-Kc9) are significantly affected by 

erosion compared to the southern part (Ks) and lava flows of phase E. The southern part of phase 

K (~42 km2, at least 21 different lava flows) has multiple sources along the main fracture system on 

the southern edifice slope. 
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Figure 3-7 Representative 40Ar/39Ar step-heating spectra plateau and isochron ages are shown for 4 

samples from “old” Gudda, Gudda, Bericha Volcano and the fissure between both edifices as an 

example of high-quality results. Error increase with decreasing age is due to the lower resolution for 

younger samples as well as the lower potassium content in mafic lavas, but all analysed samples 

give a representative age for their eruption phases. Further plateau age plots are in Appendix A.1. 
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Table 3-1 40Ar/39Ar analyses of 16 lava flows of the BBVC 

Run C*: composite of 2-3 runs, data for individual runs are listed in complete table in Appendix E.1. Atmospheric argon ratios (40Ar/36Ar)atm  = 298.56 ± 0.31, (40Ar/38Ar)atm = 1583.5 ± 2.5 Minor irradiation 

parameters (38Ar/37Ar)Ca = 0.0000196 ± 8.16e-7, (38Ar/39Ar)K = 0.01220 ± 0.000027, P(36Cl/38Cl) = 262.9 ± 1.1. Decay constants  40K epsilon = 5.757e-11 ± 1.60e-13,  40K Beta = 4.955e-10 ± 1.34e-12,  37Ar = 

0.01983 ± 0.00005,  39Ar = 7.068e-6 ± 7.88e-8,  36Cl = 6.308e-9 ± 0   

        Plateau Age  Isochron age 

ID rock, phase m run 
age 
(ka) 

±2 
w/J 

MSWD p steps n /n-ntot Ca/K ± 2 
%39Ar 
release 

age 
(ka) 

±2 
w/J 

n MSWD p 40Ar/36Ar(i) ±2 

Riftfloor / Fissure                     

96 basalt, C FS 1 94.0 23.0 1.5 0.19 G-K 5 / 11 6.9 1.0 81.9 86.9 59.5 5 2.0 0.11 299.5 8.3 
  FS 2 103.0 36.0 0.8 0.57 h-n 7/10 12.0 7.2 96.6 115.1 49.3 7 0.8 0.54 297.6 2.0 
  FS 3 126.0 33.0 0.7 0.75 d-n 11/16 7.6 1.3 93.1 117.8 44.0 11 0.7 0.70 299.6 4.1 
  FS c 104.0 17.0 0.9 0.56 d-n 23/23 10.3 2.4 100.0 107.2 22.1 23 1.0 0.51 298.2 1.8 
WE2 basalt, F GM 1 40.0 65.0 2.0 0.03 D-N 11/13 36 28 98.9 43.1 41.6 11 2.2 0.02 298.3 3.5 
  GM 2 22.0 19.0 1.6 0.09 a-l 12/13 49 18 99.5 43.7 48.4 12 1.7 0.08 296.4 4.5 
  GM c 30.0 39.0 1.8 0.01 a-N 23/23 37 18 100.0 39.2 33.9 23 1.8 0.01 297.7 2.8 
88 trachy  GM 1 32.0 12.0 1.9 0.07 F-M 8/12 7.2 5.7 94.1 32.1 26.7 8 2.2 0.04 298.5 2.4 
 andesite, G GM 2 27.0 11.0 1.1 0.33 D-K 8/10 1.8 0.1 88.5 37.2 38.1 8 1.3 0.27 297.4 4.3 
  GM c 29.0 8.1 1.4 0.12 F-K 16/16 6.6 3.4 100.0 31.1 17.8 16 1.5 0.09 298.3 1.7 
5B basalt, H GM 1 13.0 27.0 1.0 0.40 F-M 8/12 18.4 19.3 97.0 15.5 48.9 8 1.2 0.30 298.4 2.4 
  GM 2 11.0 24.0 1.0 0.44 D-J 7/11 4.7 0.6 80.3 58.2 87.6 7 0.9 0.49 295.2 5.7 
  GM c 12.0 18.0 0.9 0.51 D-M 15/15 15.3 10.0 100.0 20.6 43.3 15 1.0 0.46 298.0 2.4 
184 trachy basalt, P FS 1 4.2 3.2 1.2 0.31 H-N 7/9 0.316 0.031 98.7 5.2 12.9 7 1.4 0.22 297.2 17.6 
116 basalt, P GM 1 16.0 25.0 1.5 0.12 C-N 12/12 9.1 3.5 100.0 34.0 41.4 12 1.5 0.12 297.7 1.6 
  GM 2 25.0 16.0 1.1 0.36 D-N 11/12 8.9 4.2 99.9 13.6 32.0 11 1.2 0.32 299.6 2.7 
  GM 3 7.0 10.0 1.1 0.34 b-l 11/12 10.4 3.6 97.9 0.2 16.8 11 1.1 0.33 299.1 1.0 
    GM c 13.0 8.3 1.3 0.12 b-M 34/34 9.0 2.0 100.0 10.4 13.4 34 1.3 0.11 298.7 0.7 

Gudda                     

85 trachyte, B FS 1 119.8 6.1 1.6 0.13 G-N 8/14 0.010 0.018 99.1 123.5 6.3 8 1.5 0.16 289.8 11.1 
90 trachyte, K GM 1 9.0 4.5 1.1 0.39 c-m 11/12 0.32 0.03 98.3 15.7 8.1 11 0.7 0.72 296.2 2.2 
  FS 2 8.8 5.2 1.2 0.32 h-n 7/12 0.48 2.05 83.7 7.6 12.3 7 1.4 0.23 300.5 15.6 
  GM, FS c 8.9 3.4 1.0 0.41 c-n 18/18 0.32 0.09 100.0 11.8 4.3 18 0.9 0.54 297.1 1.9 
93 trachyte, L FS 1 6.4 5.3 1.1 0.34 F-N 9/11 0.266 0.020 99.6 11.6 15.2 9 1.2 0.29 289.2 26.8 
182 obsidian, O FS 1 3.3 2.4 0.9 0.51 E-M 9/10 0.035 0.054 93.4 2.7 5.3 9 1.0 0.41 301.2 23.7 

Bericha                     

109 rhyolite, J FS 1 14.0 3.8 1.1 0.37 F-N 9/9 0.074 0.004 100.0 13.7 7.5 9 1.2 0.28 299.1 8.7 
68 obsidian, M FS 1 3.8 4.7 0.9 0.55 E-N 10/0 0.103 0.001 100.0 5.6 12.5 10 1.0 0.46 297.5 7.3 
66 obsidian, M FS 1 1.2 3.4 1.0 0.47 F-N 9/9 0.066 0.001 100.0 4.5 10.1 9 1.0 0.43 295.3 9.0 
80 rhyolite, M FS 1 4.5 4.1 1.4 0.18 E-N 10/10 0.197 0.006 100.0 0.6 6.9 10 1.4 0.18 303.6 7.5 
110 obsidian, N FS 1 4.9 4.0 1.5 0.15 F-N 9/9 0.102 0.005 100.0 -1.6 11.9 9 1.5 0.15 313.0 24.8 
64 obsidian, N FS 1 14.0 4.2 0.9 0.50 I-N 6/9 0.079 0.001 93.1 18.9 8.1 6 0.7 0.56 290.4 12.2 
  FS 2 12.3 5.3 1.1 0.34 F-N 8/8 0.112 0.014 100.0 6.5 11.6 8 0.9 0.47 313.7 21.6 
    FS c 13.3 3.3 1.0 0.49 I-N 14/14 0.101 0.012 100.0 13.0 6.0 14 1.0 0.41 299.1 10.7 
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Figure 3-8 Chronology of eruption phases at the BBVC based on relative cross-cutting relations of 

lava flows and absolute 40Ar/39Ar ages measured within this study. Phase A is divided into A0 for 

rhyolitic domes, A1 for the northern rift floor basalt and A2 for the southern rift floor basalt, based 

on existing K/Ar ages (Chernet et al., 1998). Age ranges for phase D, E, I are constrained by relative 

chronology.  
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3.4.1.2.4 Phase L (8.9 ± 3.4 ka) 

Phase L (33 km2, 12 flows, L00–L13; flow L08 8.9 ± 3.4 ka) consists of a radial chain of ten exposed 

craters and cones on the south-eastern slope of Gudda (Figs. 3-4, 3-6 to 3-9). Three lava flows within 

this phase (L04, L11, L13) are sourced by the main rift segment on top of Gudda. The lava flows of 

this phase cover and obscure the lava flows of phase K and A2 in the south-eastern part, as well as 

phase E in the eastern part. Compared to the dated lava flow of phase K, the lava of phase L is within 

the error of the absolute age but is clearly younger based on the relative chronology of eruption. 

These observations suggest that phase K (southern part) and L erupted temporally relatively close 

to each other and the possibility of broadly coeval activity cannot be excluded. 

3.4.1.2.5 Phase O (3.3 ± 2.4 ka) 

The third and youngest phase of Gudda (~4 km2, flow O12 3.3 ± 2.4 ka) was erupted from craters 

and pumice cones along the rift axis on the central edifice of Gudda, closer to the fissure lava flows 

of phases G and P (Figs. 3-3 to 3-6, 3-8, 3-9). The flows constitute obsidian lava and are relatively 

small in comparison to other obsidian flows from the BBVC. Some of them infill the crater, while 

others flow down the crater walls. These flows post-date phase K. The relation between this unit 

and the fissure lava of phase P is unclear as although juxtaposed they do not crosscut. Absolute 

dating shows similar ages to phase P and N. It is possible that obsidian lava flows on the summit of 

Gudda's rift axis, mapped here as phase K, may represent an earlier flow of phase O. 

3.4.1.3 Bericha Volcano 

Bericha is composed of at least 21 lava flows, that erupted during three main exposed phases (J, M, 

N) (Figs. 3-4, 3-5, 3-7 to 3-9). In comparison to Gudda, Bericha's lava flows are distributed radially 

from one main crater source on the top of the edifice and only a few side vents on the northern 

and north-eastern slope. Relative chronology is determined by cross-cutting relations of Bericha's 

lava flows with other eruptive phases on the south-eastern and south-western slope of the Bericha 

edifice. 

3.4.1.3.1 Phase J (14.0 ± 3.8 ka) 

Bericha's first eruption phase J (~19 km2; five thick rhyolitic lava flows; flow J04 14.0 ± 3.8 ka) 

occurred on the western (flows J00–J02) and eastern slopes (flows J03, J04) of Bericha. Phase J post-

dates phase B and G, based on cross-cutting relations on the western side of the edifice; phases E 

and G based on cross-cutting relations on the eastern side of the edifice; and phases C, F and I based 

on cross-cutting relations on the northern side of the Bericha edifice. The upper relative age limit 

can only be determined by cross-cutting relations with younger phases at Bericha (phases M & N). 
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Thus, the age of phase J can be constrained to 29.0 ± 8.1 < phase J  < 4.5 ± 4.1 ka, which is consistent 

with the 40Ar/39Ar age determination of flow J04 (Figs. 3-4, 3-5, 3-7 to 3-9). 

3.4.1.3.2 Phase M 

The second eruption phase M (8 km2; 13 lava flows; flow M03 1.2 ± 3.4 ka, flow M08 3.8 ± 4.7 ka, 

flow M10 4.5 ± 4.1 ka) in the northern and southern part of Bericha was most likely sourced from 

different parts of the fissure on the rift axis running through the middle of Bericha (Figs. 3-4, 3-5, 3-

8, 3-9). Cross-cutting relations demonstrate that the northern part clearly post-dates phase J and 

pre-dates phase N. The southern part may have erupted either during or after phase J, due to similar 

morphology and composition of at least two flows, or are broadly coeval to the northern part on 

the basis of similar absolute ages. 

 

Figure 3-9 Schematic diagram of magmatic activity at the BBVC classified into activity at fissures, 

Bericha Volcano, Gudda Volcano and on the rift floor. Error bars for absolute 40Ar/39Ar dating (solid) 

and constrained ages (dotted) are shown. Colours represent age likelihood based on absolute and 

relative chronology, with stronger colour indicating the most likely age range. Letters refer to 

eruption phases shown in Fig. 3-8.  

3.4.1.3.3 Phase N 

Lava flows of the third eruptive phase N (~12 km2; four lava flows; flow N02 4.9 ± 4.0 ka; flow N04 

13.3 ± 3.3 ka) of Bericha overlay phase M and J, mainly in the north-eastern part of Bericha (Figs. 3-

4, 3-5, 3-8, 3-9). The youngest lava flows (N03-N04) are sourced from the main crater, whereas lava 

flows N01 and N02 are sourced from side vents, aligned NE-SW and younging from lava flows of 

phase I towards the centre of Bericha. The youngest lava flow of Bericha (N04), determined by 

relative chronology and clear flow structures, flowed from the centre to north-north-east on top of 

lava flows (M03, M04, M07) of phase M. 
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3.4.2 Geochemistry of lava flows 

3.4.2.1 Major element chemistry 

Overall major element variation of the study area follows a basalt-trachyte-rhyolite pathway in 

terms of SiO2 versus total alkali content (Le Bas et al., 1986) (Fig. 3-10). Specifically the BBVC has a 

bimodal composition ranging from basalt (rift floor basalts and scoria cones, phases A, C, D) to 

trachyte (Gudda phases E, K, L) and rhyolite (Gudda phase O; Bericha phases J, M, N) (Fig. 3-10, 

Table 3-2). Intermediate rocks are found in the associated fissure vents (phases F, G, I, P). The fissure 

north-east of Bericha (phase I) (Fig. 3-4) is most evolved with a trachyte composition (62.2 < SiO2 > 

64.4 wt%), and the fissure eruptions (phase F) are trachy-basaltic to basaltic trachy-andesitic (49.8 

< SiO2 > 55.9 wt%). The fissure between Gudda and Bericha is most variable with a trachy-basaltic 

composition (phase P, west), basaltic trachy-andesite flow (phase G), and in places trachyte (phase 

P, east) (49.4 < SiO2 > 63.7 wt%). Lavas from Gudda and Bericha are all peralkaline, defined by a 

molecular excess of Na2O and K2O over Al2O3 (i.e. peralkaline/ agpaitic index) of 1.0-1.8 for Gudda, 

1.0–1.1 for Bericha. Peralkaline lavas of Bericha are comendites (3.8-4.8 wt% FeOtot, 13.2-15.5 wt% 

Al2O3), whereas Gudda's lavas have higher FeOtot (7.3-10.5 wt%), Na2O, MnO and TiO2 and lower 

Al2O3 (8.8-13.6 wt%) and K2O, and are pantellerites (Fig. 3-11). Typical compositions and a 

petrological summary of the BBVC lavas are shown in Table 3-2 and Table 4-1. 

Table 3-2 Average whole rock compositions (wt%) and phenocryst assemblage (%) as examples for 

the main compositions.  

 Rift floor Fissure Gudda Bericha 

 

basalt      
(n=8) 

interm. 
(n=9) 

trachyte 
(n=7) 

rhyolite   
(n=3) 

rhyolite 
(n=12) 

SiO2 47.23 56.83 66.37 70.62 69.94 

TiO2 2.35 1.99 0.58 0.31 0.37 

Al2O3 16.47 14.99 11.74 8.78 13.66 

Fe2O3 12.35 9.74 8.71 8.37 4.25 

MnO 0.18 0.24 0.35 0.30 0.18 

MgO 6.23 2.42 0.07 -0.05 0.14 

CaO 10.83 4.91 1.11 0.35 0.68 

K2O 0.64 2.43 3.98 4.33 4.66 

Na2O 2.99 5.37 6.47 6.98 5.90 

P2O5 0.50 0.72 0.05 0.02 0.05 

fs 20-25 2-15 20-35 10-15 5-25 

ol 5-7 2-5 < 5  < 5 

cpx 5-10 2-10 2-5 < 5 < 5 

aenigm.   1-2 < 1  
arfveds.   2-7 < 5  
opaque < 5 < 5 1-2 1-2 < 5 

vesicles 5-30 15-20  5-40  
GM 40-60, 95  50-85 60-95 70-95 65-90 
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Figure 3-10 Alkali verses SiO2 diagram after Le Bas et al. (1986) shows a bimodal distribution from 

basalt towards trachyte (Gudda Volcano) and rhyolite (Bericha Volcano), which also includes one 

trachyte sample. Intermediate lavas are rare and mainly sourced by fissure eruption north and south 

of Bericha Volcano. Data from previous studies at the BBVC (grey diamonds) (Brotzu et al., 1974, 

1980, 1981; Ronga et al., 2010; Macdonald et al., 2012) are consistent with this study.  

 

Figure 3-11 Classification of peralkaline rocks after MacDonald (1974). Bericha has a comenditic 

composition and Gudda Volcano is mainly pantelleritic, whereas the samples of “old” Gudda 

Volcano has the highest FeO content. Symbols are explained in Fig. 3-10.  
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3.4.2.2 Whole rock chemistry over time 

The compositional trends over time indicate bimodal (mafic-felsic) activity at the BBVC from 300 ka 

to present day with an apparent long term (regular) recurrent activity of mafic-intermediate lavas 

and a clustered distribution of felsic activity around 120 ka and in the last 16 ka (Figs. 3-9, 3-12). 

Intermediate fissure eruptions occur as a transitional phase before and during Gudda's and 

Bericha's felsic episodes in the last ~30 ka. The transitional phase shows a general trend from mafic 

towards felsic with increasing SiO2 and alkali content and decreasing CaO and Fe2O3. Al2O3 shows a 

smooth decreasing trend over time. Lavas of Gudda differ most with lower Al2O3 and higher Fe2O3 

contents (Fig. 3-12). 

3.4.2.3 Feldspar analyses for 40Ar/39Ar dating 

Feldspars are represented as plagioclases from bytownite to oligoclase up to anorthoclases, 

depending on whole-rock compositions. Basaltic rock samples contain plagioclase feldspars with a 

bytownite composition and an andesine to labradorite composition. Rhyolites contain feldspars, 

mainly anorthoclase and, subordinately, sanidine phenocrysts with a composition of Ab70–79, An0–2 

and Or20–29. Some phenocrysts exhibit a transitional composition from orthoclase to anorthoclase. 

Anorthoclase or sanidine bearing samples were targeted for 40Ar/39Ar dating as these phases are 

especially amenable to high precision dating. In contrast, holocrystalline groundmass fragments 

were used for dating basaltic rocks as these tended to be more potassic than associated plagioclase 

phenocrysts. 

3.4.3 Morphometric analyses of lava flows 

Morphometric analysis of lava flows was undertaken to characterize the type, size, geometry and 

volume of individual lava flows (Table 3-3) and for parent eruptive phases (Table 3-4, Fig. 3-13). 

Morphometric properties of individual lavas are presented in Table 3-4, differentiated by the 

composition of mafic (phase A1, A2, C, D, H), intermediate (trachy-basalt to trachyte, phase F, G, I, 

P) and felsic (trachyte-rhyolite, phase B, E, J, O) lavas. Lava flow thickness increases with SiO2 and 

alkali content from ~ 2 m (46 wt% SiO2) to ~ 160 m (71 wt% SiO2) (Table 3-3). Both mafic and felsic 

flows are characterized by a'a lavas. Felsic lava flows thicken at the flow front, whereas mafic flows 

thin at the edges. The thickest lava flows are rhyolitic flows of Bericha (phase J, ~ 160 m) and “old” 

Gudda deposits (phase B, ~ 120 m). Gudda's obsidian lava flows represent the thinnest felsic lava 

flows (phase O, 5–13 m). Composition, viscosity and cooling rate control the length of lava flows 

(Table 3-3), however for the more felsic lava flows of the BBVC, the flow size, topography and flow 

dynamics become more important factors. Areas for each eruption phase range between 3 and 71 

km2 for lava flow phases and between 45 and 228 km2 for rift floor basaltic phases (Table 3-4). Fig. 
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3-13 illustrates a similar pattern of area and volume of each eruptive phase versus composition and 

time. The largest volume (3–5 km3) and area (71–228 km2) of eruptive phases are associated with 

the mafic northern rift floor basalts (phase A1, D), and the felsic exposed parts of “old” Gudda ~ 

120 ka (phase B) and represent multiple events. Bericha's three eruption phases (J, M, N) together 

have a similar volume (4–5% of total volume) as one phase of Gudda. The Bericha edifice represents 

~ 10% (volume and area) of the total BBVC edifice (Table 3-4). 

Table 3-3 Morphometric analyses of individual lava flows including thickness at the flow edge, 

length, area and volumes (based on estimated thickness and area measurements).  

 Thickness [m] Length [km] Area [km2] Volume [km3] 

SiO2 [wt.%] range average range average range average range average 

Mafic (45 – 49) 3 - 36 15.8 0.7 -6.9 2.81 0.26 - 225.64 6.74 0.003 - 4.357 0.57 
Intermediate (49 – 65) 3 - 48 20.1 0.3 - 13.3 3.93 0.05 - 20.24 3.84 0.001 - 0.322 0.08 
felsic Gudda (65 – 71) 4 - 120 48.30 0.2- 11.1 2.49 0.015 - 21.89 2.82 0.001 - 1.405 0.14 
felsic Bericha (69 – 71) 1.5 - 158 46.30 0.05 - 5.3 1.98 0.007 - 6.94 1.44 0.001 - 1.093 0.20 

 

Table 3-4 Morphometric analyses summed up for each eruption phases. *Ages for phase A are K-Ar 

ages measured by Chernet et al. (1998), all other are 40Ar/39Ar ages from this study. For quoted 

values in the text, we used preferentially eruption phase volumes calculated by GMT and volume 

estimation for sub-horizontal eruption phases.  

Phase age [ka] 

area 
[km2] 

volume [km3] 

exposed measured min max GMT  

A0 600* ± 20 9.67 0.695 0.427  0.777 0.588 

A1  -  228.26 4.384 1.825 5.485 - 

A2 300* ± 50 98.49 1.182 0.492 1.477 - 

B 119.8 ± 6.1 71.21 4.987 3.468 8.645 - 

C 104 ± 17 45.08 0.701 0.255 0.937 - 

D  -  153.82 2.669 0.938 3.449 - 

E  -  42.83 2.464 1.805 4.610 1.353 

F 30 ± 39 36.28 0.950 0.589 1.362 - 

G 29 ± 8.1 27.88 0.413 0.294 0.921 - 

H 12 ± 18 2.27 0.135 0.042 0.145 0.044 

I  -  3.91 0.136 0.113 0.248 0.103 

J 14 ± 3.8 18.56 2.601 1.781 3.160 0.647 

K 
central  

- 
 

12.84 0.931 0.752 1.075 1.520 

K south 6.4 ± 5.3 42.18 3.428 2.117 4.779 1.353 

L 8.9 ± 3.4 33.19 2.635 1.960 3.252 1.110 

M 4.5 ± 4.1 8.42 0.468 0.332 0.565 0.173 

N 3.8 ± 4.7 11.83 0.812 0.544 1.002 0.279 

O 3.3 ± 2.4 3.93 0.377 0.207 0.420 0.083 

P 4.2 ± 3.2 8.72 0.081 0.017 0.182 0.025 

Gudda    195.58 45.636    40.8 

Bericha    41.23 9.620    4.48 

BBVC    279.36 65.183    53.7 
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Figure 3-12 Compositional evolution of the BBVC lava flows over time show a bimodal distribution 

with recurrent mafic activity and clustered felsic activity. Note the scale used on the x-axis changes 

at 30 ka. Colours indicate sample location and are the same as in Fig. 3-10. Error bars indicate the 

errors of absolute ages (black line) and relative range of non-dated lavas (grey dashed line) for BBVC 

lavas of this study (circle) and age constraints from Chernet et al. (1998) (square) and Morton et al. 

(1979) (diamond).  
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Figure 3-13 Volume for each eruption phase (square) versus time with colour indicating composition 

(see Fig. 3-10). Rift floor basalts (phase A1, A2, D) and felsic activity at Gudda (phase B, E, K, L) are 

the most voluminous phases. Cumulative volumes (circle, grey shaded) show two main steps, coeval 

with felsic eruption episodes ~120 ka and since 16 ka. Note the change in time scale at 30 ka. Error 

bars indicated by only using relative chronology (dotted) and absolute 40Ar/39Ar ages (solid) of lava 

flows with the eruption phase.  

3.5 Discussion 

Our new absolute lava flow chronology, in conjunction with compositional and morphometric 

constraints, provides detailed new insights into the geological evolution of the BBVC, in particular, 

the episodic distribution of eruptive activity over the past ~ 120 ka. 

3.5.1 Compositional evolution 

Since 120 ka, magmatism at the BBVC has been bimodal with recurrent mafic lavas and clustered 

felsic lava episodes (at 120 ka, and since 16 ka). We observe a general trend from dominantly mafic 

eruptions along a fissure system with minor felsic activity (from 100 to 30 ka) to dominantly felsic 

activity at Gudda and Bericha with sporadic fissure eruptions of intermediate compositions (from 

30 ka to present) (Figs. 3-9, 3-12). This bimodal magmatism has been described in previous studies 

of the BBVC (Brotzu et al., 1981, 1980, 1974; Di Paola, 1972; Macdonald et al., 2012; Ronga et al., 

2010), as well as at other Ethiopian rift volcanoes such as Gedemsa (Peccerillo et al., 2003), Fantale 

(Gibson, 1974) and others (Trua et al., 1999). Felsic compositions at the BBVC can be further 

subdivided into dominantly pantelleritic trachytes for post-caldera lavas at Gudda (phase E, K, L) 

and dominantly comenditic rhyolite for Bericha (phase J, M, N). These distinct differences support 

the presence of independent felsic magma reservoirs beneath Gudda and Bericha. Geochemical 

differences could be explained by additional feldspar crystallisation (e.g., Brotzu et al., 1980), due 
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to low pressures in a shallow magma chamber, or by the presence of hydrous magmas at Gudda 

Volcano (e.g., Sisson and Grove, 1993; Blundy and Cashman, 2001). 

Large volume eruptive phases (N 1.0–0.5 km3) generally constitute thick felsic flows of Gudda 

(phase B, E, K, L) and Bericha (phase J), but also include early rift floor basalts (phase A2, D), which 

cover large areas (Figs. 3-4, 3-13) and likely represent multiple eruptive events. The lavas included 

in this study have a total volume equating to ~ 25–30% (Table 3-4, excluding rift floor basalts) of 

the entire BBVC edifice, indicating an extensive history of volcanism. Further, tephra layers around 

the BBVC, pumice cones (phase O) and the remnant caldera rim suggest that lava flow emplacement 

is associated with explosive eruptions. The prevalence of voluminous felsic lavas and absence of 

mafic lavas on Bericha and Gudda can be explained by the inability of mafic magmas to dynamically 

ascend through a relatively low-density felsic reservoir (i.e. a mafic ‘shadow zone’ (Walker, 1999)). 

A major finding of our study is that the BBVC fissure system has been episodically active, with 

considerable geochemical variation along the rift segment over time. The central fissure systems 

between both edifices (Figs. 3- 4, 3- 5) were reactivated on several occasions over the last 30 ka, 

with compositions changing from basaltic trachy-andesite (phase G) to trachy-basalt (phase P west) 

and trachyte (phase P east). The fissure system northeast of Bericha (Figs. 3-4, 3-5) changed in 

composition from basaltic (phase C, H) to trachytic (phase I) over the last ~ 104 ka. Further, fissure 

lavas belonging to phase I have a comenditic affinity, making these more likely to be a felsic outward 

fissure propagation from the Bericha plumbing system (Fig. 3-11). The composition of fissures north 

of Bericha (Fig. 3-4) varies from rhyolite (phase A0) to basalt (phase A1, C, H), trachy-basalt and 

trachy-andesite (phase F) with time (i.e. from 600 to 30 ka). A fissure eruption near the summit of 

Gudda changed composition from pantellerite trachyte to pantellerite rhyolite (phase O; Figs. 3-4, 

3-5) within the last 10 ka, with geochemical trends consistent with fractional crystallisation (Figs. 3-

10 to 3-12). On the whole, the observed spatio-temporal geochemical changes could be related to 

magmatic evolution, changing sources and/or growth of fracture systems tapping different magma 

storage levels or the upper mantle (Boccaletti et al., 1999). Further geochemical studies (this thesis) 

are ongoing to determine the contrasting pre-eruptive magmatic processes of Bericha and Gudda 

(chapter 4). 

3.5.2 Episodic activity at the BBVC 

The 40Ar/39Ar ages of lava flows reported in our study are generally consistent with the relative 

eruption chronology. In particular, absolute dated lava flows within the last felsic episode (since 16 

ka), are mainly within the error of each other (Fig. 3-9) and chronology is improved by observed 

field relationships. The only significant difference between our relative chronology and absolute 
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40Ar/39Ar ages are found in samples 116 (phase P) and sample 64 (phase N), where the absolute 

ages appear to be older than those interpreted from our relative chronology. The groundmass of 

sample 116 is dated in three runs (Table 3-1), but two of three runs are within error of the relative 

chronology. Although not apparent in the inverse isochron ages (Table 3-1; Appendix A.1; E.1), the 

third, older aliquot may be affected by subtle excess argon or xenocryst contamination. Feldspars 

in sample 64 show intergrowth textures and xenocrystic characteristics. We interpret the 

anomalously old apparent age for this sample as being affected by xenocrystic uptake immediately 

prior to eruption (Gardner et al., 2002; e.g., Singer et al., 1998). 

Dated felsic and mafic activity around the BBVC occurred in two main episodes around ~ 1.6–1.4 

Ma (Abebe et al., 2007; Chernet et al., 1998; Morbidelli et al., 1975) and <650 ka (Chernet et al., 

1998; Morton et al., 1979). Additional mafic phases were very active during ~ 440–300 ka (Chernet 

et al., 1998; Morton et al., 1979) and ~ 104 ka, and formed extensive underlying rift floor basalts as 

well as basaltic cones. Later fissure eruptions at the BBVC are mafic to intermediate and likely 

represent reactivation of fissure phases with a ~ 10 ka frequency, recurring at ~ 30 ka (phases F, G), 

~ 12 ka (phase H) and in the last ~ 6 ka (phase P) (Fig. 3-9). Further felsic activity at the BBVC 

occurred between the mafic episodes at ~ 840 ka, ~ 230–210 ka and between 160 ka (Morton et 

al., 1979) and ~ 119 ka (“old” Gudda). The last felsic episode is b 16 ka (14 ka, 8 ka, < 5 ka) (Fig. 3-

9), and represents large volume post-caldera activity at Gudda Volcano and formation of Bericha 

Volcano. The 3 main felsic episodes over the last 230 ka (~ 230 ka, ~ 119 ka, since ~ 16 ka) might 

suggest an overall frequency of around ~ 100 ka, similar to that reported for Aluto volcano 

(Hutchison et al., 2016b). The temporal distribution of mafic and felsic magmatism around the BBVC 

suggests that this part of the magmatic segment experienced regular and recent felsic activity. Over 

the last ~ 30 ka, mafic to intermediate fissure activity potentially stimulated reactivation of felsic 

activity (over the last ~ 16 ka), manifested as peralkaline lava flows and explosive eruptions at 

Gudda and Bericha (Fig. 3-9); additional work is required to test this hypothesis. The overall 

dominance of felsic volcanism in the BBVC is likely due to the relatively early stage of rifting 

(stretching factor < 2), insofar as relatively thick continental crust encourages melt storage and 

fractional crystallisation. This contrasts with the more developed Afar rift, where dominantly 

basaltic volcanism is observed (e.g., Barberi and Varet, 1970). 

An unexpected finding of this study is the young age of the latest large-volume felsic episode, since 

16 ka. This magmatic episode represents the climax of peralkaline lava flow eruption for rhyolitic 

lavas of Bericha (phase M and N) and trachytic post-caldera activity at Gudda (phase K south, L, O), 

as well as fissure eruption between both edifices (phase P). Our finding that the last felsic episode 

at Gudda and Bericha (Fig. 3-9) are broadly coeval corroborates previous field observation (Brotzu 

et al., 1980). Average ages for dated lavas seems to be slightly older for Gudda compared to Bericha 
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(Fig. 3-9, Table 3-1). The morphology and size of the edifice, as well as variation of eruption style 

and sources of Gudda and Bericha, support the interpretation that Gudda is generally older with a 

more mature magmatic plumbing system. Given their proximity, Gudda and Bericha may interact 

hydraulically, or through stress transfer (e.g., Biggs et al., 2016), but compositionally they develop 

independently. Our chronology suggests that the most recent eruption of the BBVC was either a 

rhyolitic eruption sourced from Bericha (phase N), a mafic-intermediate fissure eruption between 

Gudda and Bericha (phase P), or a rhyolitic eruption of Gudda (phase O); further detailed 

tephrochronology is necessary to establish the relationships between these phases. 

We now consider the recurrence rates of eruptions at Gudda and Bericha, focusing on well-exposed 

phases (Table 3-5). Stepwise mafic / intermediate dyke injection is associated with extension and 

magma assisted rifting within the MER, therefore the observed fissure eruptions at the BBVC are 

more frequent with an average eruption rate of <1/1000 years for the central fissure between 

Gudda and Bericha (phase G, P). Since major diking episodes typically open an entire rift segment, 

as observed for the Krafla (e.g., Buck et al., 2006), Dabbahu (Wright et al., 2006) and Bardabunga 

(Sigmundsson et al., 2015) episodes, our interpreted rate is likely an under-estimate for the whole 

segment. Uncertainties for mafic phases are higher due to difficulties in the differentiation of 

eruption events within mafic eruption phases (e.g. A, C, F and H). If we assume a dyke width of 0.5–

2 m, and the current extension rate for the MER of ~ 5 mm/yr (Bendick et al., 2006), we predict an 

average intrusion cycle of every 100 to 400 years for mafic dykes, equivalent to an average eruption 

rate of 2.5–10/1000 years. 

For felsic eruptions, taking the entire post-caldera eruptive cycle since ~ 100 ka for Gudda (phase B 

excluded) and Bericha, the recurrence rate is <1/1000 years, broadly similar to other rift zones 

(Rowland et al., 2010). The latest felsic episode since ~ 16 ka includes 3 eruption phases of Bericha, 

and 3–4 at Gudda with much higher eruption rates and almost an order of magnitude higher 

productivity for Gudda compared to Bericha (Table 3-5). This episode formed the main part of the 

present-day exposed volcanic complex (Fig. 3-4). However, we stress that uncertainties are larger 

for Gudda, due to fewer absolute ages. The young age of lavas, evidence for regular episodic activity 

(Fig. 3-9, Table 3-1), and current fumarolic activity along the fault system (Fig. 3-4) suggest that the 

BBVC is still potentially active. 

Table 3-5 Eruption rate and production per 1000 years based on felsic magmatism at the BBVC in 

the last 16 ka and mafic – intermediate activity only along the central fissure between both edifices 

in the last 30 ka, calculated by the number of flows/events and volume of phases.  

  
time 
[ka] 

flows/ 
events 

volume 
[km3] 

Erupt. rate  
[per 1 ka] 

Prod. rate 
[km3/1 ka] 

Bericha 16 21 1 1 - 2 0.063 
Gudda 16 50 9 2 - 5 0.563 
central fissure 30 4 0.5 < 1 0.017 
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3.5.3 Comparison of timing of volcanic activity in the MER 

1.6–0.1 Ma: A comparison between absolute ages of volcanic deposits at the BBVC and other 

central volcanoes in the MER shows that there is at least one large episode around 1.6 Ma and a 

further five episodes in the last 1 Ma, where activity of individual volcanoes of different rift 

segments was temporally clustered (Fig. 3-14). The oldest dated age at the BBVC edifice of around 

1.6 ± 0.3 Ma (K/Ar) (Morbidelli et al., 1975) for ignimbrites southeast of the volcanic edifice and for 

volcanics of old Gudda (location unclear) suggest activity broadly coincident with many other silicic 

centres in the northern central MER (Abebe et al., 2007; Morton et al., 1979) (Fig. 3-14). Basaltic 

activity of the rift floor southwest of the BBVC (i.e. close to Nazret), is K/Ar dated around 1.66 ± 

0.03 Ma (Abebe et al., 2007) and around 1.44 ± 0.03 Ma (Chernet et al., 1998). Further periods of 

coincident activity of the BBVC and several rift segments in the last 1 Ma occurred at around 880–

820 ka and 640– 510 ka (Fig. 3-14), framing the dated activity at Gademotta caldera (Vogel et al., 

2006). These activities are mainly around the older, eroded caldera structures for O'a caldera (Mohr 

et al., 1980), Boku (Morton et al., 1979) for both periods and Gedemsa (Morton et al., 1979) for the 

older period. Activity around the BBVC for this period is dated for volcanics (basalts and welded 

tuff) around Nazret southwest of the BBVC (Abebe et al., 2007; Morton et al., 1979) and for the 

rhyolitic dome (600 ± 20 ka) north of the BBVC (Chernet et al., 1998). Emplacement of the Bofa 

basalt (440 ± 50 ka (Morton et al., 1979) and 300 ± 50 ka (Chernet et al., 1998)), south of the BBVC, 

is temporally related to activity at Kone around 391 ka ± 10 ka (Vogel et al., 2006), Gedemsa caldera 

(Morton et al., 1979; Peccerillo et al., 2003) and O'a caldera (Mohr et al., 1980). 

Significant overlap in timing of volcanism across the MER occurs between 320 and 140 ka (Fig. 3-

14). This episode is characterized by magmatism and caldera collapse at Aluto Volcano around 316 

±  13 ka / 306 ± 12 ka (Hutchison et al., 2016b) and Gedemsa 320–260 ka (Bigazzi et al., 1993; 

Peccerillo et al., 2003), followed by major ignimbrite eruptions and caldera collapses for O'a Shala 

240 ± 30 ka (Mohr et al., 1980), Corbetti 182 ± 28 ka (Hutchison et al., 2016a, 2016b) Gademotta 

(Morgan and Renne, 2008; Wendorf et al., 1975), Fantale (Williams et al., 2004), mafic lava flows at 

Sodore (Bigazzi et al., 1993; WoldeGabriel et al., 1990), and formation of cones north of the BBVC 

at Jinjimma (210 ± 10 ka) and Gara Chisa (230 ± 30, 160 ± 10 ka) (Morton et al., 1979) (Fig. 3-4). For 

the BBVC edifice, there is no absolute age for this ‘flare up’ episode dated in our study, possibly 

because “old” Gudda is mostly covered by younger flows. Activity around ~120 ka at “old” Gudda 

could be linked to the youngest part of the flare up activity episode (320–140 ka). Alternatively, it 

represents an individual felsic episode, broadly coincident with a 100 ka cycle for felsic activity at 

the BBVC (230–210 ka (Morton et al., 1979), ~ 120 ka and since ~ 16 ka). The ~120 ka “old” Gudda 

deposits were formed at the same time as Bora Bericha Caldera (Bigazzi et al., 1993) (Figs. 3-1, 3-

14), suggesting different rift segments were active at broadly the same time. The caldera collapse 
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at the BBVC could feasibly have occurred in the ‘flare up’ episode, during formation of phase B (~ 

120 ka), or later, but before eruption of the central part of Gudda (phase Kc) (Figs. 3-4, 3-6, 3-8). 

We stress that more detailed investigations of caldera deposits and “old” Gudda are necessary to 

test this further. Comparing the detailed eruption history of the BBVC (our study) and Aluto Volcano 

(Hutchison et al., 2016a, 2016b) both show evidence for ~ 100 ka cyclic large voluminous felsic 

activity, which might be applicable to other neighbouring volcanoes. 

 

Figure 3-14 Comparison of activity at the BBVC from this study (red) with other central volcanoes in 

the MER shown from southwest to northeast along this part of the rift (~300 km) (Fig. 3-1), based 

on absolute ages and folklore (square). The dating method is indicated by symbol, K/Ar (grey circle), 
40Ar/39Ar (triangle), 14C (star), fission track (grey diamond). Note the change in the absolute age scale 

at 0.1 Ma (dashed line) to highlight our new ages alongside other Upper Pleistocene and Holocene 

volcanoes in the MER. References are provided within the text. Grey bars represent temporal dense 

volcanic activity. 

Since 100 ka, considerably fewer age constraints are available (Fig. 3-14), but this does not 

necessarily indicate a hiatus in the activity. Notable clusters of activity are dated at ~ 60–55 ka at 

Aluto (Hutchison et al., 2016b), Gademotta (Vogel et al., 2006) and Tullu Moye (Bigazzi et al., 1993), 

and at ~ 20 ka at Aluto (Hutchison et al., 2016b) and Corbetti (Hutchison et al., 2016a, 2016b). The 

BBVC does not appear to have been active at these times, but relative chronology and errors of 

40Ar/39Ar dates do not preclude the possibility of activity during these periods. Coincident activity 

at the BBVC (felsic and mafic), Kone (Williams et al., 2004) and Aluto (Hutchison et al., 2016a, 

2016b) are around 14– 10 ka. Coeval activity at Kone and the BBVC (Fig. 3-14) potentially suggests 

a rift segment-wide episode. 
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3.5.4 Possible processes for episodic activity 

We observe episodic activity of clustered volcanic eruptions on 100 ka (felsic) and 10 ka (mafic) 

timescales at the BBVC, as well as on a range of spatial scales (e.g. within a single volcanic complex, 

rift segment, overall rift) in the MER. Episodic rifting has been observed in several rifts (e.g. Iceland, 

New Zealand, Afar, Atlantic) and explained by (a) a sudden release of tension, which affects the 

entire rift or is transferred between segments  (e.g., Björnsson, 1985); (b) an acceleration in 

extension rate immediately prior to continental break up (Brune et al., 2016) resulting in higher 

melt production; (c) high mantle flux due to a change in melt fraction and viscosity (Gravley et al., 

2016; Lamb et al., 2017); (d) pulsed mantle hotspot (Parnell-Turner et al., 2014) and e) magma 

evolution in the crust. 

We favour the hypothesis that episodic mantle, crustal and tectonic processes interact to explain 

the observed trends of activity at the BBVC. Plate kinematic models do not suggest major changes 

in extension rate in the MER during the timescale of our study (e.g., Stamps et al., 2008). We 

interpret both episodic mantle flux, either from decompression melting caused by rifting (Gallacher 

et al., 2016) or the presence of a mantle hotspot (Schilling et al., 1992) to be plausible explanations. 

Both P- and S-wave tomographic imaging of the upper mantle show segmented low-velocity 

anomalies beneath the MER and Afar (Gallacher et al., 2016; Hammond et al., 2013). The magnitude 

and segmented shape of the tomographic anomalies are interpreted as evidence for buoyancy 

driven decompression melting (Gallacher et al., 2016), which could cause temporal variations in 

melt flux. In addition, to date, we have no evidence to rule out temporal changes in temperature 

or chemistry of hotspot flux over the timescale of our study. The observed differences in timing and 

cyclicity of mafic and felsic episodes can be explained by fundamental differences in magma 

formation and ascent. Mafic dyke emplacement is associated mainly with decompression melting, 

occurring broadly on the timescales of tectonic activity (Rooney et al., 2007). In contrast, felsic 

magma requires longer time- scales to develop through fractional crystallisation and other crustal 

processes such as melting, storage, assimilation and homogenisation (Cashman et al., 2017), mainly 

during periods of tectonic quiescence (Boccaletti et al., 1999). Coeval activity within the BBVC and 

along the same magmatic segment may be caused by a hydraulic connection between different 

magma storage levels by sills and well-developed mush zones, whereas large volume eruptions, a 

shared deep magma source and broad extensional tectonic stress could affect several segments 

(Biggs et al., 2016). 
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3.6 Conclusions 

The first detailed geological evolution of the Boset-Bericha Volcanic Complex (BBVC) is synthesised 

from field observations, morphometric analysis using high-resolution LiDAR data, geochemistry and 

new 40Ar/39Ar geochronology. This paper focused on understanding the eruption history of 

extensive young lava flows covering the two edifices, Gudda and Bericha. These lavas exhibit a 

bimodal composition ranging dominantly from basaltic rift floor lavas and scoria cones, to 

pantelleritic trachytes and rhyolite flows at Gudda and comenditic rhyolites at Bericha. 

Intermediate compositions are associated with fissure vents along the Boset-Kone segment that 

link the silicic centres. Our analysis indicates that the BBVC can be described by four main eruptive 

stages: 

1. early rift floor emplacement, (≥300 ka) 

2. formation of Gudda Volcano within two main cycles, (~120 ka, since ~ 16 ka), separated by a 

period of caldera formation 

3. formation of the Bericha Volcano (14 ka, since ~ 5 ka) 

4. sporadic fissure eruptions (including episodes at ~ 104 ka, and since 30 ka). 

Our new 40Ar/39Ar geochronology provides compelling evidence for episodic activity at the BBVC from 

~ 120 ka to the present-day. Low-volume mafic episodes are more frequent (~ 10 ka cyclicity) than 

higher volume felsic episodes (~ 100 ka cyclicity). The most recent felsic episode occurred during the 

last ~ 16 ka. Felsic episodes have on average a higher eruption rate (2–5/1000 years) and productivity 

at Gudda compared to Bericha (1–2/1000 years). The voluminous lava eruptions from the BBVC at ~ 

120 ka and since ~ 16 ka are coincident with dated activity at nearby volcanic centres in the MER. 

3.7 Addition: Evidence for an eruption of the Boset-Bericha Volcanic 

Complex at circa 1800–1810 CE 

Since the publication of chapter 3 (Siegburg et al., 2018), new data were acquired that provided 

compelling evidence for a very recent (i.e., 19th century CE) eruption of the BBVC. The evidence 

supporting this episode is summarised in the following addendum. 

Observation and Results: 

Two charcoal fragments were recovered from a lapilli tuff underlying a ‘fresh’ trachy-basaltic lava 

flow at the BBVC (Figs. 3-15, Fig. 3-5); flow 116 and phase P). The lava flow, sampled ∼4 km to the 

west of Bericha, emanates from an NNE-SSW aligned central fissure linking the Gudda and Bericha 

volcanoes (Fig. 3-5). Combining the radiocarbon dates from the charcoal samples, there is a 95.4% 
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probability that they date to between 1681 and 1938 CE (Fig. 3-15E). The highest likelihood (50.7% 

probability) is that they are from between 1802 and 1895 CE (Fig. 3-15E).  

Interpretation: 

The thickness of the soil horizon overlying tuffs in the immediate vicinity provides an additional 

constraint (Fig. 3-15) because soils accumulate at a given rate depending on their geographic 

location. The andosol (i.e., soil containing volcanic tephra) is typically 20-25 cm thick, with no 

evidence for reworking. Soil formation rates in the Shewa region of Ethiopia at this elevation (c. 

1630 m) are on the order of 10 t/ha/yr (Hunri, 1983). Assuming a typical andosol density of 900 

kg/m3 (Takahashi and Shoji, 2002), this gives an accumulation rate of ∼0.1 cm per year. Observed 

soil thicknesses are commensurate with eruptive activity last occurring around 1765-1815 CE. The 

14C age range, 1802 and 1895 CE, is therefore, the most likely eruption age, providing a lower age 

constraint for the lava.  

This would make the BBVC eruption potentially contemporaneous with similar lava flows from Kone 

volcano and the (Tinish) Sabober vent, Fantale’s southernmost crater. Whilst Fantale is commonly 

thought to have erupted between 1810 and 1830 CE, (Harris, 1844) cites local oral reports that the 

eruption occurred during the reign of Asfaw Wossen, i.e., between ∼1770 and 1808 CE. (Harris, 

1844), and later (Buxton, 1949), also report an approximate eruption age of 1810 CE for the Kone 

crater, also known as Winzegoor (Williams, 2016), and more recently Gariboldi (Cole, 1969). The 

age of Beru crater, north of Kone, is unknown, but some similarities in the appearance of all these 

flows from satellite imagery—and their similarly vegetated and weathered state— suggest similar 

eruption ages. On the basis of our combined 14C dates and other age constraints in the Boset, Kone 

and Fantale-Dofen segments, it is reasonable to conclude that all three volcanoes were active 

within about a century of each other, between 1770 and 1895 CE. The lavas erupted from fissures 

aligned along major faults in their respective segments (Kurz et al., 2007; Siegburg et al., 2018; 

Williams et al., 2004). Siegburg et al. (2018) suggest that mafic diking episodes occur every 100 to 

400 years. Further, 50 km south of the BBVC, a comenditic fissure system (Giano domes) associated 

with Tullu Moye volcano is thought to have been active sometime between 1800 to 1900 CE (Fontijn 

et al., 2018; Gouin, 1979; Wooley, 2001). Therefore, the eruptive episode described here could be 

part of a more extensive period of unrest along the East African rift system (Wadge et al., 2016). 
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Figure 3-15 Chronology of recent eruption at the BBVC. A-D) Photograph of the trachy-basaltic lava 

flow showing the positions of charcoal fragments 114A and 114B, recovered from the grey tephra 

layer underlying the lava. E) Combined 14C dates from directly below the BBVC central fissure lava 

flow (116). The red line shows the input data in radiocarbon years, and the blue lines show the 

northern hemisphere INTCAL13 curve (the width of which corresponds to the standard error in the 

calibration curve at a given point). The output distribution (grey) shows the calibrated date, using 

the INTCAL13 database (Reimer et al., 2013) and OxCal v.4.2.4 (Bronk Ramsey, 2009). The combined 

distribution (X2-Test: df=1 T=10.9 (5% 3.8)) yields a 50.7% probability that the eruption occurred 

between 1802 and 1895 CE. Individual distribution of 114 A and 114 B are in Appendix A.3. F) Map 

of charcoal and lava flow sample location on the eastern central fissure flow (phase P, Fig. 3-5).  
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Chapter 4 Constraining the evolution and mantle source 

of peralkaline magmas in the Main Ethiopian Rift: 

Evidence from the Boset-Bericha Volcanic Complex 

Abstract 

Peralkaline lavas such as comendite and pantellerite are the most common compositions for 

evolved lavas and pumices from the northern Main Ethiopian Rift (MER), a rift at the onset of 

continental break up. The Boset-Bericha Volcanic complex (BBVC) is one of the largest 

stratovolcanoes in the northern MER where both pantelleritic trachytes (Gudda) and comenditic 

rhyolites (Bericha) erupted separately within the same magmatic episode. They are connected by a 

fissure of intermediate lava flow composition. This diversity of compositions makes the BBVC a 

natural laboratory for the investigation of the origin, evolution and plumbing of rift magmas. To 

assess the effects of mantle source composition, and how melts from this source have interacted 

with the lithosphere, we combine major and trace element analyses of whole rock and phenocryst 

separates with radiogenic Sr, Nd and Pb isotope determinations.  

Major and trace element data suggest that mafic rift floor lavas could represent the parental 

magma for both volcanoes. The main difference in the Bericha system would appear to be a more 

extensive phase of amphibole crystallisation as magmas evolved to comenditic compositions. This 

is particularly highlighted by the low Dy/Yb and Sm/Zr, and the high La/Sm of Bericha - which 

contrasts with the compositions of the pantelleritic Gudda magmas. In the late-stage of 

crystallisation at shallow crustal levels, both magmas experienced extensive feldspar crystallisation 

with evidence of additional alkali feldspar accumulation at Gudda. Isotopic signatures of lavas 

(206Pb/204Pb 18.46 to 19.06; 207Pb/204Pb 15.59 to 15.61; 208Pb/204Pb 38.78 to 39.10; 144Nd/143Nd 

0.512751 to 0.512868; 87Sr/86Sr 0.7040 to 0.7060; δ11B -6.4 to -0.35) indicate the primary source of 

magmas for both volcanoes is the Afar mantle plume which has interacted with the lower 

continental crust (low Ce/Pb).  

We do not observe isotopic evidence for a depleted MORB-like component derived from the 

ambient mantle. Variation in Pb isotopes at Gudda can be explained by less-crustal contaminated 

mafic magma interacting with more evolved magmas. We conclude that fractional crystallisation 

can explain the compositional range within mafic lavas and felsic lavas for each volcano. However, 

the overall differentiation from mafic to felsic magmas can only be explained by a combined 
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assimilation-fractional crystallisation (AFC) process. Bericha’s felsic lava is calculated to have 

experienced around twice as much crustal assimilation as that of Gudda, presumably due to longer 

residence time in the lower crust. Intermediate lava flows also indicate a significant amount of 

lower crustal assimilation, implicating a similar lower-crustal AFC process.   

These results suggest a magma plumbing system below the BBVC fed by dominantly plume material 

that accumulates in the lower crust (~20 km), with an overlying crustal mush system and shallow 

late stage fractionation system separated for each volcano. These BBVC results compared to 

regional isotopic variations of silicic centres in the northern – central MER suggest that crustal 

thickness and heterogeneous crustal composition of several rift parts have an important role in 

magma evolution.  

4.1 Introduction 

The most common compositions for evolved lavas and pumices at silicic volcanic centres within the 

Main Ethiopian Rift (MER) are peralkaline trachytes and rhyolites with further differentiation by 

FeO and Al2O3 content to comendite (low FeO, high Al2O3) and pantellerite (high FeO, low Al2O3) 

compositions (MacDonald, 1974) (Fig. 3-10). The Boset-Bericha Volcanic Complex (BBVC) is one of 

the largest stratovolcanoes in the northern MER (Fig. 4-1). It has two main edifices approximately 

~6 km apart: Bericha in the north is dominated by comendites, and Gudda in the south by 

pantellerites (Fig. 4-2). Both volcanoes have been active within the last eruptive episode (since ~16 

Ka), which along with the compositional differences suggest they are fed by independent felsic 

magma reservoirs (Chapter 3). This compositional and spatial separation is rarely observed in other 

silicic centres in the MER due to the dominance of caldera-related silicic centres. We use this clear 

separation between the two BBVC centres to investigate the causes of the distinct magmatic 

pathways.  

Differences in the composition of lavas at Bericha and Gudda can be inferred from their mineral 

assemblages. Peralkaline lavas (comendite and pantellerite) at the BBVC (Brotzu et al., 1980) as well 

as also in Dabbahu (Field et al., 2013) contain phenocrysts of fayalite, aegirine-augite, plagioclase 

and alkali feldspar, apatite, ilmenite and some amphibole. However, magnetite occurs mainly in 

comendite, whereas quartz and aenigmatite are only found in pantellerite. These observations may 

reflect distinct intensive parameters, spatial and temporal distribution, primary magma sources and 

magmatic processes for pantellerite and comendite formation.  
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Distinct intensive parameters include variation in temperature, pressure, depth (Boccaletti et al., 

1999; Ronga et al., 2010) as well as volatiles or presence of hydrous minerals (Mungall and Martin, 

1995) and oxygen fugacity (Brotzu et al., 1980, 1974) during magma genesis. Experimental studies 

(Di Carlo et al., 2010; Scaillet and Macdonald, 2006, 2003, 2001) and petrographical observations 

(e.g., Barberi et al., 1975) suggest that the oxygen fugacity exerts an especially important control 

over the degree of peralkalinity, accounting for the differences between pantellerite and 

comendite. 

Primitive compositions have been observed to support different alkali contents: basalts with a more 

alkaline affinity at Gudda and a less alkaline for Bericha (Brotzu et al., 1980, 1974), as also observed 

for pantellerites and comendites in Afar (Barberi et al., 1975). Also, observed differences between 

Gudda and Bericha lavas could result from the depth range and length scale of melt extraction and 

variation in the type of magma sources (Rooney et al., 2011). It has been hypothesised that through 

its long existence (~30 Ma), the Afar plume (Hofmann et al., 1997; Vidal et al., 1991) has 

experienced different episodes and distinct subcomponents (e.g., Daoud et al., 2010). These 

components include ambient asthenosphere depleted mantle, exemplified by flood basalts in the 

MER (e.g., Pik et al., 1999), as well as mantle compositions enriched by earlier subduction and arc 

volcanism (Chorowicz, 2005). These distinct mantle flavours could influence magmatism at 

different points in space and time during the activity of the plume (Furman et al., 2006a; Rooney, 

2006; Schilling et al., 1992; Vidal et al., 1991). 

Peralkaline magmas in the MER show a genetic link between mafic and felsic compositions (e.g., 

Peccerillo et al., 2003). Magma evolution can be modelled based on major elements by ~ 90% 

fractional crystallisation (Gleeson et al., 2017; Ronga et al., 2010). However, more detailed 

geochemical analyses (e.g., Ayalew et al., 2019; Barberi et al., 1975; Rooney et al., 2012) of 

peralkaline magmas suggest that fractional crystallisation cannot be the only process, in particular, 

to differentiate between pantellerite and comendite. Gudda and Bericha magmatism may also be 

affected by assimilation and/or melting of crustal or mantle materials. Specifically, the magma is 

likely to interact, melt or assimilate lithospheric mantle (Baker et al., 2000) or its mantle metasome 

(Rooney et al., 2017b), lower and upper crust (e.g., Ayalew et al., 2019; Peccerillo et al., 2003), 

underplated crust (Rooney et al., 2017a; Trua et al., 1999) and low degree melts of alkali gabbros 

(Lowenstern and Mahood, 1991). In general, the crustal contribution in the MER is thought to be 

rather low, on the order of < 17 % (Hutchison et al., 2018; Ronga et al., 2010; Trua et al., 1999). 

Magma mixing of several components has also been proposed for the evolution of peralkaline rocks 

at the BBVC and other volcanic systems in the East African Rift (Macdonald et al., 2012). 
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Previous isotopic studies mainly investigated the mafic rift floor basalts in the MER with very few 

samples from BBVC (Ayalew et al., 2016; Furman et al., 2006a; Giordano et al., 2014; Rooney et al., 

2012; Trua et al., 1999). Also geophysical studies of the magma plumbing system (Cornwell et al., 

2006; Maguire et al., 2006; Whaler and Hautot, 2006) and whole rock major element modelling 

(Gleeson et al., 2017; Ronga et al., 2010) do not have sufficiently high resolution to distinguish 

between the Gudda and Bericha systems. This study presents a more rigorous assessment of the 

geochemistry of the BBVC, based on major and trace element and isotopic analyses of whole rock 

and phenocrysts. These data are used to develop geochemical models and estimate the intensive 

parameters of the magmatic processes operating beneath Gudda and Bericha. It is hypothesised 

that the degree of assimilation and residence time in the lower crust results in the differences 

between pantellerite and comendite. By extension this provides inferences regarding the general 

formation of peralkaline volcanoes in extensional tectonic settings from ocean island (Ascension 

Island, Kar et al., 1998; Socorro Island Mexico, Bohrson and Reid, 1997) to continental rift zones 

(EAR), back arc settings (Mayor Island, Barclay et al., 1996; New Zealand) and localised extension in 

collisional settings (Pantelleria, e.g., Civetta et al., 1998). 

4.2 Geological background 

4.2.1 Main Ethiopian Rift 

The Main Ethiopian Rift (MER) (Fig. 4-1), linking the Afar depression and Kenyan rift in the North 

East Africa Rift is characterised by 60–100 km wide grabens (Hayward and Ebinger, 2007) with NE-

striking border faults. However, the extension is now focussed on the rift axis in a direction between 

N095˚ to N108° and at a rate of 4–6 mm/yr (Bendick et al., 2006; Bilham et al., 1999; Calais et al., 

2006; Fernandes et al., 2004).  

The peak in volcanism at ~28 to 31 Ma (Coulié et al., 2003; Hofmann et al., 1997; Ukstins et al., 

2002) produced the flood basalts on the Ethiopian plateau and is related to activity of the Afar 

plume, broadly coeval with silicic ignimbrite eruption in the northern MER around 30.2 Ma (Ukstins 

et al., 2002). This bimodal episode was followed by the formation of large basaltic shield volcanoes 

comprising transitional to Na-alkaline basalts and minor trachytes in the Miocene (Piccirillo et al., 

1979). With the opening of the northern MER at ~ 11 Ma (WoldeGabriel et al., 1990; Wolfenden et 

al., 2004), Miocene volcanic activity increased within the Adama basin (Chernet et al., 1998) (Fig. 1-

5, 3-1, 4-1). Widespread ignimbrite deposits with minor felsic and mafic lavas erupted between 6.6 

and 5 Ma (Chernet et al., 1998; WoldeGabriel et al., 1990) at the rift margin in the central and 

northern MER. Magmatism became focused into the 20-km-wide, right-stepping en-echelon zones 
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(i.e., magmatic segments) around ~4 Ma to 1 Ma (Abebe et al., 2007; Abebe et al., 2005 a; Beutel 

et al., 2010; Corti, 2009; Ebinger and Casey, 2001), promoting basaltic eruptions along the Wonji 

fault belt (e.g., Mohr, 1971) (Fig. 1-4). Quaternary axial silicic volcanoes and basalts (Fig. 4-1) 

erupted during the last ~650 ka (Abebe et al., 2005 a), with a peak of caldera formation events 

involving peralkaline rhyolitic ignimbrites and pumices, ash fall and minor lava flows around 320 – 

140 ka in the MER (Hutchison et al., 2016a) (Fig. 3-14). Silicic centres were cut by NNE orientated 

faults which aided basalt eruption through the volcanic edifices and along their flanks (Abebe et al., 

2007) as monogenetic cones and fissure lava flows up to recent times (Figs. 3-4, 4-2). 

 

Figure 4-1 Map of the Main Ethiopian Rift with magmatic segments (red) and silicic centres (brown). 

The BBVC is located between Kone and Gedemsa Caldera in the Adama basin. Further silicic centres 

are mapped from south to north, Corbetti (Co), Dunguna (Du), O'a caldera (O'a), Aluto (Al), 

Gademotta (Ga), Chilalo (Chi), Bora-Bericha (Bor), Tulu Moye (Tu), Gedemsa (Ge), Boku (Bo), Kone 

(Ko), Fantale (Fe), Dofen (Do), Megezez (Me), Hertali (He), Ayelu (Ay), Adwa (Ad), Yangudi (Ya), 

Gabillema (Gab). 
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4.2.2 Boset-Bericha Volcanic Complex 

The Boset-Bericha stratovolcano (Fig. 4-2) comprises the Bericha Volcano (2120 m) and the Gudda 

Volcano (2447 m) in the northern MER between the NNE-SSW orientated Gedemsa and Kone axial 

segments (Figs. 1-4; 4-1). The BBVC developed in three main stages (1) pre-caldera activity and 

formation of the main edifice from “old Gudda Volcano” (younger than 1.6 Ma; dated back to 1.3 

Ma (Chernet et al., 1998; Kazmin et al., 1979; Morbidelli et al., 1975)), (2) caldera formation at 

Gudda, possibly related to the peak in explosive eruptions in the MER around 320 – 140 Ma 

(Hutchison et al., 2016a, Chapter 3); (3) post-caldera activity with the main felsic events in the last 

16 Ka (Chapter 3), which covers the eastern part of the caldera at the Gudda Volcano and formed 

the edifice of Bericha. These stages are intercalated with basaltic to trachy-andesitic fissure 

eruptions, forming the rift floor and chains of basaltic cones at and around the central BBVC. 

The first stage of the Pleistocene is associated with emission of vesicular basaltic lava flows, spatter 

and cinder cones, as well as the formation of rhyolitic/basaltic domes and composite cones around 

the edifice. Voluminous pantelleritic-trachyte, comenditic-rhyolite lava flows and pumiceous 

eruptions formed the “old Gudda Volcano”. This stage ended with an explosive phase of ash and 

pumice fall deposits and led to edifice collapse and the caldera formation at Gudda (Brotzu et al., 

1980, 1974). The third stage consists of peralkaline lava flows, with sporadic comendites and 

dominantly trachytic-pantellerite at Gudda (Brotzu et al., 1980)Chapter 3) in at least four different 

phases in Pleistocene to Holocene, forming the present day edifices. Peralkaline lavas erupted from 

the central segment fissure on Gudda’s summit, and flowed towards the east (phase E) and west, 

covering the caldera floor (Kc). The southern lava flows (Ks) erupted from Gudda’s summit as well 

as several individual cones along the central segment fissure, whereas the later flows (phase L) 

erupted from an NNW-SSE oriented radial cone chain on Gudda’s southeastern slope. Gudda’s 

central activity is characterised by initial peralkaline pumice intercalated with pantelleritic lavas and 

pumice falls (Brotzu et al., 1980), which is thought to be the youngest explosive activity (i.e., Plinian 

eruption style) at Gudda (Fontijn et al., 2018). 
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Figure 4-2 Compositional map of the BBVC, after classification of Le Bas et al. (1986), and analyses 

from Chapter 3 and Brotzu et al. (1980, 1974), showing Bericha in the north with rhyolite – 

comendite composition and Gudda in the south with trachyte – pantellerite composition. Rift floor 

is mainly covered by basalts and pumice deposits. Intermediate lavas erupted on fissures between 

edifices and north of Bericha. Sample location of this study indicated by circles. The location of the 

BBVC within the MER is indicated in figure 4-1. 

During the last eruption episode of Gudda, the formation of Bericha edifice occurred and involved 

at least three phases of comendite rhyolite. Two of them erupted by the central crater (phase J, N) 

and another (phase M) erupted along the segment fissure north and south of the central crater. 

Most recent activity on the central fissure between the Gudda and Bericha edifices involves trachy-

basalt (west, 13 ± 8.3 ka) and trachyte lavas (east, 4.2 ± 3.2 ka) (Chapter 3; Fig. 3-5).  
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4.3 Method 

A total of 42 lava flow samples of the BBVC were analysed for trace elements and Pb, Sr and Nd 

isotope ratios at the University of Southampton. These samples were previously analysed by XRF 

for whole rock major element analyses (chapter 3). Samples for major and trace elements were 

crushed to powder in agate to avoid contamination. The LOI was determined for felsic rocks at 

750˚C and mafic rocks at 1000˚C. 0.5 g of ignited powder was mixed with lithium tetraborate to 

prepare glass discs on the propane-oxygen gas Vulcan Fusion instrument for XRF analyses. Analyses 

were carried out with the Philips MagiX Pro Xray fluorescence spectrometer. 0.05 g of the 

powdered sample was dissolved with HF - HNO3 prior to trace element determination by 

ThermoScientific XSeries2 quadrupole inductive coupled plasma mass spectrometry (ICPMS). 

Accuracy and precision are monitored by rock reference materials details of which are present in 

(Table 2-4 to 2-6; Appendix E.3). 

Twenty-six samples, covering the range of basalt to rhyolite and representative of the spatial 

distribution of the BBVC lavas, were prepared for Pb isotopes. A total of 16 of these were also 

analysed for 87Sr/86Sr and 144Nd/143Nd. Sieved and handpicked ultrasonic - cleaned whole rock chips 

(250 – 500 μm) were leached in hot 6 M HCl for 15-30 min before digestion with a mixture of Hf 

and HNO3. The Nd fraction was purified via ion exchange column chemistry, with AG50-X8 200-400 

meshed resin in cation columns followed by Ln-Spec resin in reverse phase columns (section 

2.4.2.4). Sr isotopes were separated by Sr-spec resin filled plastic funnel columns. For Ba-rich 

trachytic and rhyolitic samples Sr-spec columns were run with two passes, each with 8M HNO3 to 

elute barium from the samples to enhance ionisation from the Ta filament (section 2.4.2.3). For Pb 

isotopic separation, 0.3 g of the whole rock chips were leached in 6M HCl prior to dissolution with 

HF – HNO3. Residue from the dissolution was alternately re-dissolved in HCl and HNO3, before 

preparation of a final solution of 1M HBr. Pb for each sample are individually separated by using 

the HCl-AG1x8 – 200 – 400 mesh resin method (Kamber and Gladu, 2009; section 2.4.2.1). Boron 

isotopes were analysed for 12 of those samples by Tyerman (2018) following a standard method 

after Palmer et al. (2019). Samples were dissolved in the presence of 1% mannitol, H2O2 and 24 M 

HF. Boron was separated using the ion exchange chromatography procedure with Bio-Rad AG MP-

1 anion exchange resin (section 2.4.2.5). 

Isotope ratios were measured at the University of Southampton, using a multi-collector inductively 

coupled plasma mass spectrometer (MC-ICP-MS, Thermo Scientific Neptune) for Nd, Pb and B 

isotopes and a Thermo Fisher Scientific Triton Plus Thermal Ionisation Mass Spectrometry (TIMS) 
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for 87Sr /86Sr isotope analyses. Boron concentration was measured using a Thermo Element high-

resolution (HR)-ICP-MS.  

Corrected Nd isotopic compositions were obtained using a method based on Vance and Thirlwall 

(2002) through the adjustment to a 146Nd/144Nd ratio of 0.7219 and a secondary normalisation to 

142Nd/144Nd = 1.141876. Results for the JNdi-1 reference standard (Tanaka et al., 2000) measured 

as an unknown were 0.512115 (long term value) with an external reproducibility of the ±0.000006 

(2SD) across 6 analysis sessions over 2 years. 

Pb isotopes were corrected for instrumental mass fractionation using the SBL74 double spike 

(Taylor et al., 2015). SRM NBS981 standard (n=3) is 206Pb/204Pb = 16.9407 ± 0.0004 (2 SD), 207Pb/204Pb 

= 15.4968 ± 0.0008, 208Pb/204Pb = 36.7127 ± 0.0018 and is within the external long term 

reproducibility of 206Pb/204Pb = 16.9400 ± 0.0023 (2 SD), 207Pb/204Pb = 15.4965± 0.0026, 208Pb/204Pb 

= 36.7124 ± 0.0076 during the time of measurements. All procedural blanks were less than 100 pg 

Pb, which is considered insignificant where all samples contributed >300 ng. 

Sr isotopic ratios of lava flow samples were measured in two batches along with external standards 

NBS987 (n=6) average values of 0.710245 ± 0.0000179 (2 SD) and long term analyses of NBS987 

with the value of 0.710244 ± 0.000021 (2 SD). Internal precision was monitored by measuring 150 

ratios per sample and the error of each measurement is reported as the two standard error (2 SE).  

Boron isotopes were analysed in a batch of 10 using the standard-sample bracketing technique 

after Foster (2008) with four duplicates of powdered rock samples, the NIST 951 boric acid standard 

(Catanzaro et al., 1970) and a blank. Run reproducibility of δ11B was typically better than 1% RSD 

for four repeats of each sample. 

The Leo 1450VP scanning electron microscope (SEM) with an Oxford Instruments EDS at the 

University of Southampton was used to identify minerals by qualitative analyses, crystal and 

groundmass textures and record observations in backscatter photos from polished thin sections (99 

- Nodule, 116 – central fissure, 84, 66 – Bericha, 89, 90, 182 - Gudda) (Fig. 2-8). Quantitative major 

element analyses of individual minerals (core - rim), matrix glass and melt inclusions (samples 66, 

84, 89, 90, 116) in polished thin sections were determined using a Cameca SX-100 electron 

microprobe (EMP) at the Department of Earth Sciences at the University of Cambridge. Smithsonian 

reference standards were used for calibration. The instrument operated at 15 kV. Basaltic and 

rhyolitic glass was analysed with a 5 µm defocussed beam of 6 nA. Clinopyroxene and feldspar were 

analysed with a 5 µm defocussed beam of 20 nA and 10 nA to minimize alkali loss, respectively. 

Olivine and oxide crystals were analysed with a 1 µm focussed beam of 20 nA. Analytical precision 

and accuracy were monitored by regular analyses of reference materials along with the samples 

(Tables 2-12; 2-13). 
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4.4 Result 

4.4.1 Petrography 

Each of the major rock divisions is described below, with a summary of the mineral assemblages 

provided in Table 3-2. Tephra samples are described in more detail in Roberts (2017). 

Mafic: Basalts erupted on the rift floor are holocrystalline, occasionally vesicular (10-30% 

vesicularity) and consist mainly of euhedral to subhedral feldspar (20-25 %) with subordinate olivine 

(5-7 %), clinopyroxene (5-10 %) phenocrysts and microphenocrysts (Fig. 4-3, 4-4). The groundmass 

(40-60% and 95 %) contains mainly the same minerals with interstitial opaque crystals. Feldspar 

compositions in mafic and intermediate rocks are plagioclase (bytownite to andesine) (Fig. 4-5). 

Some vesicles in the mafic sample WE2 are infilled with sediment, presumably derived from 

weathering. Olivines are occasionally zoned. The trachy-basalts are petrographically similar to the 

basalts but with lesser amounts of olivine and clinopyroxene in the groundmass.  

Mafic cumulates: Xenolithic mafic - gabbroic cumulates are 7 – 10 cm in diameter (Fig. 4-3f) and 

are found within a basaltic scoria cone north of Bericha (Fig. 4-2). This cone likely predates the 

trachytic fissure lava flow (phase I) and is part of a chain of cones between the BBVC and Kone (Fig. 

3-4). Based on macroscopic investigation of the hand specimen, there is no visible difference in 

mineral distribution or proportions between the nodules. They are all round to sub-elongate with 

a gabbroic composition. The nodules contain 55 % plagioclase feldspar (5 mm), 38 % augite (2-3 

mm, Mg#core ~76; Mg#rim ~60 / 70), 5% rounded and subhedral olivine (Mg#core ~78; Mg#rim ~67) and 

~2 % interstitial quenched melt (Mg#melt ~37) (Appendix C.1, C.5). The interstitial melt has a basaltic 

composition and contains microphenocrysts of swallow tail and intrafascicular plagioclase, variolitic 

clinopyroxene, alongside minor magnetite and olivine (Fig. 2-8).  

Intermediate: Basaltic trachy-andesites and trachy-andesites are aphyric or feldspar phyric (2-5%) 

within a holocrystalline groundmass (70-85%) of feldspar and subordinate clinopyroxene, olivine 

and opaque microlites. Trachytes are holocrystalline, in cases hypoholocrystalline (50-60% 

groundmass), and contain feldspar (15%) and subordinate clinopyroxene (2-10%), olivine (2-5%), 

opaque (< 5%) phenocrysts and vesicles (15-20%). Many large (~1mm) feldspar phenocrysts have 

strong sieve textures (e.g., sample WE 16, 55, 116, 103) and (partial) mineral replacement by 

groundmass feldspar needles (sample 184) (Fig. 4-3d). For some zoned feldspar crystals the sieve 

texture mainly affects the core of the crystal (sample WE 16). The feldspar composition is similar to 

those of the mafic samples with the exception of oligoclase – anorthoclase for the central fissure 
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lava flow (sample 184) (Fig. 4-5). Some olivine and clinopyroxene (augite) crystals are partly 

overprinted or replaced by opaques (sample WE9, 96) (Fig. 4-3e). Mingling textures are observed 

in most fissure lava flows, as dark clasts (sample 45) or darker groundmass glass (sample 116), 

mingled into the main groundmass (Fig. 4-3b). Banding textures and colour differences in 

groundmasses suggest differences in compositions or density of microlites (e.g., sample 184) (Fig. 

4-3d). For sample 116 clinopyroxene phenocrysts are homogenous within lighter groundmass 

(Mg#rim-core 74) and slightly normal zoned when they are mingled (Mg#core ~74; Mg#rim ~69) 

(Appendix C.1). All measured olivine phenocrysts (sample 116) are normally zoned with Mg#core ~73 

and Mg#rim ~58 (Appendix C.1). Feldspar phenocrysts are homogenous (Ca# 78) or normal zoned 

with variable Ca#core / Ca#rim (Appendix C.1). 

Gudda trachytes: Trachyte lavas from Gudda are mostly holocrystalline and contain phenocrysts 

(in proportions ranging from 5-40 %) including feldspar (20-35 %), clinopyroxene (2-5%), olivine 

(<5%), aenigmatite and opaque phenocrysts (1-2%) and subordinate arfvedsonite (2-7%), set in a 

quenched glassy groundmass with abundant acicular microlites of these minerals. Feldspar 

phenocrysts are euhedral to subhedral, <1 mm with a Ca# of 1-2.5 and are mainly classified as 

anorthoclase (Fig. 4-5, Appendix C.1). They are homogenous and occasionally occur as 

glomerocrysts associated with clinopyroxene and opaque. Clinopyroxene phenocrysts are euhedral 

and are identified as aegirine-augite and ferro-augite/ hedenbergite (Fig. 4-4, Appendix C.1). Olivine 

occurs as fayalite and has a yellow-brown appearance in thin section (Appendix C.1). Clinopyroxene 

and olivine phenocrysts differ between samples at Gudda based on their Mg# (Appendix C.1). Lava 

flow 90 has homogenous to very weak normal zoned clinopyroxenes with Mg#rim-core ranging 

between 1.5 – 3.3 and homogenous fayalite with Mg#rim-core < 1, within the pantellerite field defined 

after Carbonin et al. (1991) (Fig. 4-4). Clinopyroxene phenocrysts in sample 89 are more variable 

with reversed zoning (Mg#core ~ 8-9 to Mg#rim ~16.5-19.5) and normal zoning (Mg#core ~22.8 / Mg#core 

~35.8 and Mg#rim ~18-19.5). One reversed zone clinopyroxene has a third zone on the rim with 

Mg#rim ~11-14 (Appendix C.1). This sample includes two populations of homogenous olivines, which 

can be distinguished by Mg#rim-core~4.5 and Mg#rim-core~6.2 (Appendix C.1). The broad variety of 

clinopyroxene phenocryst compositions in this sample range between the pantellerite and 

comendite according to the pyroxene scheme outlined by Carbonin et al. (1991) (Fig. 4-4). Opaque 

minerals, mainly ilmenite and magnetite are often associated with pyroxene phenocrysts. Melt 

inclusions occur in feldspar, clinopyroxene, and in some olivine phenocrysts, whereas apatite 

inclusions occur only in clinopyroxene and olivine. Interstitial anhedral quartz is only found in the 

groundmass of sample 85 (Fig. 4-3a). 
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Gudda obsidian (phase O) consists of light green glass (70-95%) with a few very fine plagioclase 

needles in the groundmass and phenocryst (5-20%) assemblages of mainly feldspar (10-15%), minor 

aegirine-augite (<5%) and arfvedsonite (< 5%) crystals as well as < 1% aenigmatite. A banded texture 

is defined by locally higher concentrations of aligned vesicles (up to 40 %) and microlites (Fig. 4-3g, 

h, j). Banding is also defined by local concentrations of pumice in obsidians, indicating a volatile-

rich phase. The glassy groundmass is high in alkalis (4.6 wt% Na2O and 4.3 wt% K2O) and contains 

~7.8 wt% FeO, ~0.8 wt% chlorine, 0.4 wt% MnO, explaining the green colour (Appendix C.1). 

Clinopyroxene phenocrysts are homogenous to slightly normal zoned with Mg#rim-core 1.4 to 0.7 

(sample 182) (Appendix C.1), ranging within the pantelleritic field (Carbonin et al., 1991) (Fig. 4-4). 

Feldspar phenocrysts are euhedral and are the most evolved anorthoclase of the BBVC (Ca# < 0.5) 

(Appendix C.1, Fig. 4-5). 

Bericha rhyolite: Lava flows of Bericha are rhyolitic to pumiceous (phase J) and rhyolitic to obsidian-

rich (phase M, N). They contain feldspars (5-25%), olivines (<5%), clinopyroxenes (<5%), with apatite 

and magnetite phenocrysts (<5%), in a groundmass (65-90%) mainly of plagioclase (5-50 μm), 

subordinate microlites, with minor apatite, pyrite and magnetite. The mineral proportions are very 

similar to those of Gudda’s lavas. Several samples show banding defined by the arrangement, size, 

orientation, density and type of microlite needles and vesicles in the groundmass (e.g., sample 

WE15, 80) (Fig. 4-3c, h). Compared to Gudda’s obsidians, the hyaline groundmass in Berichas lava 

appears to be less green (body colour), also suggested by the significantly lower Cl, Mn and FeO 

concentration (Appendix C.1). Clinopyroxenes are slightly normal zoned with Mg#core ~54 / 47, 

Mg#rim ~42 and olivines core/ rim ration of Mg#core ~17 / Mg#rim ~14 (rhyolite, sample 84) (Appendix 

C.1). Phenocrysts in obsidian sample 66 are less zoned with Mg#core ~30-34 and Mg#rim ~27 for 

clinopyroxene and have homogenous olivines (Mg#rim-core ~9.5) (Appendix C.1, Fig. 4-4). Feldspar 

phenocrysts are all classified as anorthoclase and some as oligoclase (sample WE15). The 

anorthoclase is generally lower in sodium than the equivalent from Gudda (Fig. 4-5).  
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Figure 4-3 Textures of lava flows from the BBVC. a) The trachytic sample 85 of Gudda volcano (phase 

B) is the only collected sample with quartz within the groundmass, here shown as white spots. b) 

Mingling textures in intermediate fissure flow with darker clasts. c) Banding textures in Bericha’s 

rhyolite suggest different composition and results as only trachytic composition compared to other 

rhyolites at Bericha. d) Sieve textures at feldspar from a trachytic lava flow sourced at the central 

fissure suggest interaction with other lava sources. e) Olivine from a basaltic cone north of Bericha. 

f) A gabbroic nodule collected in a basaltic cone north of Bericha. g-j) Banding textures in obsidians 

from Gudda and Bericha due to pumice concentrations, size and distribution of vesicles and 

microlites.  
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Figure 4-4: Clinopyroxene and olivine compositions of the BBVC. Clinopyroxene compositions 

(circles) of Gudda (yellow), Bericha (red), mafic fissure 116 (blue), mafic nodule 99 (green) and 

previous published clinopyroxene compositions of the BBVC (Macdonald et al., 2012; Ronga et al., 

2010) (diamonds) on the evolutionary trend with coexisting fields for olivine (triangle) for the BBVC 

(this study) after Carbonin et al. (1991). Data are reported in Appendix C1 and E.3. 

 

Figure 4-5: Compositional triangle of feldspar from Gudda (yellow), and Bericha (red) shows that 

Gudda’s feldspars include more sodium. Feldspars are measured by SEM (open circle) and EMPA 

(filled circle). Additional data from feldspar of the BBVC are from Macdonald et al. (2012) and Ronga 

et al. (2010) (open diamond). Data are reported in Appendix C1 and Appendix E.3. 
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4.4.2 Major elements 

Preliminary classification of these 42 lava flow samples based on major element analyses (chapter 

3) was aligned with the definitions of Le Bas et al. (1986) and MacDonald (1974). The lavas are 

classified as peralkaline, with a rhyolitic – comendite composition for Bericha and trachytic and 

rhyolitic – pantellerite for Gudda (Figs. 3-10, 3-11, 4-2, Appendix C.3). Fissure lava flows south and 

north of Bericha have the most variable compositions, ranging between rift floor basalts and 

Gudda’s trachytes (49.4 < SiO2 > 63.7 wt%). K2O and Na2O contents rise with increasing SiO2 while 

CaO, Al2O3, Fe2O3, MgO, TiO2 and P2O5 decrease (Fig. 4-6, Table 4-1). Gudda lavas vary in the ranges 

Na2O (5.7-7.2 wt%), Fe2O3 (7.3-10.5 wt%), MnO (0.29-0.36 wt%) and lower Al2O3 (8.6-13.5 wt%), 

with all of these element ranges being higher than the main trend between the rift floor basalts, 

intermediate lavas and Bericha lavas. A notable variation in the composition of basalts for Al2O3 

(14.1 - 18.3 wt%), Fe2O3 (10.9 -13.9 wt%), MgO (3.8 - 8.8 wt%) and TiO2 (1.7 - 3.6 wt%) at a similar 

level of SiO2, corresponds to slightly different amounts of Fe-Ti oxide, clinopyroxene, olivine and 

plagioclase content of the whole rock (Fig. 4-6). From the basaltic samples Al2O3 then increases 

from ~14 wt% to ~16 wt% through the interval SiO2 of 50-64 wt%. This is followed by a steep 

decrease in Al2O3 of 13.5-8 wt% within Gudda’s lava at SiO2 of 65-71 wt% and a minor decrease of 

15-13 wt% for Bericha’s lava at SiO2 of 67-72 wt%. The LOI of all lava samples is less than 0.6 %, with 

the highest losses recorded in Gudda’s trachytes and basaltic cones, suggesting the lava flows are 

largely anhydrous to slightly hydrous. Post-eruptive alkali loss in these peralkaline rocks can be 

neglected as most of the samples are within the 95 % confidence interval for non-hydrated 

peralkalic rocks (White et al., 2003) (Appendix C.3). 14 analysed tephra samples have a LOI of 1.2-

4.6 wt% (Table 4-1). 

4.4.3 Trace elements 

Trace element variations with Zr (Fig. 4-7 to 4-9) show an increase in Rb, Yb, Pb, Nb, U, Th and 

decrease in Sr and Sc. These systematics are compatible with plagioclase and clinopyroxene 

crystallisation. Ba increases from mafic to intermediate lavas but decreases through the felsic lava. 

Bericha differs in having lower Ba, middle REE’s, Yb, Nb and Sr, but higher Rb, Th and Pb than Gudda 

lavas with similar Zr contents.  

All samples exhibit enrichment in LREE with progressively decreasing concentrations through to the 

HREE, most similar to OIB (Fig. 4-7, 4-10). Rift floor basalts have lower REE concentration compared 

to most of the intermediate fissure lavas but have very similar (LREE/HREE)N ratio of (La/Sm)N ~1.9 

– 2.5, (Dy/Yb)N~1.4-1.6 and a positive Eu anomaly (Eu/Eu*)N ~ 1.0 – 1.2 (Figs. 4-7, 4-10). The 
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northern trachytic fissure (phase I) and the eastern lava flow of the central fissure are most evolved 

(La/Sm)N ~3.7 (3.3), (Dy/Yb)N~1.1 with a negative (Eu/Eu*)N ~ 0.8 (1.1), respectively. Ce/Pb ratios 

are within the mantle range (Hofmann et al., 1986) for rift floor basalts (Fig. 4-10). 

Gudda and Bericha overlap in their chondrite normalised REE concentrations (Fig. 4-7), but Gudda 

lavas have a broader range of REE contents, with the highest levels in the phase O rhyolites. Both, 

Gudda and Bericha, show a slightly wider variation in HREE concentration, compared to LREE. 

Bericha has a higher (La/Sm)N ~4, lower (Dy/Yb)N  ~1, and progressively decreasing Sm/Zr and Ce/Pb 

with increasing Zr concentrations relative to Gudda ((La/Sm)N 2.8-3.4) (Fig. 4-10). This suggests a 

higher depletion of middle REE (Sm and Dy) in Bericha magmas relative to the LREE, HREE and Pb. 

Some intermediate fissure lavas have a narrow range in middle REE concentrations compared to 

Gudda lavas (Fig. 4-7). Bericha lavas have a lower (Eu/Eu*)N of 0.4-0.56 compared to Gudda 

(Eu/Eu*)N 0.8-1.0 (trachyte); 0.7 (rhyolite). As this correlates with K, Sr and Ba depletion in the more 

evolved magmas at Bericha, it suggests feldspar fractionation is responsible. The Ba enrichment in 

the Gudda trachytes (817-2124 ppm) compared to Bericha rhyolites (337-718 ppm) (Fig. 4-8), 

combined with systematic Ba/Nb differences (Fig. 4-10), is redolent of alkali-feldspar accumulation 

in the Gudda intermediate magmas. This also results in lower K and Rb concentration in Gudda 

trachytes compared to Bericha rhyolites. Furthermore, Gudda magmas differ in having lower 

Nb/Yb, Th/Nb and Th/La than Bericha (Fig. 4-10). 
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Table 4-1 Major elements in wt% (XRF) and trace elements in ppm (ICP-MS) of the BBVC. 

  Rift floor basalt Basaltic cones 
  42-43 138 172up WE18a WE18b 5ab 96 96 iso 31 118a 118b 119 

SiO2 47.03 47.26 50.23   46.23 46.62 46.70  48.00  47.79 48.22 
TiO2 1.77 2.43 3.21   2.39 2.65 2.47  3.58  1.80 1.66 
Al2O3 15.21 18.32 14.81   16.54 15.95 17.97  14.14  16.43 17.22 
Fe2O3 11.23 12.23 13.14   13.29 13.68 12.37  13.94  11.14 10.89 
MnO 0.17 0.17 0.25   0.18 0.19 0.17  0.25  0.17 0.17 
MgO 8.84 4.20 3.86   6.25 6.02 5.33  4.51  7.07 7.61 
CaO 11.16 11.07 7.75   11.41 11.01 10.78  8.64  11.74 10.80 
K2O 0.56 0.53 1.28   0.43 0.58 0.60  1.13  0.69 0.64 

Na2O 2.56 3.17 4.57  2.82 3.00 2.76  4.18  2.75 2.66 
P2O5 0.29 0.38 0.94  0.41 0.44 0.36  1.58  0.29 0.28 
Total 98.81 99.75 100.05  99.93 100.16 99.50  99.94  99.87 100.14 
LOI -0.05 -0.04 -0.05  -0.05 -0.26 0.12  -0.10  0.08 0.01 

               
Cr 365.20 22.30 0.08 118.40 121.40 71.19 78.87 46.95 0.04 176.10 182.10 162.00 
Co 48.53 36.22 23.80 51.24 52.86 45.08 40.12 35.10 25.45 50.69 50.84 44.62 
Ni 131.30 14.08 0.38 47.35 49.42 30.74 33.31 33.05 0.69 63.05 63.61 62.48 
Cu 71.53 35.67 11.62 93.21 96.99 76.43 41.04 34.72 13.24 60.83 60.62 47.66 
V 251.6 283.8 168.0 380.8 369.0 319.3 253.8 215.1 205.0 282.4 274.9 214.5 
Sc 33.12 28.64 26.16 40.22 41.62 35.69 27.83 23.94 25.89 35.91 35.96 29.10 
Cs 0.03 0.05 0.08 0.03 0.03 0.11 0.04 0.04 0.09 0.06 0.06 0.03 
Rb 9.51 8.75 24.49 6.51 6.60 11.15 9.06 7.59 16.94 14.67 14.91 10.82 
Ba 204.6 196.9 498.8 224.5 234.4 206.0 208.2 185.4 400.2 260.9 271.5 210.4 
Th 1.39 1.29 3.03 1.31 1.34 1.46 1.53 1.31 2.89 1.97 2.02 1.53 
U 0.25 0.26 0.77 0.30 0.31 0.41 0.39 0.33 0.51 0.26 0.27 0.19 

Nb 18.15 19.89 43.72 18.80 18.91 19.45 18.61 15.91 37.62 25.00 24.08 18.66 
K 2345 2194 5317 1774 1774 2417 2496 2496 4683 2873 2873 2654 
Ta 1.34 1.56 3.29 1.49 1.44 1.46 1.40 1.21 2.81 1.80 1.79 1.38 
La 14.42 13.72 35.71 14.96 15.71 16.51 14.79 12.67 36.05 18.51 19.31 14.87 
Ce 31.77 30.56 80.80 34.33 35.85 37.11 33.03 28.14 83.51 40.14 41.63 32.26 
Pb 1.62 1.37 3.37 1.57 1.65 1.51 1.67 1.45 3.23 2.26 2.36 1.84 
Pr 4.22 4.19 10.71 4.76 4.93 5.04 4.47 3.78 11.33 5.25 5.44 4.23 
Sr 362.3 519.2 555.5 515.0 534.4 455.6 538.8 616.6 529.0 453.7 465.0 400.3 
Nd 18.13 18.38 46.47 21.24 21.92 22.23 19.15 16.38 50.51 21.87 22.70 17.75 
Sm 4.20 4.30 10.37 4.98 5.22 5.15 4.36 3.80 11.26 4.95 5.11 4.00 
Zr 107.9 99.9 227.0 103.4 105.6 104.2 109.1 93.9 189.8 140.5 138.0 106.3 
Hf 2.69 2.51 5.53 2.61 2.68 2.64 2.73 2.36 4.59 3.42 3.40 2.67 
Eu 1.48 1.69 3.72 1.96 2.01 1.94 1.62 1.45 3.96 1.67 1.74 1.39 
Ti 10420 14290 20540 16010 16410 15370 14280 12240 21320 11680 11790 9409 
Gd 4.31 4.38 10.28 5.11 5.32 5.28 4.43 3.76 11.18 4.92 5.14 4.00 
Tb 0.66 0.65 1.53 0.76 0.78 0.78 0.66 0.57 1.58 0.76 0.79 0.62 
Dy 3.92 3.77 8.71 4.30 4.46 4.49 3.82 3.26 8.77 4.42 4.58 3.60 
Li 4.46 4.80 8.92 4.08 4.42 3.94 1.97 2.03 7.80 5.65 5.88 4.31 
Y 21.04 19.92 46.10 22.51 23.41 23.69 20.44 17.25 45.49 24.36 24.98 19.34 

Ho 0.77 0.72 1.69 0.83 0.86 0.86 0.74 0.63 1.66 0.86 0.90 0.71 
Er 2.11 1.91 4.45 2.16 2.25 2.28 2.00 1.69 4.27 2.33 2.43 1.91 
Tm 0.30 0.26 0.61 0.29 0.31 0.31 0.27 0.24 0.58 0.33 0.35 0.27 
Yb 1.86 1.66 3.84 1.83 1.90 1.93 1.76 1.47 3.47 2.11 2.21 1.71 
Lu 0.28 0.24 0.56 0.27 0.28 0.29 0.26 0.22 0.51 0.31 0.33 0.25 
Sn 0.90 0.81 1.59 1.01 1.06 0.90 0.93 0.74 1.45 1.04 1.07 0.84 
Zn 61.37   113.00   77.65 74.13 65.51 54.98 96.17   69.73 57.16 
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Table 4-1: continued 

  fissures N of Bericha NE fissure central fissure 
  WE2iso WE3a WE3b 45 44 WE16 103a 103b 87 55 116 184a 184b 

SiO2 46.83 49.83  55.89 62.55 62.20 64.36   51.66 51.93 49.37 63.70  

TiO2 2.00 3.19  2.00 1.08 1.09 0.90   2.77 2.90 2.98 1.04  

Al2O3 20.93 14.50  15.29 15.87 16.02 15.42   14.31 14.55 14.51 14.40  

Fe2O3 10.27 13.46  10.49 6.31 6.40 5.62   12.09 12.11 13.72 7.44  

MnO 0.131 0.23  0.29 0.21 0.21 0.19   0.26 0.23 0.27 0.30  

MgO 5.48 4.14  2.49 1.15 1.10 0.90   3.45 3.66 4.04 0.90  

CaO 12.00 7.85  5.24 2.52 2.50 1.95   6.73 7.00 7.82 2.54  

K2O 0.45 1.40  1.95 3.42 3.57 4.08   1.56 1.69 1.12 3.13  

Na2O 2.75 4.23  5.55 6.24 6.11 6.10   4.90 4.54 4.47 6.17  

P2O5 0.34 0.76  0.91 0.42 0.40 0.28   1.25 1.16 1.03 0.32  

Total 101.18 99.59  100.11 99.75 99.60 99.80   98.99 99.78 99.33 99.92  

LOI -0.16 -0.12  -0.06 0.00 0.19 0.07   -0.08 -0.06 -0.40 -0.15  

                   
Cr 42.66 0.07 0.07 0.02 0.12 0.17 0.30 0.21 0.11 0.08 3.24 1.79 0.20 
Co 32.04 30.16 30.23 4.59 1.98 2.09 2.23 2.82 14.27 18.42 24.64 2.03 2.05 
Ni 44.32 0.38 0.44 0.20 0.20 0.34 0.28 0.32 0.36 0.67 7.42 1.44 0.22 
Cu 35.21 10.41 10.52 6.05 4.58 4.81 5.55 4.99 9.35 12.98 33.81 5.04 4.48 
V 192.30 226.80 227.80 37.97 9.78 10.28 11.79 15.40 122.40 140.00 210.50 13.73 14.10 
Sc 20.16 26.22 26.69 19.62 9.04 9.24 7.77 9.43 24.25 22.35 30.26 18.60 18.59 
Cs 0.07 0.20 0.19 0.41 0.43 0.69 0.90 0.79 0.38 0.44 0.24 0.76 0.75 
Rb 6.14 23.76 23.77 39.04 68.61 74.35 95.21 83.13 35.04 41.73 22.27 76.47 77.27 
Ba 152.5 387.4 393.1 669.0 735.9 726.5 697.0 692.2 648.5 501.6 622.5 1540.0 1541.0 
Th 1.01 3.54 3.64 4.70 9.86 9.82 12.22 10.91 4.16 4.60 2.66 9.54 9.47 
U 0.25 0.76 0.77 1.20 2.06 2.23 2.82 2.54 1.04 1.11 0.71 2.19 2.19 

Nb 12.05 40.81 41.09 50.55 81.01 82.81 90.27 84.93 42.54 44.06 32.68 69.85 71.12 
K   5833 5833 8080 14233 14892 16956 16956 6553 7033 4682 12995 12995 
Ta 0.93 2.97 3.03 3.71 5.54 5.54 5.85 6.01 3.22 3.26 2.44 5.05 5.09 
La 9.91 32.38 32.56 44.65 71.80 65.53 69.55 63.64 42.10 42.77 31.50 59.95 60.19 
Ce 23.72 71.95 72.24 100.00 148.30 143.50 149.40 138.60 95.59 96.02 72.61 126.00 126.60 
Pb 1.51 4.10 4.15 6.19 11.28 12.02 13.92 12.97 4.97 6.38 3.44 12.98 12.88 
Pr 3.01 9.26 9.39 12.89 17.03 15.90 16.27 15.39 12.59 12.36 9.77 14.95 14.94 
Sr 621.6 471.1 476.3 477.9 287.8 269.9 168.5 224.2 479.2 494.5 456.9 151.7 150.4 
Nd 13.13 38.91 39.46 53.85 63.88 59.33 59.68 57.00 54.06 52.23 43.11 57.11 56.91 
Sm 3.03 8.58 8.73 11.45 12.49 11.77 11.59 11.31 11.70 11.21 9.49 11.62 11.53 
Zr 75.9 232.4 239.1 288.3 556.0 562.8 653.2 588.9 240.4 270.6 171.0 491.5 511.2 
Hf 1.96 5.42 5.51 6.80 11.90 11.98 14.34 12.86 5.72 6.26 4.17 11.13 11.26 
Eu 1.20 2.81 2.88 4.12 3.30 3.14 2.68 2.81 4.21 3.76 3.84 4.20 4.18 
Ti 10440 19200 19480 11450 6750 6800 5534 6485 16660 17360 17710 5583 5768 
Gd 3.07 8.44 8.55 10.84 11.39 10.61 10.45 10.17 11.31 10.95 9.35 10.82 10.72 
Tb 0.46 1.26 1.28 1.63 1.84 1.73 1.73 1.69 1.64 1.60 1.33 1.75 1.73 
Dy 2.63 7.28 7.42 9.33 11.17 10.43 10.63 10.29 9.19 9.14 7.39 10.50 10.46 
Li 3.02 8.50 8.75 11.72 10.18 17.74 20.39 18.49 8.55 9.72 6.92 14.11 13.70 
Y 13.73 39.57 40.11 49.79 66.88 60.82 62.24 59.67 48.70 49.74 38.56 59.02 59.37 

Ho 0.50 1.42 1.45 1.81 2.27 2.10 2.18 2.09 1.77 1.77 1.42 2.13 2.11 
Er 1.34 3.82 3.87 4.84 6.53 6.00 6.37 6.11 4.65 4.68 3.64 6.05 6.00 
Tm 0.19 0.54 0.55 0.69 0.99 0.92 0.99 0.94 0.64 0.66 0.50 0.90 0.90 
Yb 1.15 3.39 3.42 4.32 6.48 6.08 6.60 6.29 3.96 4.05 3.07 5.95 5.93 
Lu 0.17 0.50 0.51 0.64 0.98 0.91 1.00 0.95 0.58 0.59 0.45 0.91 0.91 
Sn 0.63 1.66 1.69 1.88 3.44 3.75 4.54 3.86 1.46 1.87 1.34 3.46 3.28 
Zn 47.24                   92.98 107.10 108.10 
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Table 4-1: continued 

  Pre-caldera Post-caldera Gudda Gudda 
  120 85 89 93 93iso 141 141iso 92 91 90 183 182 179 

SiO2 68.16 69.09 65.61 63.91  66.26  66.72 66.32 66.70 70.08 71.33 70.45 

TiO2 0.47 0.60 0.61 0.68  0.55  0.56 0.58 0.49 0.29 0.32 0.32 

Al2O3 12.82 8.67 12.11 13.52  12.01  10.12 12.53 13.23 8.61 8.92 8.82 

Fe2O3 6.97 10.49 8.38 8.73  8.40  9.38 8.24 7.34 8.21 8.44 8.47 

MnO 0.29 0.41 0.31 0.40  0.32  0.36 0.35 0.30 0.29 0.30 0.30 

MgO 0.08 0.01 0.20 0.05  0.00  0.09 0.07 0.05 - - - 

CaO 1.14 0.84 1.12 1.73  0.86  1.03 1.12 1.06 0.34 0.36 0.35 

K2O 4.07 4.31 4.38 3.39  4.48  3.95 3.48 3.89 4.34 4.31 4.36 

Na2O 6.23 5.70 6.49 6.43  6.32  6.32 7.22 6.80 7.02 6.97 6.93 

P2O5 0.04 0.04 0.06 0.08  0.04  0.04 0.05 0.03 0.02 0.02 0.02 

Total 100.28 100.16 99.28 98.91  99.25  98.55 99.97 99.89 99.20 100.98 100.02 

LOI 0.02 0.45 0.13 0.30  0.08  0.15 0.04 0.53 -0.04 -0.19 -0.24 

                    
Cr 0.05 0.00 0.00 0.13 0.03 0.02 0.02 0.40 0.05 0.02 3.63 0.09 0.00 

Co 0.08 0.05 0.54 0.17 0.16 0.08 0.06 0.10 0.14 0.06 0.08 0.05 0.04 

Ni 0.14 0.05 0.09 0.27 0.15 0.15 0.18 0.21 0.11 0.08 1.63 0.07 0.06 

Cu 1.95 2.01 3.72 2.48 2.21 2.19 1.97 2.58 2.89 1.68 1.59 1.57 1.45 

V 0.42 0.14 0.92 0.29 0.31 0.29 0.20 0.48 0.30 0.20 0.24 0.17 0.15 

Sc 3.87 0.79 7.21 12.84 11.90 2.54 2.09 3.24 5.95 2.48 0.90 0.81 0.77 

Cs 0.68 0.98 0.72 0.45 0.42 0.65 0.50 0.66 0.62 0.64 1.84 1.83 1.72 

Rb 80.11 90.90 82.66 48.59 46.00 74.76 60.35 73.54 65.29 63.78 158.00 153.30 146.40 

Ba 1124 817 1003 1865 1805 1059 1127 1401 2124 1394 427 435 404 

Th 11.81 11.63 9.72 5.52 5.13 8.09 6.04 8.88 7.41 7.90 21.03 21.09 19.55 

U 2.00 3.08 2.57 1.35 1.24 1.96 1.51 2.12 1.87 2.62 5.27 5.33 4.94 

Nb 101.60 123.40 115.00 56.79 55.05 80.19 59.24 82.00 80.74 73.95 163.00 155.90 151.20 

K 16866 17868 18303 14215 14215 18736 18736 16627 14459 16180 18150 17727 18108 

Ta 6.95 8.50 7.21 3.65 3.69 5.36 4.23 5.41 5.34 4.47 11.04 10.97 10.18 

La 73.51 91.12 82.29 39.61 37.21 59.70 43.16 65.64 59.99 54.73 145.40 133.90 126.80 

Ce 162.90 205.90 181.60 86.70 80.99 134.80 93.68 152.30 136.90 117.00 296.20 295.30 278.60 

Pb 13.26 13.54 11.62 6.24 5.98 8.80 6.81 11.72 8.45 8.96 25.71 25.80 24.45 

Pr 18.29 23.46 20.88 10.66 9.93 15.65 11.63 17.23 16.03 13.90 34.02 33.35 31.15 

Sr 24.59 21.91 37.00 26.14 25.18 10.79 11.43 41.13 35.05 18.43 5.15 5.25 4.67 

Nd 69.66 91.29 79.73 42.26 39.65 61.36 45.65 67.69 63.36 53.76 128.50 126.30 118.50 

Sm 14.52 19.58 16.63 9.00 8.42 13.04 9.78 14.49 13.54 11.34 26.68 26.31 24.67 

Zr 678.8 785.6 693.5 334.1 314.4 528.7 399.1 585.8 530.7 509.1 1205.0 1158.0 1105.0 

Hf 14.83 17.76 15.26 7.80 7.21 11.62 8.78 13.10 11.56 10.85 27.40 27.55 25.60 

Eu 3.52 5.70 4.50 2.89 2.71 3.46 2.72 4.43 4.34 2.96 5.81 5.85 5.44 

Ti 2627 3082 4323 3875 3659 3539 2765 3303 4271 2697 1782 1752 1615 

Gd 13.62 19.11 15.70 8.51 7.95 12.34 9.28 14.03 13.01 10.84 25.29 25.07 23.47 

Tb 2.28 3.17 2.64 1.38 1.27 2.00 1.52 2.35 2.13 1.79 4.25 4.24 3.96 

Dy 13.95 19.40 16.30 8.28 7.64 12.05 9.12 14.30 12.97 10.83 26.25 26.14 24.30 

Li 14.77 26.44 24.96 8.90 7.28 9.46 8.44 22.28 17.30 10.56 40.10 41.39 38.16 

Y 80.56 108.40 94.69 45.23 42.57 66.85 50.04 81.94 73.84 62.04 152.80 144.30 137.00 

Ho 2.86 3.94 3.31 1.66 1.53 2.40 1.84 2.94 2.60 2.21 5.33 5.34 5.00 

Er 8.24 11.14 9.49 4.64 4.36 6.76 5.19 8.37 7.33 6.26 15.28 15.20 14.26 

Tm 1.26 1.65 1.44 0.71 0.66 1.03 0.79 1.26 1.11 0.95 2.29 2.27 2.12 

Yb 8.36 10.77 9.47 4.77 4.42 6.78 5.23 8.14 7.28 6.16 14.85 14.75 13.80 

Lu 1.29 1.63 1.44 0.76 0.71 1.06 0.81 1.22 1.11 0.94 2.19 2.20 2.04 

Sn 4.56 5.00 4.59 2.19 2.11 3.39 2.56 3.88 3.41 3.30 8.18 8.15 7.63 

Zn 143.80 214.40   92.41 88.52         113.60   243.60 236.40 
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Table 4-1: continued 

  Bericha 
  WE15 WE15iso 84 84iso 80 78 78iso 82 66 62 68 108 109 110 64 

SiO2 65.96  70.24  71.20 69.73  70.83 70.92 69.24 70.57 69.52 70.88 69.79 70.46 

TiO2 0.74  0.37  0.39 0.34  0.32 0.35 0.31 0.34 0.33 0.32 0.36 0.32 

Al2O3 15.47  13.90  14.22 13.20  13.31 13.37 13.29 13.36 13.25 13.79 13.49 13.28 

Fe2O3 4.83  3.95  3.86 4.40  4.08 4.25 4.28 4.38 4.41 3.87 4.45 4.30 

MnO 0.17  0.15  0.14 0.19  0.17 0.19 0.19 0.20 0.19 0.17 0.20 0.19 

MgO 0.64  0.19  0.15 0.08  0.15 0.06 0.08 0.05 0.12 0.09 0.05 0.04 

CaO 1.48  0.63  0.69 0.63  0.57 0.57 0.59 0.59 0.69 0.55 0.61 0.58 

K2O 4.22  4.89  4.80 4.67  4.83 4.70 4.57 4.60 4.68 4.79 4.56 4.59 

Na2O 6.17  5.69  5.82 5.80  5.57 5.94 6.08 6.07 5.96 5.72 6.01 6.00 

P2O5 0.20  0.05  0.05 0.03  0.03 0.03 0.02 0.03 0.04 0.03 0.03 0.03 

Total 99.88  100.07  101.32 99.07  99.85 100.36 98.65 100.17 99.17 100.20 99.54 99.80 

LOI 0.00  0.01  0.05 0.03  0.04 0.07 0.02 0.05 0.06 0.04 0.09 0.06 

                 
Cr 0.32 0.28 0.14 0.02 0.06 0.08 0.01 0.03 0.04 0.01 0.03 0.06 0.03 0.04 0.01 

Co 1.71 1.68 0.26 0.27 0.22 0.10 0.11 0.16 0.12 0.12 0.10 0.14 0.14 0.11 0.10 

Ni 0.55 0.42 0.10 0.04 0.10 0.08 0.15 0.29 0.05 0.09 0.09 0.14 0.10 0.07 0.10 

Cu 3.23 2.92 1.72 1.48 1.76 1.58 1.56 3.14 1.72 1.62 1.58 2.60 1.39 1.52 1.39 

V 7.60 7.66 0.58 0.57 0.50 0.21 0.23 0.34 0.23 0.24 0.22 0.30 0.24 0.22 0.19 

Sc 7.17 6.33 5.65 5.04 5.67 6.37 5.94 5.54 6.08 6.07 6.37 6.73 5.32 5.95 5.88 

Cs 0.57 0.49 0.50 0.40 0.58 1.12 1.01 1.14 1.23 1.22 1.32 1.30 0.72 1.17 1.22 

Rb 117.4 96.4 135.4 113.9 130.3 130.6 120.8 140.1 134.5 130.8 140.3 140.6 131.3 121.5 131.9 

Ba 717.7 687.4 336.9 643.8 408.3 602.7 619.9 364.1 461.2 610.1 619.8 669.6 373.1 601.4 554.0 

Th 14.83 11.94 17.15 13.62 13.00 16.94 16.40 18.92 16.87 17.14 17.67 17.77 17.67 16.42 16.30 

U 3.26 2.70 2.16 1.69 2.58 3.18 3.04 4.24 3.85 3.92 4.02 4.09 3.08 3.77 3.71 

Nb 104.9 88.7 119.1 98.4 115.6 114.5 106.1 124.8 120.4 114.5 124.2 122.2 121.4 105.1 118.2 

K 17546 17546 20284 20284 19686 19567 19567 20079 19451 19241 19066 19579 19834 19022 19091 

Ta 7.05 6.09 8.46 6.71 7.94 7.76 7.54 8.59 8.30 7.85 8.47 8.50 8.13 7.26 7.92 

La 78.89 64.83 70.17 55.75 85.05 87.19 81.13 100.00 90.88 90.78 97.09 95.31 91.11 85.19 91.06 

Ce 170.9 142.1 167.6 140.5 180.9 184.6 174.3 204.5 192.7 192.6 206.0 201.6 194.3 177.0 192.9 

Pb 16.84 14.49 21.82 19.53 22.17 23.08 21.41 24.62 23.19 22.89 23.79 24.17 23.03 22.16 22.26 

Pr 18.27 14.85 16.94 13.26 18.97 20.02 18.68 21.91 20.20 20.78 21.80 21.80 20.11 19.76 20.25 

Sr 162.40 166.80 11.26 40.57 18.00 6.42 6.72 6.27 5.06 5.99 5.74 8.32 6.92 6.24 6.03 

Nd 65.71 53.39 60.01 46.89 66.66 71.34 66.66 77.24 71.60 74.29 77.97 78.20 70.40 70.67 72.28 

Sm 12.73 10.38 11.54 8.98 12.66 13.97 13.12 14.98 13.92 14.60 15.26 15.40 13.60 13.99 14.10 

Zr 802.3 656.9 894.7 726.7 719.6 874.8 828.4 988.0 913.8 893.1 949.7 930.6 953.1 830.0 901.0 

Hf 17.52 14.21 20.30 16.20 16.99 19.79 18.54 22.03 19.98 19.91 20.83 20.85 20.96 19.15 19.33 

Eu 2.73 2.50 1.44 1.94 1.67 2.33 2.26 1.93 2.04 2.41 2.49 2.57 1.79 2.33 2.28 

Ti 5151 4893 2096 1886 2052 1955 1761 1812 1876 1873 1956 2078 1696 1792 1780 

Gd 11.21 9.10 9.66 7.58 11.02 12.33 11.51 13.42 12.64 13.05 13.89 13.77 12.25 12.60 12.79 

Tb 1.90 1.55 1.65 1.30 1.85 2.13 2.01 2.36 2.20 2.29 2.40 2.40 2.13 2.20 2.22 

Dy 11.70 9.55 10.10 7.91 11.12 13.30 12.52 14.92 13.80 14.35 15.07 15.01 13.51 13.73 13.92 

Li 20.59 18.72 26.34 21.16 25.57 16.16 14.30 20.71 26.60 25.42 26.54 23.97 26.29 24.63 25.09 

Y 69.11 55.76 53.00 42.00 64.73 79.92 75.31 91.89 83.91 86.10 90.97 89.79 82.15 79.68 85.72 

Ho 2.41 1.96 2.04 1.59 2.21 2.75 2.59 3.12 2.90 2.99 3.15 3.13 2.83 2.88 2.91 

Er 7.12 5.77 5.95 4.70 6.32 8.17 7.67 9.32 8.56 8.83 9.26 9.25 8.44 8.54 8.60 

Tm 1.12 0.91 0.96 0.75 0.99 1.29 1.22 1.48 1.34 1.38 1.44 1.45 1.33 1.32 1.34 

Yb 7.53 6.13 6.78 5.36 6.76 8.77 8.15 9.90 9.04 9.17 9.72 9.67 8.97 8.88 8.99 

Lu 1.15 0.93 1.08 0.85 1.06 1.33 1.24 1.50 1.37 1.39 1.47 1.46 1.38 1.35 1.37 

Sn 6.20 5.50 6.13 4.81 5.89 5.79 5.36 6.60 5.74 5.69 5.99 6.11 5.94 5.42 5.61 

Zn     103.40 89.05 92.22       122.10   130.10   113.60 116.60 123.90 
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Table 4-1: continued 
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Figure 4-6 Major elements of the BBVC of this study (colour) with lava (closed circle) and pumice 

(open circle), compared to former studies of the BBVC (Brotzu et al., 1974, 1980; Ronga et al., 2010; 

Macdonald et al., 2012) (grey) in Harker diagrams showing crystallisation of olivine, clinopyroxene, 

plagioclase and magnetite played a role in the magmatic evolution. Gudda’s magma is distinct with 

additional K-feldspar accumulation compared to Bericha’s magma. Mineral compositions (Appendix 

C.1) are indicated by black square or arrow pointing towards the mineral phase.  
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Figure 4-7 Trace elements normalised by the primitive mantle and REE normalised by chondrite after 

Sun and McDonough (1989) for lava flows (circle) and pumice/ scoria (triangle) of the rift floor, 

intermediate fissures and from Gudda and Bericha. Trace elements have a large range in 

composition of the BBVC lavas with depletion for Sr and K for feldspar crystallisation and Ti for oxide 

crystallisation in all rocks. Ba shows a major difference between trachytic and rhyolitic samples, 

indicating the occurrence of alkali feldspar. REE of lavas from the BBVC shows a larger Eu anomaly 

and higher depletion in middle REE for Bericha lavas compared to Gudda lavas, best explained by a 

higher proportion of amphibole crystallisation at Bericha. Colours indicate the classification of rocks 

after TAS (Fig. 2-10), same as in Fig. 4-6 and Table 4-1. BBVC lava flow samples (Ayalew et al., 2016; 

Furman et al., 2006a; Ronga et al., 2010) were classified into Bericha, Gudda, fissure and rift floor 

basalts based on this study (grey field).  
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Figure 4-8 Trace elements versus Zr in ppm showing the fractionation trend of the BBVC lavas. Note 

the logarithmic scale in Sr concentration. Possible evolution by a two-step model 1 (solid line) with 

AFC from mafic to intermediate magma and FC or AFC in felsic magmas. Alternatively or coexisting, 

a three-step model 2 (dashed line) for both volcanoes with FC or low AFC in the range of mafic 

samples, AFC with amphibole crystallisation from mafic to felsic and FC can produce the range in 

felsic samples.  
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Figure 4-9 Continuation of figure 4-8 combined with Pb isotopes, showing distinct isotopic variation 

along with fractionation, suggesting assimilation during fractional crystallisation (AFC).  
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Figure 4-10 Trace element ratio diagrams indicate that fractional crystallisation only cannot explain 

the trend from mafic to felsic. Variations in Ce/Pb, Th/Nb, Nb/Yb, Th/La indicate crustal assimilation 

while fractional crystallisation. Decreasing trends in Sm/Zr and Dy/Yb while increasing La/Sm can 

be explained by amphibole crystallisation. Different magma evolution is presented by a two-step 

model mainly for Gudda (model 1, solid line) and three step model for Gudda and Bericha (model 2, 

dashed line). Bericha is distinct from Guddas magma by a longer pathway in amphibole 

crystallisation and less alkali feldspar accumulation.  
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4.4.4 Pb - Nd - Sr - B isotopic data 

206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, 144Nd/143Nd and 87Sr/86Sr show distinct trends between basalts, 

intermediate fissure lavas and Bericha rhyolites compared to Gudda trachytes (Figs. 4-10 to 4-13), 

which are not what would be expected for a simple fractional crystallisation system. Isotope ratios 

of trachytic lava flows at Gudda lie along the same linear Pb isotope trends as the other lavas, but 

are partly offset in terms of Nd and Sr isotopes. Gudda’s lavas generally have a wider range of 

isotope ratios compared to Bericha, which has a tightly-defined isotopic composition (Fig. 4-10 to 

4-13). 

Pb isotopes of Gudda trachytes (206Pb/204Pb 18.64 – 18.88; 207Pb/204Pb 15.60 – 15.61; 208Pb/204Pb 

38.0 – 39.0) bridge the compositional range between the rift-floor basalts (206Pb/204Pb ~19) and the 

Bericha rhyolites (206Pb/204Pb ~18.47) (Figs. 4-11, 4-12, Table 4-2). 87Sr/86Sr for Gudda are mostly 

between 0.7040 – 0.7042, but three trachytic lavas have slightly more radiogenic ratios (~0.7046 – 

0.7060; samples 85, 89, 92), which are higher than any rift floor basalts or the Bericha rhyolites 

(0.7043 – 0.7045) (Fig. 4-13, Table 4-2). Gudda 144Nd/143Nd (0.512816 - 0.512855) is broadly in the 

same range as the rift floor basalts 144Nd/143Nd (0.512845 – 0.512868) but differ significantly from 

Bericha rhyolites (mean: 0.512754). Intermediate lavas have 144Nd/143Nd ranging between the 

compositions of Gudda and Bericha (Fig. 4-13, Table 4-2).  

Gudda lavas can be divided into a less radiogenic group (samples 85, 92, 182) with average 

206Pb/204Pb 18.66; 207Pb/204Pb 15.60; 208Pb/204Pb 38.83 and more radiogenic group (samples 89, 90, 

91, 93) with average 206Pb/204Pb 18.83; 207Pb/204Pb 15.61; 208Pb/204Pb 38.98 (Figs. 4-11, 4-12). The 

less radiogenic group corresponds to two samples of more radiogenic Sr isotope ratios (sample 85, 

92) and one sample exhibiting the lowest Nd isotopic ratio (sample 92) (Fig. 4-13). This distribution 

does not appear to correlate with spatial distribution or eruption age (chapter 3) as Gudda’s least 

radiogenic Pb isotopes include the oldest and youngest samples.  

Boron isotopes, analysed by Tyerman (2018), range from δ11B of -6.4 to -0.35 with a boron 

concentration of 2.75 to 17.35 ppm. Mafic to intermediate samples (n = 4) range in δ11B from -4.5 

± 0.25 to -0.6 ± 0.1, Gudda lavas (n= 5) have a more focussed isotopic ratio between -3.7 ± 1.1 to -

2.2 ± 0.6 and Bericha’s boron isotopes (n=3) range between -1.6 ± 0.1 and -0.4 ± 0.4 (Appendix C.2). 
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Table 4-2 Sr isotopes (TIMS), and Pb, Nd, B isotopes (Neptune) of lava flows from the BBVC. Errors are given by two standard error (SE), where decimal  

quoted the last significant digits. Boron data are analysed by Tyerman (2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Sample 206Pb/204Pb 2SE 207Pb/204Pb 2SE 208Pb/204Pb 2SE 87Sr/86Sr 2SE 143Nd/144Nd 2SE ε Nd 2SE B (ppm) 2SE d11B 2SE 

b
as

al
t 

42/43 18.9673 2 15.6029 10 39.0027 44 0.704004 13 0.512868 3 4.48 0.06 3.40 0.20 -4.08 0.48 

138 19.0628 2 15.6014 10 39.0568 20             

172 18.9052 2 15.5958 10 38.9353 39 0.704035 15 0.512845 5 4.03 0.10 4.05 0.10 -1.99 1.39 

96 18.9483 2 15.6168 8 39.0543 16                     

in
te

rm
ed

ia
te

 f
is

su
re

 

WE2 18.9926 2 15.6100 12 39.0509 45 0.704157 21 0.512851 3 4.15 0.07         

WE3 18.8183 2 15.6073 11 38.9857 40             

44 18.6530 1 15.6121 8 38.9417 30 0.704191 12 0.512796 3 3.09 0.07     

103 18.6407 1 15.6121 8 38.9348 18             

87 18.5673 2 15.6069 10 38.8116 33 0.704246 13 0.512798 4 3.12 0.08     

55 18.5180 2 15.6074 12 38.7941 35             

116 18.7135 2 15.6069 8 38.8977 26 0.704150 23 0.512833 3 3.80 0.06 2.60 0.03 -4.45 0.50 

184 18.4898 1 15.6097 9 38.8068 26 0.704282 14 0.512756 7 2.29 0.14 6.90 0.20 -0.55 0.20 

G
u

d
d

a,
 p

an
te

lle
ri

te
 

85 18.6945 2 15.5999 8 38.8433 19 0.704628 85 0.512846 4 4.07 0.08 8.76 0.18 -2.5 1.2 

89 18.8307 2 15.6083 8 38.9743 35 0.705990 26 0.512842 4 3.99 0.07 7.86 0.16 -3.45 0.1 

93 18.8031 2 15.6110 10 38.9747 38 0.704186 14 0.512844 4 4.02 0.08 4.49 1.31 -2.20 1.10 

92 18.6447 2 15.6062 9 38.8000 32 0.704674 13 0.512816 4 3.47 0.08 17.35 0.50 -3.70 2.20 

91 18.8766 2 15.6106 7 39.0049 23 0.704212 18 0.512855 4 4.23 0.08 5.91 0.03 -3.30 0.40 

90 18.8128 2 15.6114 10 38.9809 44 0.704209 15 0.512844 3 4.02 0.06     

182 18.6409 2 15.6068 9 38.8550 36                     

B
er

ic
h

a,
 c

o
m

en
d

it
e

 84 18.4758 1 15.6074 7 38.7848 24 0.704331 15 0.512757 3 2.32 0.06 2.76 0.07 -6.40 0.40 

80 18.4718 2 15.6025 11 38.7692 34 0.704346 12 0.512756 3 2.30 0.06 8.05 0.30 -1.62 0.16 

66 18.4629 2 15.6093 9 38.7816 36         8.50 0.00 -0.36 0.73 

109 18.4712 2 15.6098 7 38.7893 24             

110 18.4757 2 15.6089 10 38.7935 46             

64 18.4759 1 15.6087 7 38.7937 27 0.704517 10 0.512751 4 2.20 0.08         
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Figure 4-11: Pb isotopes of the BBVC compared to EAR, Afar lavas  (Barrat et al., 2003; Daoud et al., 

2010; Deniel et al., 1994; Hutchison et al., 2018; Schilling et al., 1992; Vidal et al., 1991), Ethiopian 

flood basalts (dotted field) (Pik et al., 1999), Yemen lavas (strip field) (Baker et al., 2000, 1996; 

Chazot and Bertrand, 1993), MER lavas (A, C) and neighbouring Quaternary volcanoes in the 

northern MER (B, D) (Ayalew et al., 2016; Furman et al., 2006a; Giordano et al., 2014; Peccerillo et 

al., 2007, 2003; Rooney et al., 2012; Trua et al., 1999). For comparison with literature, data younger 

than 1996 were corrected with the NIST SRM 981 after Todt et al. (1996) and older than 1996 with 

NIST SRM 981 after Todt et al. (1984), except for Chazot and Bertrand (1993) was corrected with 

the given correction factor. Endmember components Afar plume (Rooney et al., 2012) with 

composition of mantle sources “C” (Hanan and Graham, 1996) shown with a dashed line, EM1, EM2, 

HIMU (Hart, 1988; Zindler and Hart, 1986), as well as DMM (Atlantic-Pacific) and DMM (Indian) 

compiled after Meyzen et al. (2007).  

A, C: The most likely assimilant for the BBVC lavas is lower crust composition LC (Baker et al., 2000; 

Davidson and Wilson, 1989). Less likely assimilants for the BBVC are enriched mantle components, 

crust C2 (Brueckner et al., 1995; Hegner and Pallister, 1989), the Kenyan – Tanzanian craton (TC) 

composition (Bellucci et al., 2011; Cohen et al., 1984; Rogers et al., 2000) and upper crust UC 

(Davidson and Wilson, 1989; Kumar et al., 2014).  

B, D: Magnification of the rectangle in A and C showing the comparison to individual volcanoes in 

the northern MER. The BBVC lavas have the highest Pb 7/4 and 8/4 ratio and are most similar to 

Kone lavas but still distinguishable. The trend of volcanoes north and south of the MER is described 

in section 4.5.8.  
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Figure 4-12 Continuation of Fig. 4-11 with Δ208Pb/204Pb, Δ207Pb/204Pb and *208Pb/206Pb showing large 

scale trends (A, C, E) between the Afar plume and trending towards lower crust (LC) for the BBVC 

compared to MER volcanoes, Afar lavas, Yemen lavas, Ethiopian flood basalts and EAR lavas. This 

comparison supports that the BBVC lavas have an isotopic composition between average MER lavas 

and Afar lavas. Comparison of Pb isotope ratios between the BBVC and individual volcanoes of the 

MER (B, D, F) support that the BBVC is most similar to Kone volcano. References of data and 

endmember composition are the same as in Fig.4-11.   
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Figure 4-13: Nd and Sr isotope of the BBVC pointing from Afar plume composition (Rooney et al., 

2012; Schilling et al., 1992) to lower crust (Davidson and Wilson, 1989) and mantle endmember EM 

1 (A, C, E). Three Gudda lavas have slightly lower Nd and higher Sr isotope ratios compared to 

Bericha, possibly affected by the local shallow hydrothermal fumarolic system. B, D, F: Magnification 

of the Sr and Nd isotopes of the BBVC lava. They are very similar to other central rift MER volcanoes 

and Afar lavas. Reference values for literature Nd and Sr isotope data are the same as for Pb isotope 

data with additional data for Ethiopian – Eritrean flood basalts (Ayalew et al., 2002; Kieffer et al., 

2004; Pik et al., 1999; Teklay et al., 2005) and southern Ethiopian basement EC (Teklay et al., 1998) 

which overlaps with Kenyan rift basement (Cohen et al., 1984) and southern Ethiopian basalts from 

Kenyan plume (George and Rogers, 2002; Stewart and Rogers, 1996).  
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4.4.5 Geothermobarometry  

In order to constrain petrological insights into pre-eruptive magma storage conditions at the BBVC, 

mineral – melt geothermobarometry on the mafic nodule sample 99 is applied after Putirka (2008), 

Putirka et al. (2003) and Neave and Putirka (2017). Equilibrium is provided by five individual 

clinopyroxene averaged rims (n = 14) and core compositions (n = 10) with the average composition 

of all interstitial groundmass analyses (n = 19) (Appendix C.5, C.1), based on the Fe-Mg partition 

coefficient KD(Fe-Mg)cpx-liq value of 0.28 ± 0.08 for global experimental data (Putirka, 2008). Notably, 

equilibrium conditions represented by the correlation between calculated clinopyroxene 

components (Jd, DiHd, EnFs and CaTs; (Putirka et al., 2003)) and predicted components from the 

groundmass composition is within 2 SEE (Putirka, 1999) (Appendix C.5). We assumed 1 wt% H2O as 

minimum water content, required for (Putirka, 2008). The feldspar – groundmass thermometer 

shows equilibrium for a mafic nodule, based on KD(Ab-An)fsp-liq 0.28 ± 0.11 at T > 1050 ˚C. The 

conversion from the pressure to depth is based on the density model at the BBVC by Cornwell et 

al. (2006). Considering all uncertainties, qualitative constraints support different crystallisation 

conditions for mafic cumulates at greater depth with higher temperature compared to evolved 

peralkaline lava of the BBVC. Using Neave and Putirka (2017) and Putirka (2008), core compositions 

of mafic cumulates (Table 4-3; Appendix C.1) reveal a pressure average of 4.9 ± 0.3 kbar, which 

converts to ~18 km and crystallisation temperatures of ~1162 ± 10˚C(Putirka, 2008). Rim 

compositions have lower pressures of 2.7 ± 0.4 kbar, equivalent to ~10 km, with crystallisation 

temperatures of ~1140 ± 8˚C for clinopyroxene and 1131˚C for feldspar phenocrysts. Previous 

models for these clinopyroxene – melt equilibrium pairs (Putirka, 2008; Putirka et al., 2003) reveal 

higher values of 5.8 ± 0.7 kbar and 8.0 ± 0.5 kbar for core – melt pairs as well as 3.7 ± 0.4 kbar and 

5.5 ± 0.7 kbar for the rim – melt equilibrium pairs.  

 

Table 4-3 Preliminary temperature and pressure estimation for a nodule after (Putirka et al., 2003) 

(P03), (Putirka, 2008) (P08) and (Neave and Putirka, 2017) (NP17) with achieved equilibrium 

conditions.  

sample 
mineral – melt 

equilibrium 

 Temperature Pressure 

˚C (core) ˚C (rim) Eq Kbar (core) Kbar (rim) Eq 

99 

nodule 

Cpx - GM 1162 ± 10 ~1139 ± 8 P08-33 8.0 ± 0.5 5.5 ± 0.7 P08-30 

Cpx – GM - - - 5.8 ± 0.7 3.7 ± 0.4 P03 

Cpx – GM - - - 4.9 ± 0.9 2.7 ± 0.4 NP17 

Fsp- GM - 1131 P08-24a - - - 
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For estimating equilibrium temperature and pressure for the parental magma of the basaltic lava 

(MgO > 5 wt.%), we use the procedure of  Lee et al. (2009), which uses the major element of whole 

rock data. The thermobarometer of Lee et al. (2009) is based on the activity of Mg and Si in the 

presence of olivine and orthopyroxene. Assuming the primary melt contains both minerals, have a 

KD= (Fe/Mg)ol/ (Fe/Mg)melt= 0.3 (Roeder and Emslie, 1970), a forsterite content of mantle source 

Fomantle~0.89, a minimum MgO content of evolved magma ~0.1 wt% (major elements) and 

Fe3+/FeT~0.4 , seven basaltic samples present two groups in pressure and temperature distribution. 

Rift floor basalts of calculated Fomantle~86-90 (sample 42/43, 118, 119, WE2) yield temperatures of 

1227 to 1246˚C (Lee et al., 2009) and 1121 to 1195˚C (Putirka, 2005, A) (Table 4-4). Pressures are 

estimated based on the density model of the BBVC (Cornwell et al., 2006) to 8.0 to 10 kbar, which 

relates to ~27 to 34 km depth. Basaltic cones (sample WE5, 96, WE18) of calculated Fomantle ~ 83-84 

yield temperatures of 1280 to 1313˚C (Lee et al., 2009) and 1235 to 1290˚C (Putirka, 2005, A) with 

pressures of 12 to 15 kbar (Table 4-4). These pressures convert to the depth of ~40 to 50 km. A 

change of the input parameters affects the model significantly and allow to estimate the sensibility. 

A decrease of Fe3+/FeT of 0.1 effects the results by the increase of 50˚C and 2.5 kbar. Addition of 1 

wt% H2O increases the pressure of ~0.3 kbar and lower temperature of ~15˚C. The increase of input 

Fomantle of ~0.01 results in increasing temperature of ~30˚C and pressures of 1.7 kbar. 

 

Table 4-4 Preliminary pressure estimation of calculated primary magmas from basaltic lavas (whole 

rock) of the BBVC after Lee et al. (2009) using temperature estimation of two models of Putirka 

(2005) (A, B) and Lee et al. (2009) (C). For uncertainties see text. 

sample Fo 
(mantle) KD 

Temperature (˚C) Pressure (Kbar)  (Lee et al., 2009) 

A  
Putirka 2005 (NaK) 

B 
Putirka 2005 

C 
Lee et al., 2009 

A B C 

Rift floor basalts 

42-43 
118 
119 
WE2 

0.90 
0.88 
0.89 
0.86 

0.3005 
0.2919 
0.2941 
0.2835 

1195 
1188 
1173 
1121 

1230 
1221 
1210 
1191 

1246 
1241 
1229 
1227 

8.7 
8.8 
8.0 
8.9 

9.2 
9.2 
8.5 
9.8 

9.4 
9.4 
8.7 

10.0 

Basaltic cones 

WE18 
WE 5 
96 

0.84 
0.83 
0.83 

0.2894 
0.2885 
0.2847 

1260 
1290 
1235 

1297 
1310 
1273 

1304 
1313 
1281 

14.2 
15.0 
12.6 

13.4 
14.1 
12.0 

13.6 
14.2 
12.1 
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4.5 Discussion 

4.5.1 Crystallisation history: Comparison between Gudda – Bericha  

Gudda and Bericha belong to the same volcanic complex and were synchronously active in the last 

eruptive episode (Chapter 3). They differ in their mineral and whole rock compositions (major 

elements (section 4.4.2) and trace elements (section 4.4.3)), although the mineral assemblage of 

erupted lavas seems to be similar (Table 3-2). It is highly debated whether felsic magmas are related 

to mafic magmas in the MER (e.g., Trua et al., 1999), due to the rare occurrence of intermediate 

compositions (i.e., the Daly gap). Previously discussed controls on magma evolution in the MER 

include: 

i) Fractional crystallisation (FC) of mafic magmas (e.g., Gleeson et al., 2017; Ronga et al., 

2010), 

ii) Assimilation of crust during fractional crystallisation (AFC) (Ayalew et al., 2019; 

Hutchison et al., 2018; Peccerillo et al., 2003; Rooney et al., 2012), 

iii) Melting of continental crust or underplated young basaltic crust (Trua et al., 1999),  

iv) Mixing of several components with various combinations from mafic to felsic 

composition (Macdonald et al., 2012).  

FC process (Ronga et al., 2010) and mixing of rhyolite - rhyolite and rhyolite – trachyte compositions 

(Macdonald et al., 2012) were previously considered as important for the generation of felsic rocks 

at the BBVC. However, these studies do not account for differentiation of the evolution of 

comenditic compositions at Bericha and pantelleritic compositions at Gudda.  

In order to address this issue, we qualitatively and iteratively modelled possible multi-step 

magmatic pathways (FC, AFC) for Gudda and Bericha, by changing the mineral assemblage in a 

modified trace element and isotope model from Ersoy and Helvaci (2010). The focus here is on 

correlations between Sm-Zr, Sm/Zr - Zr, (Dy/Yb)N – (La/Sm)N, Ba-Zr, Sr-Zr, and Yb-Zr (Figs. 4-8 to 4-

10), that provide the greatest distinction between the evolutionary pathways between the volcanic 

centres. For the purposes of the modelling, we assume that peralkaline felsic lavas of the BBVC are 

derived from mafic and intermediate lava compositions, as they were erupted from the same 

volcanic complex and form extended correlated arrays in major and trace elements as well as 

isotopes. Mineral compositions of BBVC lavas for all steps are used from this study and by Ronga et 

al. (2010). Assimilants used in the models, based on isotopic results (section 4.5.3), are of 

representative lower crustal compositions (Davidson and Wilson, 1989). A limitation of this model 

is that it uses the partition coefficients compiled in Ersoy and Helvaci (2010), which are not 

specifically for peralkaline lavas. For AFC, the ratio of assimilation/fractionation r of 0.25 is applied. 
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As the crust may be added as a partial melt as opposed to being bulk-assimilated, a model 

simulating the batch melting of the same crustal compositions was also included. Models were 

constructed to examine the difference between the Gudda and Bericha systems (Figs. 4-8 to 4-10, 

Appendix C.7). Model 1 contains a two-step pathway, valid for Gudda’s magma and possible for 

Bericha’s magma.  Model 2 is a three-step model for magma evolution at both volcanoes including 

evolution through mafic – intermediate phases (step 2a), which is similar for both volcanoes.  

Model 1: two-step AFC-FC pathway for Gudda and Bericha 

a) Mafic – intermediate (Zr ~75 to ~600 ppm): reflects the removal of ~20% olivine, ~20% 

clinopyroxene, ~30 % plagioclase and ~15% magnetite during FC and AFC. Amphibole 

crystallisation is higher for Bericha magma (~20%) compared to Gudda magma (~10%) 

Mafic – intermediate (Zr ~75 to ~200 ppm): Fractional crystallisation of ~20% olivine, ~20% 

clinopyroxene, and ~50% plagioclase with minor phases of oxides. This pathway would 

evolve in this model independent from magma evolution at Gudda and Bericha. 

b) Felsic (Zr ~600 to ~1000 ppm): similar to the model 2 c) felsic step. 

Model 2: three-step AFC – FC pathways for Gudda and Bericha 

a) Mafic (Zr ~75 to ~200 ppm): Variation between mafic rift floor compositions can be 

modelled by AFC and FC of ~20% olivine, ~20% clinopyroxene, and ~50% plagioclase with 

minor phases of oxides. This is concordant with the increasing FeO, TiO2, MnO, (Sc), Sr and 

decreasing Al2O3, CaO, MgO (Figs. 4-6, 4-9).  

b) Mafic to intermediate (Zr ~200 to ~600 ppm): Evolution can be modelled after total ~75 % 

FC or AFC of step 2a. FC is only appropriate with at least 70% amphibole in the crystallisation 

assemblage but does not explain isotope variations. A better fit with the observed data was 

found by using AFC of ~50 % amphibole, ~5 % apatite, ~20 % magnetite, and ~30 % 

clinopyroxene (Figs. 4-8 to 4-10).  

c) Felsic (Zr ~600 to ~1000 ppm): Rhyolitic Bericha compositions can be achieved after ~70% 

of step 2b by FC or AFC of dominantly ~40% alkali feldspar, ~35 % plagioclase with 

subordinate ~8 % clinopyroxene, ~8 % olivine and ~3 % magnetite.  

Felsic (Zr 530 – 1200ppm): FC or AFC of trachytic Gudda magma is very similar to step 2c 

for Bericha, but occurred already after ~55 % AFC of step 2b. 

Key trace elements highlight the differences between the magma evolution at Gudda and Bericha. 

Variation of model 1a shows that fractional crystallisation only can explain trace element variation 

with higher amount of amphibole (Gudda 30%, Bericha 40%) (Figs. 4-8, 4-10), but does not account 

for isotopic variation (Figs. 4-12, 4-13, 4-14). Using a batch melted crust, the amount of amphibole 
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crystallisation needed only decreases slightly. Changing the ratio of assimilated material to 

crystallised material (r-value) during AFC only effects the total amount of crystallisation. 

An alternative for model step 2b modelled with less amphibole (~30 %) combined with a greater 

proportion of crustal assimilation using an r to 0.4. Using a batch melted crust as assimilant would 

not significantly change the amount of amphibole needed for this model step (2b).  

Model 1 is a very likely magma evolution for Gudda and is possible for Bericha. Model 2 is valid for 

both volcanic centres. As many intermediate lavas seem to be related to Bericha (Figs. 4-9, 4-10), 

the second model is more likely for Bericha. An alternative evolution for Bericha could be a 

combination of both models using a branch from Gudda pathway 1a, after 88 % total AFC, with 

mainly amphibole, clinopyroxene and magnetite crystallisation during crustal assimilation (similar 

to step 2b), before magma continues to evolve in the last felsic phase (1b, 2c). 

Considering both models (1a, 2b), the differences are a shorter pathway and lower amount of 

amphibole in step 2b for Gudda’s magma (Fig 4-10). The dominant crystallising phase during step 

2b and 1a is amphibole, which is demanded by decreasing Sm/Zr and Dy/Yb with concomitant 

increasing La/Sm – i.e. a depletion in middle REE relative to LREE and high field strength elements 

(Davidson et al., 2007) (Figs. 4-7, 4-10). Other possible minerals that could selectively deplete the 

middle REE are clinopyroxene, rutile, titanite and magnetite (Gleeson et al., 2017; Ronga et al., 

2010) especially given the observed drop in TiO2, FeO, MgO and Sc with increasing Zr and SiO2 (Figs. 

4-6, 4-9). However, these phases would have a much lower influence on ratios such as Sm/Zr 

compared to amphibole and result in significantly different trajectories for Dy/Yb and La/Sm (Fig. 

4-10). Rutile and titanite would only have crystallised as a small proportion of the total crystal 

extract and would not therefore result in the progressive increase in Zr with diminishing Sm/Zr.  

In the felsic steps 1b and 2c, Gudda and Bericha magmas are dominated by crystallisation of 

oligoclase and anorthoclase (Figs. 4-5, 4-6, 4-8, 4-9, 4-10), causing (in addition to previous 

plagioclase crystallisation) the Eu anomaly in both felsic magmas. In Gudda the large variation in, 

and higher values of Na2O, Fe2O3, MnO, Ba, Sr, Ba/Nb, Ba/Rb, Ba/Th (Figs. 4-6, 4-10), combined with 

a higher peralkaline index (Appendix C.3) indicate an accumulation of alkali feldspar (e.g., Brotzu et 

al., 1980). Potentially, this could be derived from the re-incorporation of a feldspathic crystal mush 

or wall rock in the Gudda magma storage. Alkali feldspar accumulation in the Gudda magma could 

also have produced the observed weaker Eu anomaly ((Eu/Eu*)N 0.7-1.0) compared to Bericha 

((Eu/Eu*)N of 0.4-0.56) (Fig. 4-7), where only feldspar removal is observed. Feldspar only dominates 

the crystallisation in the final step, probably due to suppression of plagioclase formation during 

amphibole crystallisation in step 2b. This suppression may well correspond to an increasingly wetter 

magma with progressive fractionation (e.g., Davidson et al., 2007). 
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The crystallisation of these minerals (amphibole, alkali feldspar and plagioclase) is required by the 

models for both magmatic systems, but in different amounts. The high abundance of amphibole 

predicted for Bericha suggests a more volatile-rich system. The less depleted middle REE in Gudda 

(Fig. 4-7) could be explained by higher degassing through a more developed / fractured magmatic 

plumbing system or a shallower magma reservoir, less time in the AFC level (step 2b), or interaction 

and homogenisation with a magma containing less amphibole and more clinopyroxene, possible 

derived by model 1.  

In summary, both modelled pathways for Gudda’s magma evolution are plausible and supported 

by geochemical changes. The broad range of isotope ratios (Figs. 4-11 to 4-13), REE (Fig. 4-7) and 

phenocryst rim – core composition (Appendix C.1) of Gudda’s lava suggest that both models might 

coexist. In terms of crystallisation, the three modelled steps could be represented by separate 

crystal mush zones at different lithospheric levels (Cashman et al., 2017). The lowest level may be 

the source for mafic lavas, erupting via rift floor fissures. The middle level may act as an “amphibole 

sponge”, where volatile content stabilises amphibole and suppresses plagioclase (Davidson et al., 

2007). The shallowest crystal mush system is more developed for Gudda compared to a more 

homogenous system at Bericha, due to additional feldspar accumulation observed only at Gudda. 

Interactions between Bericha’s and Gudda’s magma is interpreted on the basis of feldspar and 

clinopyroxene phenocrysts populations ranging between comenditic and intermediate as well as 

comenditic and pantelleritic compositions (Figs. 4-4, 4-5).  

4.5.2 The mantle source of the BBVC lavas 

Radiogenic isotope ratios (Pb, Sr, Nd) are generally independent of fractional crystallisation and 

therefore potentially the most reliable indicator of the composition of the primary mantle source 

of the BBVC lavas. Overall, the BBVC lava shows a linear trend between the Pb isotope ratios, a 

trend which also correlates with the evolution from mafic to felsic magmas (Figs. 4-10 to 4-13). This 

suggests that either, the felsic and mafic magmas are from different or heterogeneous mantle 

sources with a mixing continuum, or there is a single mantle source and its melts have interacted 

with crustal or lithospheric components during magma evolution. As the felsic magmas can be 

modelled as a product of fractional crystallisation from the mafic magmas (section 4.5.1), it seems 

reasonable to assume that the basalts represent the isotopic composition closest to the mantle 

source, and the felsic isotope compositions reflect variable contamination of the mafic magma. The 

mafic lavas have a plume-related signature based on Zr/Y-Nb/Y (Fitton et al., 1997) and have Ce/Pb 

~25, which is typical of basaltic magmas that have not interacted with continental crust (Hofmann 

et al., 1986) (Fig. 4-10, Appendix C.6). Given that the mafic BBVC magmas indicate the “mantle” end 

of the linear Pb isotope trends and the felsic magmas of the lithospheric/crustal vector, a key 
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question is what compositions or components do the extrapolations from these trends intersect 

with?  

In the case of Pb isotopes, the basalt magmas lie at the most radiogenic end of the arrays, hence 

the primitive mantle melts, and the mantle source should have compositions with equal or higher 

206Pb/204Pb. If the BBVC Pb isotope trends are extrapolated in the radiogenic direction (Figs. 4-11 to 

4-13), they are observed to intersect with the putative composition for the Afar mantle plume: 

206Pb/204Pb~19.5 on the Northern Hemisphere Reference Line (NHRL) (Rooney et al., 2012; Schilling 

et al., 1992). Trends using all combinations of Sr, Nd and Pb isotopes support this hypothesis (Figs. 

4-11 to 4-13). Notably, the Pb trends do not extrapolate to any composition intermediate between 

the Afar plume and a depleted MORB mantle (DMM) composition 206Pb/204Pb~18 (compiled after 

Meyzen et al., 2007). This is an important observation, chiefly because it suggests that the original 

mantle source for the BBVC is the Afar plume composition, without any isotopic influence from the 

ambient asthenospheric mantle. An Afar plume composition has also been associated with the lavas 

erupting in Afar itself (Barrat et al., 2003; Daoud et al., 2010; Deniel et al., 1994; Hutchison et al., 

2018; Schilling et al., 1992; Vidal et al., 1991), in the MER (Ayalew et al., 2016; Furman et al., 2006a; 

Giordano et al., 2014; Peccerillo et al., 2007, 2003; Rooney et al., 2012; Trua et al., 1999) and in the 

Arabian Shield in Yemen (Baker et al., 2000, 1996; Chazot and Bertrand, 1993). Compared to other 

potential plume compositions in the region, the BBVC lavas are more similar to the Afar plume 

rather than the Kenyan plume (Rogers et al., 2000) as they have higher 208Pb/204Pb, 207Pb/204Pb, 

87Sr/86Sr, lower 206Pb/204Pb, and slightly lower 144Nd/143Nd. Other high-μ components in the EAR are 

identified in Ethiopian flood basalts, formed by metasomatism of the continental lithospheric 

mantle (Rooney et al., 2014b) and in mafic lavas in Turkana, North Kenya, derived by a sub-

lithospheric component of recycled ocean crust entrained in upwelling plume (Furman et al., 

2006b). Both are distinct from Afar plume (Figs. 4-11 to 4-13), however, this component is thought 

to be overprinted by the Afar signature in the rift valley (Baker et al., 1998; Rooney et al., 2014b). 

The most evolved BBVC lavas lie at the low 206Pb/204Pb end of the Pb trends, indicating this direction 

is pointing towards the isotopic composition of the material assimilated during crystallisation. This 

vector is quite precise, extending to greater distance above the NHRL with decreasing 206Pb/204Pb – 

i.e. to progressively greater ∆7/4Pb and ∆8/4Pb (Figs. 4-11 to 4-13). In general terms, this is in the 

direction of the lower continental crust or somewhat towards an EM1 mantle component. 

However, the BBVC shows a correlation of Pb isotopes with crystallisation trends (Zr) (Fig. 4-11), 

decreasing Ce/Pb from~25 to ~7, Nb/U from ~90 to 30, and Th/Nb increasing from ~0.06 to 0.16 

(Fig. 4-10). These relationships are indicative of the addition of an Ethiopian or Sudanese lower 

crust (section 4.5.3) rather than a mantle component similar to EM1. Also, boron isotope data from 

the BBVC (Table 4-2, Appendix C.2) show an increase from mantle values (δ11B ~-7; Chaussidon and 
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Marty, 1995) toward lower crustal compositions (δ11B ~-1) with decreasing 206Pb/204Pb and 

increasing fractionation (Zr content). This reduction in δ11B is indicative of assimilation of crust 

derived from I-type magmas (δ11B of −4 to 6 ‰) rather than S-type granitic crust (δ11B < −8, Trumbull 

and Slack, 2018).  

Contribution and interaction with the subcontinental lithospheric mantel (SCLM) is a strong 

possibility for lavas in the MER, as upwelling magma would have travelled ~40 km from the LAB to 

Moho through the SCLM. The exact composition of the SCLM is debated. Some mantle xenoliths 

from the Arabian Peninsula and Yemen (Altherr et al., 1990; Baker et al., 2002; Blusztajn et al., 1995; 

Brueckner et al., 1988; Henjes-Kunst et al., 1990) and Ethiopia (Beccaluva et al., 2011) suggest an 

isotopic signature equivalent to depleted mantle with minor (<2%) enriched component possibly 

derived from a Pan-African subduction process. However, this signature could have become 

progressively overprinted and metasomatised by plume like melts during the last 30-40 Ma, so that 

the SCLM now has the signature of the Afar plume (Baker et al., 2002). In Afar lavas (e.g., Deniel et 

al., 1994; Vidal et al., 1991) and Ethiopian flood basalts, the SCLM signature is interpreted to be 

involved in the initial plume phase but decreases with increasing Afar plume overprint. The trend 

delineated by the BBVC lavas lies at a distinct angle to the SCLM xenolith isotopic compositions, but 

with some moderate overlap with high 208Pb/204Pb and 207Pb/204Pb xenoliths and some Yemen lavas 

(Chazot and Bertrand, 1993) (Figs. 4-11, 4-12). Metasomatism by fluids or volatile-rich melts of the 

SCLM is associated with hydrous minerals (e.g., amphibole, phlogopite), which are stable at the 

temperature-pressure conditions of the lithospheric mantle (1050 - 1150˚C and 3 GPa), however it 

is not stable in the convecting upper mantle or upwelling thermal plume in the asthenosphere (Class 

and Goldstein, 1997; Mayer et al., 2014) (Appendix C.6.2). As the BBVC lavas represent a relatively 

short “snapshot” of plume evolution, and because there is little information on what the isotope 

systematics of the SCLM is, a contribution of assimilated or melted SCLM to the BBVC is difficult to 

constrain using only isotopes. Further, a possible contribution from the SCLM to BBVC lavas can be 

constrained using trace elements and thermobarometric calculations of rift floor basalts. A positive 

Ba and Nb anomaly and negative anomalies for Rb and K (e.g., Class and Goldstein, 1997) for basalts 

at the BBVC in the primitive mantle normalised trace element diagram (Fig. 4-7), as well as the 

range of Sm/Zr ratios in the basalt (>0.03) (Fig. 4-10), may support an amphibole signature obtained 

by melting of the SCLM. A source of phlogopite from the SCLM as shown in Johnson et al. (2005) is 

not observed in basalts from the BBVC (Appendix C.6.3). The signature of hydrous phases was 

previously suggested to account for the origin of Ethiopian flood basalts (e.g., Ayalew et al., 2018; 

Rooney et al., 2017b), containing amphibole-bearing mantle xenoliths (Ferrando et al., 2008; 

Frezzotti et al., 2010) and amphibole metasomes (Rooney et al., 2014b). It is also interpreted to 

some extent for rift floor basalts in Ethiopia (Ayalew et al., 2016; Furman et al., 2006a), including 
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peridotitic and gabbroic xenoliths, lacking amphibole (Rooney et al., 2005). Using the 

thermobarometric constraints from section 4.4.5, the origin of rift floor basalts around the BBVC 

plot above the stability curve for paragasitic amphibole (Green et al., 2010) (Appendix C.6.2), and 

range between P-T constraints of other rift floor basalts in the MER and Afar (Ayalew et al., 2016), 

and flood basalts (Ayalew et al., 2018). Based on this, rift floor basalts are interpreted to be 

generated by melting of a spinel peridotite source containing small proportion of amphibole 

(Ayalew et al., 2016). In summary, this suggest that melts might have interacted with the SCLM 

below the BBVC, but to a much lower degree than the Ethiopian flood basalts. However, possible 

evidence from mantle interaction within BBVC rift floor basalts does not explain the main 

amphibole signature. The main amphibole signature of the BBVC lavas can be dominantly 

constrained to have been formed during crustal assimilation-fractionation from mafic to felsic 

evolution. 

An ambient depleted MORB mantle (DMM) component, which has been suggested as a potential 

starting composition for sub-continental lithospheric mantle (SCLM) (e.g., Baker et al., 2002) and to 

be involved in the late stage rifting / spreading of the Gulf of Aden and Red Sea (Altherr et al., 1990; 

Barrat et al., 1990; Schilling et al., 1992) is not identified in the BBVC. A depleted subcomponent 

has also be suggested to be an intrinsic part of the Afar mantle plume (Barrat et al., 2003), and is 

observed in Ethiopian flood basalts (HT1, Pik et al., 1999) and some Afar lavas (Daoud et al., 2010; 

Hutchison et al., 2018). However, this depleted plume component is not consistent with most BBVC 

trace element (Ce/Pb, Nb/U) or isotopic (Nd, B) ratios, which are more reflective of crustal 

interaction.  

4.5.3 Crustal assimilation and contamination 

Based on isotopic trends, we interpret that the BBVC represents the interaction of melts from the 

Afar plume with the regional lower crust. Here, further differentiation of the type and amount of 

crust responsible for Bericha and Gudda is attempted by comparing their geochemistry with 

available data for potential crustal components (summarised in Baker et al. (2000, 1996)) (Figs. 4-

11 to 4-13). 

The type of crust is interpreted to be the same for Gudda and Bericha, as they lie essentially on the 

same isotopic trajectory. Based on Pb, Sr and Nd isotope ratios, the crustal composition most 

consistent with the BBVC trends are Sudanese (Davidson and Wilson, 1989) and eastern Yemen 

lower crustal composition (i.e., late Archean, C1, Baker et al., 2000; Chazot and Bertrand, 1993) as 

well as some similarities to crustal composition of Kenya and southern Ethiopia (Cohen et al., 1984; 

Teklay et al., 1998). Sr-Nd isotopes from BBVC are also consistent with crustal compositions from 
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the north-western Ethiopian basement (Pik et al., 1999) and individual samples of Yemen crust 

(Duyverman et al., 1982; Hegner and Pallister, 1989) (Fig. 4-13). However, it should be stressed that 

additional crustal Pb isotope studies would be necessary to validate this.  

Other known isotopic crustal compositions in this area such as western Yemen / Zabargad Island / 

central Saudi Arabia are Late Proterozoic lower crust C2 (Baker et al., 2000; Brueckner et al., 1995; 

Hegner and Pallister, 1989). In Pb isotopic space, the C2 composition does though have a much 

lower 207Pb/204Pb and 208Pb/204Pb than projections of BBVC trends. Yemen’s late Proterozoic crust 

C3 (Baker et al., 2000; Hegner and Pallister, 1989) is also an inappropriate Pb isotopic composition 

to control BBVC magma evolution (Figs. 4-11 to 4-13).  

Lower crustal contribution has also been inferred for other Quaternary volcanism in Ethiopia where 

it is interpreted to have played a substantial role in magmatic evolution (e.g., Chernet et al., 1998; 

Rooney et al., 2007; Stewart and Rogers, 1996; Trua et al., 1999), compared to upper crust 

(Davidson and Wilson, (1989), Sudan; Kumar et al. (2014), Sahara; Hegner and Pallister (1989), Red 

Sea). Possible exceptions are for two Gudda samples (92, 85) with slightly increased 87Sr/86Sr isotope 

ratios (Fig. 4-13), that may indicate more shallow crustal assimilation or contamination by 

secondary hydrothermal process or a specific crustal heterogeneity (Fig. 4-13). 

The amount of crustal contribution at both volcanic centres of the BBVC is heterogeneous and lower 

at Gudda compared to Bericha. These isotopic observations are coupled with a lower Ce/Pb (~ 7-10 

(Bericha); ~ 13-16 (Gudda)), higher Th/Nb (~ 0.15 (Bericha); ~ 0.1 (Gudda)), higher Nb/Yb (~ 2.0 

(Bericha); ~ 1.2 (Gudda)), Zr/Nb, Rb/Y and higher La/Nb (~ 0.8 (Bericha); ~ 0.7 (Gudda)) (Fig. 4-10). 

With their low quantity of crustal assimilation, the mafic lavas are interpreted have a relatively 

short residence time in the crust compared to the intermediate fissure lavas which effectively span 

the isotopic range of the BBVC. 

To attempt to quantify the crustal contribution, a model has been developed for the assimilation 

and mixing of Sudanese lower crust by two mafic components, respectively. These are an Afar 

plume magma and the most primitive BBVC sample (WE 2), which are likely to reflect the potential 

elemental and isotopic range of primitive mafic compositions. For each of the starting 

compositions, the estimated crustal assimilation-fractionation and mixing are reported for either 

bulk crustal addition or addition of variable degrees of crustal melting (0-20%) (Table 4-5, Fig. 4-

14). Based on Pb isotope ratios the model indicates that Gudda has ~1-4% crust, while Bericha has 

~4-9 % crust added to an Afar plume composition. These proportions of crust are approximately 

halved if the rift floor basalt is used as the starting material (Table 4-5). The absolute amount of 

crust depends on the fraction of crustal melting, crustal mineralogy and composition, and the 

assimilant/crystallisation ratio r. The modelled amount of crustal assimilation estimated for the 
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BBVC is within the range of other assimilation models, on the order of ~6-17 % (Rooney et al., 2012); 

<10 % (Hutchison et al., 2018); ~ 8-13 %  for Quaternary MER volcanoes (Trua et al., 1999); but 

slightly lower than ~20-30% crustal assimilation in Yemen flood basalts (Baker et al., 2000, 1996).  

 

Table 4-5 Modelling of crustal assimilation fractionation (AFC) and mixing after Ersoy and Helvaci 

(2010) with Pb, Sr and Nd isotopes (Fig. 4-14) by using r=0.25, bulk lower continental crust (Davidson 

and Wilson, 1989) and its batch melted compositions as assimilants. Start compositions are Afar 

plume (Barrat et al., 1998; Rooney et al., 2012; Schilling et al., 1992) and the most primitive 

composition of the BBVC lavas (sample WE2). The amount of assimilation (A) from the AFC model is 

calculated with r = 0.25. 

 
Start composition 

Lower crust 

AFC Bulk crust 5 % melted 10 % melted 20 % melted 

  AFC A AFC A AFC A AFC A 

Gudda 
Afar plume 5-13% 1.25-3.25% 5-15% 1.25-3.75% 8-15% 2-3.75% 7-14% 1.25-3.5% 

Rift floor (WE2) <5% <3.25% <5 % <1.25% <5% <1.25% <4% <1% 

Bericha 
Afar plume 17-25% 4.25-6.25% 17-35% 4.25-8.75% 20-35% 5-8.75% 17-20% 4.25-5 % 

Rift floor (WE2) 5-10% 1.25-2.5% 5-12% 1.25-3% 6-12 % 1.5-3% 5-7% 1.25-1.75% 

 

Mixing  Bulk crust 5 % melted 10 % melted 20 % melted 

Gudda 
Afar plume < 5% < 5% < 5% <4 % 

Rift floor (WE2) ≤ 2% ≤ 2% ≤ 2% ≤ 2% 

Bericha 
Afar plume 5-7 % 6 - 12% 6 - 12% 6 % 

Rift floor (WE2) ~2.5 % <4 % <4 % <4% 
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Figure 4-14 Modelled amount of assimilation fractional crystallisation (AFC) processes, involving a 

10% partial melted lower crust with a starting composition of Afar plume (solid red line) as well as 

with the most primitive BBVC sample (dashed red line). The assimilation : crystallisation ration is r = 

0.25. Labels and divisions along the modelled lines present the fraction of remaining melt (F) during 

the AFC process with 1 at starting composition (C0). This model reveals 20 – 25 % or 5-12 % crustal 

assimilation fractionation for Bericha (red circles) and 10-15 % or >5 % crustal assimilation 

fractionation for Gudda (yellow circles), for start compositions of Afar plume and mafic BBVC 

sample, respectively.  

4.5.4 Magma plumbing in the BBVC 

In drawing together the chemical, petrological and physical information it is possible to define a 

model for the plutonic system beneath the BBVC (Fig. 4-15). Magmas separate from the 

asthenosphere at depths between ~70-100 km (Bastow et al., 2005; Ferguson et al., 2013; Gallacher 

et al., 2016), before transiting through the lithospheric mantle. Percolation and potential reactive 

transport through this SCLM are likely to rapidly equalise the compositional distinction between 

the asthenospheric and lithospheric systems. This is reflected in the observation that SCLM 

xenoliths and BBVC lavas both have an Afar plume signature. Isotopic and elemental relationships 

demonstrate that assimilation with fractional crystallisation is consistent with a magma starling in 

the lower continental crust as opposed to the upper crust or lithospheric mantle – i.e. between 18 
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and 28 km depth. Importantly, the barometric estimations made in this study for clinopyroxene 

cores in cumulate nodules indicate a 17-20 km depth of crystallisation. These constraints are 

consistent with a high conductivity “partial melt zone” observed by magnetotellurics about 20 km 

below the surface (Whaler and Hautot, 2006).  Further support for this melt ponding comes from 

gravity constraints, which indicate the presence of a 20 km-wide high-density body, dominated by 

partial melt in the lower part and more crystalline magma in the upper part (Cornwell et al., 2006). 

This gabbroic intrusion may represent a crystal mush zone, with crustal assimilation occurring 

mainly in the lower section (Fig. 4-15). This and the barometric results of rift floor basalts around 

~27 to 34 km depth concur with the notion of pyroxenitic cumulates forming a possible crustal 

underplate at the crust-mantle boundary (Rooney et al., 2017a). 

Shallow magma chambers at the BBVC may correspond to seismicity recorded at < 8km (Ayele, 

2000; Keir et al., 2006b; Mazzarini et al., 2013) and gravity data indicating a 5 km-wide high-density 

body at 2-8 km below the BBVC (Cornwell et al., 2006; Ronga et al., 2010), notably, a similar 

diameter to the Gudda caldera. The depth of the lower part of this body – potentially another 

crystal mush zone – could be aligned with the barometric estimates for the formation of the 

clinopyroxene rim zones in the gabbroic cumulate nodules (10-13 km) and other cumulate studies 

within the MER (Rooney et al., 2005). Late stage feldspar crystallisation in trachytes to rhyolites are 

thought to occur in melt pockets at a lower temperature and at depths <5 km (Gleeson et al., 2017; 

Ronga et al., 2010).  

Geochemical variation in Gudda suggests a long-lived and open magmatic system with perhaps a 

more mature shallow crystal mush compared to Bericha. This is consistent with a longer eruption 

history identified at Gudda (Chapter 3). Eruptions generally show a time-progressive decrease in 

206Pb/204Pb between rift floor basalt and the Gudda and Bericha lavas (Fig. 4-11). However, an 

isotopic-time relationship is not observed within the Gudda or Bericha magmatism.  
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Figure 4-15 Model of the BBVC magma plumbing system, fed by plume derived magma into the 

lithospheric mantle, where it overprinted the isotopic composition. Partial melt percolates into the 

lower crust and forms a crystal mush system below the BBVC. Different levels in the plumbing system 

in the crust explain the lower mafic lavas with less assimilation for rift floor, AFC process within melt 

lenses in the common crystal mush forming intermediate lavas. Melt rises further into shallow 

separated magma chambers with mainly feldspar crystallisation and accumulation at Gudda. 

Depths of mush system and melt lenses are confirmed by geophysical approaches and barometry of 

the nodule sample. Earthquakes (Ayele, 2000) are marked by green stars. Please note that depth 0 

represents the median sea level (MSL). 
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4.5.5 Implications for peralkaline magmatism 

Comparing the elemental and isotopic geochemistry of the Gudda (pantelleritic) and Bericha 

(comenditic), it is apparent that both magmas formed through the same AFC process in the lower 

crust. Furthermore, their primary magmas are likely asthenospheric melts with the same isotopic 

signature. A potential difference is likely to be their interaction with, and residence time in, the 

lower and upper crustal magma reservoirs. Comenditic Bericha magmas are observed to have a 

higher amount of crustal assimilation and a greater prevalence of amphibole fractionation. In 

contrast, pantelleritic Gudda lavas may form in the same lower crustal AFC system, but with less 

crustal assimilation and a significantly lower proportion of amphibole crystallisation. Gudda 

pantellerite also differ in having K-feldspar addition, either by accumulation or by the dissolution of 

a felsic crystal mush. The pantelleritic lavas record a broader range of isotopic compositions, which 

may be indicative of greater throughput of magma, with mixing and interaction between these 

lavas and the least contaminated basalts leaving the mantle. 

Overall, the differences in the BBVC between comendite and pantellerite correspond with 1) the 

crystallisation of amphibole and accumulation of feldspar and 2) the crustal residence time and 

degree of crustal assimilation. 

The higher amount of amphibole involved in formation of comendite compared to pantellerite is 

also observed in other peralkaline rocks from all over the world (including e.g., the Azores, East 

African Rift, Antarctica, Mexican volcanic belt, Sicily, Socorro, New Zealand and Iceland) shown by 

a general lower Sm/Zr for comendite (GEOROC; Appendix, C.6.4). The significance of amphibole in 

the comenditic magmas indicates an important role for volatiles in this system, potentially as a 

result of crustal assimilation or through concomitant increases in volatile components with 

fractionation. The importance of volatile content for differentiation of peralkaline rock was also 

suggested by earlier studies at Island of Pantelleria (Villari, 1975), Fantale Volcano (Gibson, 1972) 

and the Azores (Mungall and Martin, 1995). For pantellerites, the amount of volatiles may be lower 

due to more developed and fractured magma plumbing system (Boccaletti et al., 1999), that 

experienced an explosive caldera eruption phase (Brotzu et al., 1980). Presumably, this would have 

promoted degassing and/or lower pressure-temperature conditions (Ronga et al., 2010). Pre-

eruptive water contents (obtained from melt inclusions) at silicic centres in the MER and Afar are 

on the order of 2.3 to 5.6 wt% H2O for pantellerite obsidian (Field et al., 2012; Webster et al., 1993). 

Lowenstern and Mahood (1991) support a low pre-eruptive water content (<0.5 wt%) with a high 

amount of halogen volatiles/vapour phase in the peralkaline melts. Although constraints on the 

volatile content of comendites are not yet available, Field et al. (2013) suggest that initial water 



Chapter 4  

145 

contents of peralkaline magma in Afar, when back calculated to basalts, is low (<1 wt%) for 

comendite and pantellerite.  

Decreasing water content, decreasing temperature and a change from reduced to oxidised 

conditions in the melt drives amphibole composition from sodic-calcic (e.g., pargasite) to sodic (e.g., 

arfvedsonite, riebeckite) (e.g., Kozlovsky et al., 2007). The stability of sodic-amphiboles in 

peralkaline melts (comendite and pantellerite) has been experimentally found to be below ~700˚C 

at water saturation (H2Omelt > 5 wt%), if the pressure of magma storage is ~150 MPa (Scaillet and 

Macdonald, 2006, 2003). The increase in halogens, such as fluorine, helps to stabilise sodic 

amphibole during crystallisation (Scaillet and Macdonald, 2003, 2001). As sodic amphibole 

crystallisation (low fO2) and sodic pyroxene (high fO2) produces a significant decrease in feldspar 

crystallisation (Scaillet et al., 2005), it can be inferred that amphibole in the BBVC lavas crystallised 

before the final alkali feldspar phase. 

Studies of the phase relations of peralkaline rocks (e.g., Scaillet and Macdonald, 2001) suggest that 

oxygen fugacity (fO2) and associated volatile content exerts a larger influence than pressure 

variation in the crystallisation of Na-amphibole, Ca-pyroxene and plagioclase. Differences in fO2 for 

BBVC can only be qualitatively estimated from the mineral assemblage within this study, by mainly 

observing magnetite in mafic and comenditic flows and few ilmenite and aenigmatite in 

pantelleritic flows (Appendix E.3). Previous studies of peralkaline lavas suggest equilibration at fO2 

near FQM to below NNO buffer over temperature ranging from 1025˚C to 685˚C (e.g., Di Carlo et 

al., 2010; Scaillet and Macdonald, 2001; White et al., 2005). These data suggest relatively lower 

conditions of fO2 for comendite compared to pantellerite (Barberi et al., 1975; Brotzu et al., 1980; 

Field et al., 2013), and indicate a difference in Fe2+/Fe3+ between pantellerite and comendite. 

Experimental studies of peralkaline lava (Scaillet and Macdonald, 2006, 2003) are thought to 

indicate a genetic relation from comendite to pantellerite, based on linear FeO-Al2O3 distribution. 

Following this, the pantellerite has a lower liquidus temperature than comendite and is thought to 

represent the near-minimum melt composition of alkaline oversaturated magma (e.g., Macdonald 

et al., 2012; Scaillet and Macdonald, 2006). This evolution is dependent on fO2, controlling Ca-

pyroxene stability, and consequently the peralkaline index. If Ca-pyroxene is stable, the peralkaline 

index stays relatively constant. If fO2 drops below NNO-1, Ca-pyroxene becomes unstable and 

produces derivative liquids, which are more peralkaline than coexisting feldspar. This results in the 

crystallisation of more alkali feldspar and an increase in the peralkaline index towards a pantelleritic 

composition (Scaillet et al., 2005; Scaillet and Macdonald, 2003, 2001).  

In comparison to our constraints of magma evolution at the BBVC, a direct evolutionary link, as 

described in experimental studies, between Bericha comendites towards Gudda pantellerites is less 
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likely. Major elements of the BBVC suggest that Bericha comendite is more evolved compared to 

Gudda pantellerite (Fig. 4-6). Trace elements and the AFC model of the BBVC lavas suggest that 

differentiation from mafic magma into comendite and into pantellerite occur within the mafic-

intermediate stage (Figs. 4-8, 4-9, 4-10), much earlier than predicted in thermodynamic 

experiments. Further, isotopic constraints of BBVC lavas indicate a gradual increase in crustal 

assimilation signature with fractionation trend, where Bericha comendite represents the maximum 

degree of crustal assimilation (Fig. 4-14), consistent with other peralkaline studies (e.g., Ayalew et 

al., 2019; Kozlovsky et al., 2007). Also, the eruption time versus composition (chapter 3), suggest 

separated shallow magma storage for Gudda and Bericha. However, a change in intensive 

parameters, fO2, and volatile content may apply within each volcano and may lead to a change of 

peralkaline composition over long time scales. Brotzu et al. (1980) suggest for Gudda a long-term 

evolution (~100 Ka, chapter 3) from comendite and pantellerite lava in the pre-caldera phase, to 

solely pantellerite in the post-caldera phase. Also, other peralkaline volcanoes in the EAR suggest a 

compositional change in peralkaline volcanoes over tens of thousands of years (e.g., ~20 Ka at 

Dabbahu (Field et al., 2013), Eburru and Olkaria (Scaillet and Macdonald, 2006)).  

4.5.6 Origin of intermediate magmas  

Dominantly bimodal lava compositions and the rare occurrence of intermediate lava flows mean 

the BBVC system has a “Daly Gap” (Daly, 1925) in its magmatic evolution (Fig 2-10). It is debated as 

to whether intermediate magmas are not formed in high amounts, or if they are formed but not 

often erupted. The rarity of intermediate magmas has been explained by: variations in magma 

residence time and cooling rate (Bonnefoi et al., 1995); the formation of independent types of melts 

from different parts of the plume head (Sharkov and Bogatikov, 2017); rapid differentiation through 

a narrow temperature interval (Neave et al., 2012; White et al., 2009); or evolved liquids separating 

from heavier crystals by buoyancy forces (Brophy, 1991). A mechanism that may prevent an 

eruption of intermediate magmas could be a cap of felsic magma in a stratified magma chamber 

(e.g., Peccerillo et al., 2003) related to the higher density and viscosity of intermediate magmas 

relative to hydrous silicic magmas (Neave et al., 2012). This could mean that most intermediate 

magmas are stored within a crustal crystal mush (Dufek and Bachmann, 2010) before evolving via 

fractionation into felsic magmas. 

Intermediate lavas at the BBVC erupted north of Bericha and at the central NNE-SSW trending 

fissure connecting both volcanic edifices (Fig. 4-15). The central fissure represents a key location 

for magma evolution, as an interaction between different magma batches is highly probable. 

Intermediate compositions have previously been thought to be formed in the MER 1) in a deeper 

magma reservoir or crystal mush (Dufek and Bachmann, 2010; Rooney et al., 2012) where AFC 
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processes occurred, 2) in a stratified magma chamber supplying Gudda or Bericha (Peccerillo et al., 

2003) or 3) by mixing between magmas of Gudda – Bericha and parental mafic magma (Macdonald 

et al., 2012).  

Based on the geochemical differences between Gudda and Bericha identified in this study, it is 

possible to characterise the origin and evolution of individual intermediate lavas at the BBVC. 

Basaltic trachy-andesite lava flows 87 and 55 are very similar in terms of major and trace element 

(except for differences in Pb, Ba, Rb), and isotopic ratios. These formed during the same eruption 

or eruption episode at around 30 Ka towards the east and west of the main fissure. Isotope ratios 

suggest that the level of crustal assimilation is in the range between Gudda and Bericha. These 

observations indicate the potential for these samples to originate from a common AFC magma 

storage area, or originate from a less fractionated Bericha magma. 

The trachy-basaltic lava flow 116 is the most primitive central fissure eruption and represents the 

recent activity at the BBVC (Chapter 3). Pb isotopes of this flow suggest a similar level of crustal 

assimilation to Gudda lavas (Figs. 4-11 to 4-12). Its Sr, Nd and boron isotopes are also similar to 

Gudda lavas and the rift floor basalts. Clinopyroxene, olivine and feldspar phenocryst compositions 

(Mg#, Ca#) of lava 116 are similar to phenocrysts of the nodule (99) and mafic rift floor (Ronga et 

al., 2010) but also show similarities to phenocrysts from the felsic magmas (Figs. 4-4, 4-5, Appendix 

C.1). The broad range of plagioclase phenocrysts compositions (bytownite to andesine) (Fig. 4-5), 

normal zoning in plagioclase and olivine (Appendix C.1) and mingling textures of dark and light 

groundmasses suggest a mixing occurred prior to eruption.  

The trachytic lava flow 184 has similar characteristics to Gudda lavas (in terms of Dy/Yb, Sm/Zr and 

La/Sm and very high Ba), but its crustal assimilation signature is more similar to Bericha (Fig. 4-10). 

As lava flow 184 is located between both volcanic centres, three origins are possible: a) formation 

in Gudda’s magma system but with more crustal assimilation due to a longer residence time (young 

eruption age, Chapter 3); b) formation in the common deeper AFC system with less fractionation 

prior to feeding into a shallow part (Sm-Zr, Yb-Zr, and positive Eu) (Fig 4-7 to 4-8) or c) mixing of 

components from Gudda, Bericha or more primitive sources, which is supported by sieve textures 

due to partial melting of phenocrysts and replacement by mingled darker groundmass patches (Fig. 

4-3). 

The fissure flows (sample 103, 44, WE16) north of Bericha have trace element ratios (including 

Dy/Yb, Sm/Zr and La/Sm) similar to Bericha compositions and the amount of lower crustal 

assimilation signature is in the range between Gudda and Bericha. Their geographical location (Fig. 

4-2) and the fact that they post-date rift floor basalts but are older than the Bericha edifice (Chapter 

3) suggest that these lavas have a similar origin to Bericha. 
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In summary, the occurrence of erupted intermediate lavas at the BBVC indicate that intermediate 

magmas were formed, erupted and narrow the Daly Gap between 57-63 wt% SiO2. Further, all 

erupted intermediate lavas have some amount of crustal assimilation or mingling characteristics, 

which may have overprinted the crystal fractionation signature and obscure or narrow the initial 

compositional gap (Dufek and Bachmann, 2010). Spatially and geochemically different intermediate 

lavas, as well as the magma plumbing system over broad depth indicate the formation of 

intermediate lavas at the BBVC occurred in several storage levels. The fact that some intermediate 

lavas at the BBVC have similar crustal contribution between the range of Guddas and Berichas lava 

but with less fractionation may suggest 1) eruption before shallow fractionation,  2) intermediate 

lavas of stratified magma chambers or 3) different conditions for AFC processes (higher degree of 

mantle melting, higher pressure, or more volatiles). 

4.5.7 Comparison of pumice and lava flow samples 

Normalised (volatile free) pumice and lava flow samples have systematically consistent major and 

trace elements (Appendix C.4, C.8, Table 4-1). Discrimination between the chemistry of Gudda and 

Bericha, together with the geographical location, allow the origin of pumice samples along the BBVC 

to be ascribed. The most recent rhyolitic eruptive phase of Gudda (O) is sampled from the 

pumiceous cone (sample 181) and its associated lava flows (179, 182, 183) (Fig. 4-2). Comenditic 

pumice samples north and west of Bericha, as well as pantelleritic pumice deposits (sample 136) 

south of Gudda, can be identified as have been erupted from the closest edifice. However, the 

correspondence between individual lava flows and pumice deposits of Gudda and Bericha based on 

only major and trace element data are difficult, due to similarities within comendite and 

pantellerite compositions. Approaches based on textures, vesicularity and pumice glass 

composition (EMPA) (Appendix C.4) between pumice samples of this study and Fontijn et al. (2018) 

is reported in Roberts (2017).  

The rare occurrence of intermediate samples suggests the possibility that scoria (sample 114 I) 

interbedded in pumice sections west of the central fissure may have erupted together with the 

basaltic trachy-andesitic lava flow (sample 55, (87, 45)) from the central fissure. EMPA glass 

analyses suggest a similar composition with scoria samples 108B and 95A of Fontijn et al. (2018) 

(Appendix C.1). Relative age constraints of this scoria (Roberts, 2017; Chapter 3) rather suggest a 

more recent activity. Compositional differences may occur if scoria and lava are erupted from 

different parts of the eruption column and by different timing.  
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These preliminary lava flow – tephra pairs suggest explosive eruption, possibly at the beginning or 

during effusive lava flow emplacement. Further detailed isotopic constraints of tephra samples 

would provide more detailed classification. 

4.5.8 Regional comparison between BBVC and other MER-Afar volcanoes 

Whole rock compositions (major, traces) of the BBVC compared to neighbouring silicic centres in 

the northern MER reveal similar compositions of dominantly pantelleritic and comenditic lavas 

(Ayalew et al., 2016; Furman et al., 2006a; Giordano et al., 2014; Hutchison et al., 2016b; Trua et 

al., 1999). Variation in major elements is mainly in Al2O3 and FeO due to the rare occurrence of 

intermediate lavas or differentiation of pantellerites and comendites. However, the main 

geochemical differences are shown by isotopes, providing differences within volcanic complexes 

(this study), along volcanic centres in the MER (Ayalew et al., 2016; Furman et al., 2006a) and 

between MER and Afar volcanism (e.g., Hutchison et al., 2018) (Figs. 4-11 to 4-13). 

BBVC Pb isotopes represent an intermediate isotopic range for 206Pb/204Pb but stand out with the 

highest 207Pb/204Pb and 208Pb/204Pb isotope together with Hertali (Ayalew et al., 2016) compared to 

northern - central MER and Afar volcanoes (Fig. 4-16). After equating literature data and the high-

precision double spike data in this study by normalisation (Taylor et al., 2015) the differences 

between the volcanic centres are still clear.  Comparing with the directly neighbouring volcanoes, 

there is a large difference between BBVC and Gedemsa to the SW, whereas Kone in the NE has a 

strong isotopic similarity to BBVC.  

Isotope data along the MER is shown in Figure 4-16 as an average composition and isotopic range 

(Fig 4-16, total average (open circle, bar) and mafic average (grey circle)). This shows a progressively 

increasing 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb and 144Nd/143Nd, with more constant Δ207Pb/204Pb 

and Δ208Pb/204Pb from the SE through to BBVC/Kone. From BBVC/Kone towards Hertali in the NE, 

206Pb/204Pb and 144Nd/143Nd increase, whereas 207Pb/204Pb, 208Pb/204Pb, Δ207Pb/204Pb, Δ208Pb/204Pb 

and 87Sr/86Sr decrease significantly. These overall trends observed in different isotopic systems 

supported also by 176Hf/177Hf (Ayalew et al., 2016), suggest a change in the rift at the BBVC. Another 

significant isotopic change in the rift can be observed at Hertali (Fig. 4-16), where the MER 

transitions into the Afar depression. 

The overall 206Pb/204Pb trend corresponds with a gradual change around the BBVC in crustal 

thickness from ~25 km in the north to ~36 km in the south (Maguire et al., 2006). There is also an 

equivalent variety of the upper and lower crustal thickness (Hammond et al., 2011) as well as with 

crustal anisotropy and rift obliquity (Keir et al., 2015). Further, the composition of Pan African 

basement in Ethiopia is heterogeneous (e.g., Baker et al., 2000) due to a diverse tectonic and 
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magmatic history (Chorowicz, 2005) and is further influenced by more extension and dyke intrusion 

in the north (Hutchison et al., 2018). This may explain the different Pb isotope trajectories from the 

NHRL between the northern and southern volcanoes in the MER. However, a detailed record of the 

composition of the Ethiopian basement along the rift volcanoes is not yet available. Also different 

amount / ratios of mantle sources, as a result of spatial and temporal distribution of plume material 

(Rooney et al., 2012; Schilling et al., 1992) as well as degree and depth of melting (Ayalew et al., 

2016) can be responsible for the shown trends (Fig. 4-16). We stress that different amounts of 

subcomponents (e.g., depleted component) within the plume material (Barrat et al., 2003; Daoud 

et al., 2010; Pik et al., 1999; Rooney et al., 2012) over time may influence the isotopic composition. 

The change in crustal properties occurring at the BBVC might be also related to overall plate 

tectonics, as the tip of Arabia was thought to be located at the BBVC before the initiation of Red 

Sea rifting, here also indicated by a change from the northern to the central MER (Fig. 4-16). The 

higher isotopic signature at the BBVC in 208Pb/204Pb and 207Pb/204Pb could be either interpreted by 

assimilation of different composition, or higher melt degree and supply, as weakness zones (YTVL, 

Boru-Toru Structural High, and Arabia tip) transect this area. A change in crustal thickness of the 

crust of the same composition cannot alone explain these isotopic trends.  

The dominant plume signature with no evidence for an ambient MORB like asthenosphere suggests 

a large amount of plume melt below the MER. The transit of these melts can be associated with a 

southward flow from Afar into the MER with locally enhanced magma production at lithospheric-

asthenospheric boundary (LAB) gradients along and across rift likely beneath Boset-Bericha 

Volcanic Complex (e.g., Keir et al., 2015). Alternatively, the African superplume may feed several 

mantle upwellings (Civiero et al., 2015), which have a larger scale of segmentation (e.g., Carbotte 

et al., 2016) than tectono-magmatic segments (e.g., Kurz et al., 2007) on the surface.  
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Figure 4-16 Regional trends for Pb, Sr, and Nd isotope ratios from the BBVC (this study) and young 

lavas listed in Appendix C.9 compared to other MER and Afar volcanoes (Ayalew et al., 2016; Furman 

et al., 2006a; Giordano et al., 2014; Hutchison et al., 2018; Peccerillo et al., 2003; Rapprich et al., 

2016; Rooney et al., 2012; Trua et al., 1999), extended after Ayalew et al. (2016). Average of 

available data of all compositions (open circle) are shown along with the range of data (bar) and an 

average of only mafic data (grey circle). These regional isotopic data reveal trends for the central 

MER (CMER), and northern MER (NMER) towards Afar, where dashed lines separate those areas 

and indicate a change in trend. Afar volcanoes of similar latitude (Manda Hararo, Badi and 

Dabbahu) are not further differentiated here, due to the focus on the MER.  
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4.6 Conclusion 

The BBVC is one of the largest stratovolcanoes in the MER allowing investigation of the origin of 

comenditic and pantelleritic composition in detail due to separation at the Bericha and Gudda 

volcanoes, respectively.  

Mafic rift floor lavas can be interpreted to be parental lavas for both volcanoes. Magmas evolved 

in three main phases, where the range within mafic and felsic compositions can be explained by 

fractional crystallisation and low AFC processes. The intermediate phase is characterised by AFC 

with dominantly amphibole crystallisation, where the comenditic magmas have a longer residence 

time than pantelleritic magma (depleted MREE, Dy/Yb, La/Sm). In the shallow felsic phase, both 

magmas crystallise dominantly feldspar with additional alkali feldspar accumulation (high Ba) only 

at Gudda. Lavas from the BBVC indicate the main isotopic signature of the Afar plume assimilated 

with lower crust (low Ce/Pb). A depleted mantle MORB signature of the ambient mantle is 

isotopically not observed. Bericha’s lava has twice as much crustal assimilation due to longer 

residence time in the lower crust, and a less mature magma plumbing system compared to Gudda. 

The main differences between comendite and pantellerite lavas are lower amphibole crystallisation 

and additional feldspar accumulation in pantellerite. Compositions are controlled by volatile 

content associated with a change in oxygen fugacity. 

The occurrence of intermediate lava flows narrows the Daly Gap to 57-63 wt% SiO2. They also 

indicate a significant amount of lower crustal assimilation, indicating the action of a similar lower-

crustal AFC process. The origin of those intermediate lavas is thought to be in a deeper common 

magma reservoir or crystal mush below BBVC, in a stratified magma chamber supplying Gudda or 

Bericha or by mixing between magmas of Gudda – Bericha and parental mafic magma. 

These results suggest a magma plumbing system below the BBVC fed by dominantly plume material 

that accumulates in the lower crust (~20 km). A complex crystal mush system is suggested by 

gabbroic nodules, before shallow feldspar crystallisation in trachytes to rhyolites occurs (<5 km). 

These results for the BBVC compared to regional isotopic variations of silicic centres in the northern-

central MER, suggest that crustal thickness cannot solely explain differentiation and that 

heterogeneous crustal composition of several rift parts has an important role in magma evolution. 

The observation of negligible involvement of depleted mantle suggests that a plume is the only 

asthenospheric source. This could potentially be explained by the accumulation of plume material 

around the BBVC from a southward flow from Afar, or from a “plumelet” of the purported African 

superplume. 
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Chapter 5 Quantitative constraints on faulting and fault 

slip-rates in the northern Main Ethiopian Rift 

Abstract 

Within magma-assisted continental rifts, understanding the relative contribution of faulting to 

overall extension, and the behaviour of individual faults has been hampered by the paucity of 

quantitative constraints on fault kinematics and rates of activity. The Boset axial segment (BAS) of 

the northern Main Ethiopian Rift (MER) is an ideal natural laboratory to investigate fault kinematics 

and the relative role of magmatism within continental rifts, due to the availability of 1) high-

resolution remote sensing data (LiDAR data for BAS, Aster data for adjacent segments), 2) new 

relative and absolute age chronology on offset reference surfaces, and 3) well-exposed examples 

of active normal fault arrays. In this chapter, the focus is on detailed mapping of structural (faults, 

fissures and fractures) and volcanic (cones and craters) features in order to analyse the strain 

distribution, fault orientations and overall geometry of the rift. In addition, we explore 

displacement distributions on individual faults and determine fault slip-rates at different temporal 

scales. 

We found that the rift border faults strike ~NE, while the younger faults in the rift segments strike 

NNE and are sub-orthogonal to the current extension direction. Analyses of geometric rift 

parameters show that the axial active part of the rift is transtensional. The strike of the axial 

segments rotates along the rift, reflecting either spatial variations in fault distribution within axial 

segments, the variable contribution of a shear component, or variations in magma pressure.  

The Boset axial segment is divided into two NNE orientated dense fault zones, bounding a graben 

with young NNW-NNE trending faults. Throws of main normal faults are largest (up to ~190 m) on 

the western fault zone outside of the volcanic edifice. The lowest throws are along the magma 

dominated central fault zone. Lava flow chronology combined with the throw/opening data, 

suggests fault surface expressions vary with time, from open mode fissures/fractures to small 

normal faults with an opening to large normal faults.  

Estimated fault slip-rates from the southern central axis vary with rates of up to ~0.37 mm/yr in 

~0.3 Ma rift floor deposits, whereas higher rates of up to ~4.4 mm/yr are observed for faults cutting 

through ~6 ka lavas. The difference in slip-rates through time is likely caused by the heterogeneity 

of earthquake recurrence times and fault linkage, indicating short term variation or a very active 

recent episode compared to long-term low average slip-rates. The slip-rate estimates potentially 

account for the tectonic contribution of the total extension, meaning that faulting in the uppermost 

crust may accommodate a significant amount of shallow extension, even in magma-rich rifts. 
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5.1 Introduction 

A quantitative understanding of fault networks and kinematics, including growth, reactivation and 

interaction, in magma-rich continental rifts, has been hampered by a lack of chronological 

constraints, but there have been studies worldwide which provide a qualitative framework. In this 

paper we build on previous studies from Iceland (e.g., Bull et al., 2003; Grant and Kattenhorn, 2004; 

Tentler, 2005; Villemin and Bergerat, 2013), Hawaii (e.g., Bubeck et al., 2018; Holland et al., 2006; 

Kaven and Martel, 2007; Martel and Langley, 2006) the Taupo Rift Zone (e.g., Rowland et al., 2010; 

Rowland and Sibson, 2004, 2001), and the East African Rift (EAR) (Acocella et al., 2011; Casey et al., 

2006; Corti, 2009; Rowland et al., 2007) by characterising the structural style of the active Boset 

axial segment (BAS) of the northern Main Ethiopian Rift (MER), where previous work has provided 

relative and absolute chronological framework (Chapter 3; Abebe et al., 2005; Chernet et al., 1998). 

Thus we aim to investigate the relative contribution of magmatism and tectonics of the active rift 

segment over time.  

The active continental rift of Ethiopia (Figs. 5-1, 5-2) is an ideal place to investigate the relationship 

between fractures and magmatism as it records different stages of the continental rift from 

initiation to incipient spreading. In particular, the northern MER provides stretched crust with 

focussed magmatism and tectonic activity on axial segments (e.g., Corti, 2009; Ebinger and Casey, 

2001; Wolfenden et al., 2004). Axial segments are defined by sigmoidal and dense fault distribution, 

aligned with a volcanic centre. Previous structural studies explain overall broad scale rift kinematics 

of the MER by modelling (Agostini et al., 2011b; Corti et al., 2013b) and by large scale geophysics 

measurements (e.g., Mackenzie et al., 2005; Maguire et al., 2006; Whaler and Hautot, 2006). 

However, as the influence of magmatism and previous lithospheric weaknesses differs between 

individual volcanic centres and axial segments (Ayalew et al., 2016; Furman et al., 2006a; Rooney 

et al., 2012), it is crucial to investigate the kinematics of individual axial segments and faults in more 

detail. Only a few studies have focussed on the detailed quantitative fault kinematic evolution in 

the northern MER (Abebe et al., 2005 b; Casey et al., 2006; Kurz et al., 2007; Pizzi et al., 2006; 

Williams et al., 2004). These high-resolution structural investigations contribute to the 

understanding of the rift wide extension rate and evolution, but also provide important insights 

into deformation distribution on different spatio-temporal scales for the assessment of potential 

seismic and volcanic hazards as well as geothermal and hydrocarbon exploration. 

Previous structural work is mainly on large-scale tectonics. In order to understand the structural 

morphology and architecture along a single segment, we focus on the Boset axial segment (BAS), 

located between the Gedemsa and Kone segments in the northern MER (Figs. 5-1 and 5-2). The BAS 

is a 70-90 km long, NNE – SSW orientated feature containing Quaternary-Recent volcanic rock and 
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pyroclastic deposits (Chapter 4, Abebe et al., 2005 b). The BAS is a perfect natural laboratory to 

quantitatively constrain faulting and slip-rates, due to 1) the availability of detailed mapped lava 

units within a relative and absolute chronology (Chapter 3); 2) recent tectonic and magmatic activity 

(Chapter 3); 3) and high resolution remote sensing data (LiDAR, Aster and SRTM). In this chapter, 

the fault network on several axial segments between Gedemsa and Dofan Volcanoes in the 

northern MER is characterised to analyse the overall rift geometry.  In addition, fault kinematics, 

distribution and activity on the BAS and on individual faults are analysed in order to characterise 

the structural style of an active axial segment and estimate the contribution for overall rifting. These 

results facilitate an understanding of the relative role of magmatism and tectonism and normal 

fault growth during continental rifting. 

5.2 Geological background 

The ~500 km long MER (Fig. 5-1) is located in the northern sector of the East African Rift (EAR) 

between the Afar depression and the Kenyan rift and separates the Somalian plateau (Somalian 

plate) and Ethiopian plateau (Nubian plate) (e.g., Corti, 2009) (Fig. 5-1). Rift orientation is defined 

by structural and compositional heterogeneities of variable orientations in the Pre-Cambrian 

basement (NE-SW in the northern MER and NNE-SSW to N-S in the southern MER) (Agostini et al., 

2011b; Chorowicz, 2005; Corti, 2009) (Figs. 1-4, 5-1). Other orientations within the northern MER 

rift margins, such as cross-rift structures parallel to the Red Sea rifting (Corti et al., 2018; Gani et 

al., 2009), E-W direction of the Yerer – Tullu Wellel volcano lineament (YTVL) (Abebe et al., 1998, 

1995) and the N-S orientated Boru Toru Structural High (BTSH) (Bonini et al., 2005), are partly active 

into the Quaternary (Fig. 5-1).  

Extension in the northern MER is thought to have started at ~11 Ma and was associated with 

volcanism on NE-striking border faults (Chernet et al., 1998; Rooney et al., 2014b; WoldeGabriel et 

al., 1990; Wolfenden et al., 2004). The main border faults, the Arboye and Sire border faults on the 

eastern rift margin and the Ankober border fault on the western margin are ~150 km long, widely 

spaced and have large vertical offsets (Figs. 5-1, 5-2). 

Through time (since 2 Ma), extension and volcanism has become focused on the central part of the 

60–100 km wide grabens (Hayward and Ebinger, 1996), resulting in 20-km-wide, right-stepping en-

echelon rift segments (Casey et al., 2006; Corti, 2009; Ebinger and Casey, 2001; Keir et al., 2006a; 

Mohr, 1967, 1962), also known as the Wonji fault belt (WFB) (Mohr, 1962) (Figs. 5-1, 5-2a).  
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Figure 5-1 A) Regional map of the triple junction of the Red Sea, the Gulf of Aden and the Main 

Ethiopian Rift. Earthquakes recorded by Eagle project in the years 2001 to 2003 (with depth in 

colour) and USGS since the 1970s (no depth available) are both presented by magnitude (symbol 

size). The Somalian and Nubian plate separates with 6 mm/yr (Bendick et al., 2006). Magmatism is 

marked by segment outline (blue) and volcanic centres (black triangle). Black box indicates detailed 

study area shown in B and C. B) Map of the Main Ethiopian Rift with the same earthquake 

distribution but larger scale. C) Map of the Main Ethiopian Rift with main faults and volcanic centres 

(green triangle). 

These axial segments are defined by the distribution, density and orientation of faults, and spacing 

between segments (Fig. 5-2), adapted from Kurz et al. (2007). In the northern MER, they range 

between 40 – 70 km in length and are mainly oblique (NNE) to the rift margin orientation (NE). 

Segment spacing is variable, with offsets ranging from 2 km (BBVC – Kone) to 18 km (Gedemsa – 

BBVC) (Fig. 5-2). Many of the segments have a sigmoidal curvature on segment tips that are thought 

to form as axial segment faults adjust to border fault orientation (Corti, 2009; Kurz et al., 2007). 
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These segment tips are overlapping and accommodate strain transfer, but did not develop exposed 

transform faults (Casey et al., 2006). The morphological expression of these segments is dominated  

by closely spaced NNE striking faults and fissures, aligned monogenetic cones and Quaternary-

Recent silicic volcanoes (Ebinger and Casey, 2001) in the centre and mainly tectonic brittle 

deformation at the tips (Kurz et al., 2007). Faults within axial segments have sub-vertical scarps of 

up to ~200 m throws and are commonly en-echelon linear or curved.  

 

Figure 5-2 Topography of the Boset-Bericha Volcanic Complex (BBVC) and main tectonic and 

volcanic elements. Top left (A) topography and main fault-fracture (length weighted by line 

thickness) set with indicated border faults (black), distribution of cones and craters (small, black 

dots), axial segment faults (Wonji faults, grey) and BAS faults (red). Cross section location are 

indicated (blue A-E). Other volcanic edifices are labelled Bora-Bericha (BB), Gedemsa (Ge), Kone (K), 

Fantale (F), Dofan (D). Bottom left (B) main volcano-tectonic elements representing the western axis 

(green), central axis (warm colours) from the central part of the BAS segment. Aligned cones and 

craters (blue-violet) are distributed on the central axis and Kone segment. C) Four representative, 

across rift topographic profiles (A-D) and one along-axis profile (E) derived from Aster data 

(resolution 30m). The colours on the cross-section are the same as in map B and indicate the location 

of volcano-tectonic elements.  
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Extension in the MER has been episodic rather than smooth and continuous (chapter 3; Corti, 2009; 

Keranen and Klemperer, 2008). A stretching factor in the northern MER is estimated to be around 

~1.5 and corresponds to ~30 km Nubia – Somalia separation (Wolfenden et al., 2004). GPS 

measurements and plate kinematic modelling suggest the majority of extension is still focused 

across the axial segments, with relative plate motion vectors directed between 095 to 108° from 

north with a rate of 4–6 mm/yr (Bendick et al., 2006; Bilham et al., 1999; Calais et al., 2006; 

Fernandes et al., 2004), with a steady extension direction over the past 11 Ma (Corti, 2009, 2008; 

Royer et al., 2006). Previous geophysical studies suggest a high density of mafic intrusion in 

particular at the BAS (Cornwell et al., 2006; Mackenzie et al., 2005; Whaler and Hautot, 2006) with 

surface morphology suggesting magmatism in the segment centre (Kurz et al., 2007). The BAS, 20 

km east of Adama/Nazret, is here defined to contain NNE trending faults cutting through the 

Quaternary Boset-Bericha Volcanic Complex (BBVC) in the segment centre and terminating to the 

north and south at the western and eastern rift margin, respectively (Figs. 5-1, 5-2a). The BBVC is 

one of the largest stratovolcanic complexes (17 km E-W and 20 km N-S) in the northern MER and 

comprises the northern Bericha Volcano (2120 m) and the southern Gudda Volcano (2447 m). 

Episodic activity at the volcanic centre is recorded for the last ~16 Ka (Chapter 3) for both volcanic 

edifices with recent activity on the central fissure between edifices (chapter 3; Fontijn et al., 2018). 

5.3 Data and Methodology 

5.3.1 Remote sensing data and spatial analysis 

We mapped tectonic and volcanic features at and around the BBVC in ArcGIS using high-resolution 

Light Detection and Ranging (LiDAR) elevation data combined with more regional Advanced 

Spaceborne Thermal Emission and Reflection Radiometer (ASTER) data, Shuttle Radar Topography 

Mission (SRTM) data and field observations (Fig. 5-3). The high-resolution LiDAR data were collected 

during a NERC ARSF LiDAR survey over the BBVC in November 2012 and have 2 m horizontal and 

0.2 m vertical resolution (Figs. 2-1, 2-3, 5-1, Table 2-3). The resolution and origin of further remote 

sensing data are reported in Chapter 2. The remote sensing data were imported into ArcGIS 

(Geographical Information System) where faults, fissures, craters and cones were interpreted and 

digitised. 

To aid interpretation, slope, aspect and hillshade functions were applied to LiDAR and ASTER data 

to identify gradients, dip-directions and degree of erosion, respectively. The density of craters and 

cones are determined by kernel density tool in ArcGIS, using contour plots gridded at 100 m with a 

search radius of 500 m for point sources.  
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5.3.2 Fault geometry and displacement measurement 

The remote sensing data reveal the overall topography and very well exposed fault scarps and 

fissures that offset and deform lava flows and pyroclastic deposits. Regional topography and strain 

distribution over the rift valley were derived by cross-sections from Aster data. In total over 2300 

fault traces were digitised and analysed in terms of their orientation, using length-weighted rose 

diagrams, and displacement. Elevation values of hanging wall and footwall surfaces (from the LiDAR 

and ASTER data) were used to measure throw or vertical separation every 100-200 m along faults 

within the axial segment of the BBVC (Fig. 5-3, Appendix E.4). As the faults form steep dipping fault 

planes based on field observation and spatial analyses, the measured throws and scarp heights 

approximate their displacements and minimum displacements, respectively. Based on the vertical 

resolution of the datasets, measurements are considered to have errors of ± 10 m and ± 0.4 m for 

the ASTER and LiDAR data, respectively.  

More detailed displacement profiles were produced for selected faults, with measurements taken 

at intervals down to 25 m within the LiDAR data, to characterise spatial variations in displacement 

at identified locations of fault interaction and linkage. Fault linkages zones (e.g., relay ramps) were 

investigated by along and across ramp profiles to determine the size, orientation and slopes. 
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Figure 5-3 Example showing variations in the architecture of the normal fault structure offsetting 

the Bofa basalt and Gudda’s lavas south of the edifice. Across profiles are used to identify throw and 

heave as well as opening. This fault is ranging from normal and opening displacement (a) to a 

normal fault (b), linking in a relay ramp (c) and linking by horst structure (d).  

5.3.3 Age constraints for slip-rate calculations 

Slip-rates are calculated on the basis of fault displacement analyses combined with relative and 

absolute age constraints from the surrounding chronostratigraphy (e.g., Chapter 3; Table 5-1). The 

BAS (Figs. 5-1, 5-2), defined above, is emplaced, at its north and south parts through peralkaline 

tuff, ash flow and ignimbrites of the Miocene Nazret group (Abebe et al., 2005 b) (Table 5-1). NE of 

the BBVC edifice, lacustrine sediments cover the rift floor. The central part of the segment is 

covered by Quaternary volcanic silicic lava flows of the BBVC and Pleistocene to Holocene Wonji 

mafic rift floor basalts between BBVC and Kone edifice as well as Pliocene to Pleistocene Bofa basalt 

south of the BBVC edifice (Fig. 5-4). Some parts of the Bofa basalt unit south of the BBVC are covered 

by the Chefe Donsa pumice (Fig. 5-5).  
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Table 5-1 Summary of stratigraphic units (thickness, composition) around the BAS based on 

geological map (Abebe et al., 2005 b) and border fault stratigraphy (Wolfenden et al., 2004) with 

age constraints from (Chapter 3; Chernet et al., 1998; WoldeGabriel et al., 1990)  

Exposed stratigraphy Composition exposed location Age Max. Thickness 

BBVC lavas Comenditic and pantelleritic lava flows 
and pyroclastic deposits 

BBVC edifice ~120 Ka, <16 Ka 50 – 150 m 

Wonji basalt Alkaline basaltic lava flow, scoria cones North of BBVC,  
at Sodore 

< 1.6 Ma,  
~100 Ka, < 30 Ka 

10 m 

Lacustrine Sediments Sand and silt with abundant volcanic 
components  

West of the BBVC < 500 Ka 600 m 

Chefe Donsa Pyroclastics Unwelded to poorly welded volcanic 
ash flow and fall deposits 

South of BBVC, western 
border faults 

2.54 – 1.7 Ma 40 m 

Bofa basalt Plagioclase phyric basaltic lava flows South of BBVC 3.5 – 1.6 Ma, 
300 ± 50 Ka  

30 m 

Nazret Pyroclastic Unit Rhyolitic and trachytic lava domes and 
peralkaline pantelleritic pyroclastic 
flows 

South of BBVC, western 
border faults 

5.2 – 2.6 Ma 700 m 

5.4 Main Ethiopian Rift structure and topography around the Boset axial 

segment 

Rift topography is variable in the northern MER with rift widening and decreasing topography 

northwards into the Afar triangle (Figs. 5-1, 5-2). Topographic changes and the overall rift geometry 

on the central part of the Boset axial segment (BAS) is best illustrated by simple topographic 

profiles; four NW to SE across rift (A-D) and one SSW-NNE along rift axis profile (E) (Fig. 5-2). For 

most across-rift profiles, there is marked asymmetry with the western margin being less steep than 

the eastern rift margin (Fig. 5-2 profile A-D). In profiles C-D (Fig. 5-2), the NW rift margin is 

characterised by two topographic steps down from the ~2600 m high Ethiopian plateau to the rift 

valley floor. The SE rift margin topography decreases from the Arboye border fault ridge (~3260 m) 

in the north to the Sire border fault plateau (~2680 to 2860 m, Fig. 5-2) in the south with a curving 

Arboye fault trend at the transition of the border fault systems.  

The rift floor is ~ 30 km wide with elevation changing from ~1450 m in the SW to 900 m in the NE 

and slightly increasing topography towards the volcanic edifice (Fig 5-2, profile E), with the summit 

of Gudda rising 2447 m above the rift floor.  

At the BBVC the eastern rift floor is less elevated than the western rift floor (Fig. 5-2, profile B-D), 

whereas north of the BBVC the rift floor is offset by a graben and line of cones/craters, resulting in 

a less tilted rift floor geometry (Fig 5-2b, profile A). Rivers drain northwards on the rift margins 

producing large canyons parallel to border faults and downslope towards the rift centre, where it 

follows the tilted rift floor and drain along the eastern border fault (Figs. 5-2a, 5-4).  
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Figure 5-4 Map and length – weighted rose diagrams showing the orientation of faults for different 

rift segments and border faults (Sire, Arboye and western border faults) around the BBVC in the 

northern MER (Fig. 5-1). The main volcanic centres (grey), cones and craters (black dots) and 

significant rivers and lakes (light blue) are shown on the map. Volcano-tectonic segments on the 

map are linked to rose diagrams by colour and label, Bora-Bericha (Bo), Gedemsa (Ge), Boset-

Bericha Volcanic Complex (BBVC), Kone (K), Fantale – Dofan (FD) Hertali (H). Aligned volcanic 

edifices on the border faults are Debre Zeit (De) and Chilalo (Ch). Border faults are intersected by 

rivers and erosion canyons at the rift margin and border fault orientation is more variable on the 

western compared to the eastern margin.  

5.5 Characterisation of the regional fault population 

5.5.1 Orientation 

Extension is characterised by mainly normal faults with additional fractures and fissures interacting 

with the magma plumbing system at the axial segments. The orientation of the western margin 

border faults (average strike of ~37˚) range between ~30˚ in the north to ~50˚ northwest of the 

BBVC edifice (top left Fig. 5-4, Table 5-2). Border faults on the lower western rift margin (bottom 
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Figure 5-5 Photographs indicating some key magmatic and structural features. A) View from Gudda 

crater wall towards NE on the obsidian lava flow cut by fissure graben with marked faults and 

magnification of the western fault in picture C. B) Relay ramp (within LiDAR data) on the southern 

fault in Bofa basalt between fault II and III, looking along fault scarp towards SW. D) 1-2m open 

crack in Berichas lava flow. E) Fault scarp in Bofa basalt close to relay ramp between fault B and C. 

For scale donkeys are marked as yellow circles in picture B and E. The position of the photographs is 

shown in Figure 5-8.  

 

left Fig. 5-4, Table 5-2) have an orientation intermediate between rift segments and upper border 

faults, defined in Fig. 5-4, but are more similar to rift axis faults. The different orientation of upper 

and lower border faults on the western rift margin is coincident with a change to a two-step 

geomorphology in topography (Fig 5-2, profile B-D). 

Border faults on the eastern rift margin are more pronounced due to strain localisation compared 

to the border faults on the western rift margin, with orientations of 043.6˚ ± 9.8˚ for the northern 

(Arboye) and 045.8˚ ± 1.3˚ for the southern border faults (Sire) (Fig. 5-4). Fault orientations in the 

central rift are divided into different axial segments, defined by fault density, distribution, 

orientation and alignment with the central silicic volcanic complex. The BAS is defined by faults 

aligned with the BBVC. Their length weighted average strike decreases from ~25 to 18˚ northwards 

(Fig. 5-4, Table 5-2).  
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The orientation of aligned craters and cones was calculated by fitting a best-fit line to adjacent 

features (Fig. 5-2b, Table 5-2). Cones and craters subparallel to the axial segments have more 

easterly strikes compared to fault averages (Table 5-2). We also observed radial cone lines on the 

south-eastern slope of Gudda (~N-S, ~004˚) and north-eastern slope of Bericha (~NE-SW, ~051˚). 

Some WSW-ENE to W-E aligned craters (~077 to 087˚) on top of Gudda’s edifice and at the older 

caldera of Kone may trace the caldera outline or elliptical axes of calderas, whereas cones between 

segments of this direction, may connect segments (Fig. 5-2b).  

Based on orientations of individual axial rift segments (F) and the overall rift trend (P) of 048 ± 005˚ 

(alignment of volcanic centres (Fig. 5-4)) relative to the recent plate motion vector (V), we classified 

the rift geometry in a kinematic analyses in terms of transtensional, oblique or orthogonal opening 

following the model of Sanderson and Marchini (1984) and approach of Tuckwell et al. (1996) (Fig. 

5-6). This model uses the relation of α and φ, which describe the angular relationships between V 

to P and to F, respectively (Fig. 5-6, Table 5-2).  

Table 5-2 Length weighted averages with length-weighted standard deviations of orientations from 

faults and axial segments sub-parallel cone lines with their number Nf and Nc, respectively. A plate 

motion vector V = 095˚results in α of 47 ± 14˚ and Φ of 67 to 76 ± 19˚ (see Fig. 5-6 for definition of 

α and Φ) whereas V=103˚ have α of 55 ± 15˚ and Φ of 75 to 84 ± 20˚.  

No 

 

Group Orientation faults (F) Nf 

Plate motion 
vector (McCoss 

1986) 

φ (˚) 

(V=McCoss
1986) 

φ (˚) 

(V=095˚) 

φ (˚) 

(V=103˚) 
Orientations 

cone lines 
Nc 

1 

2 

3 

4 

5 
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7 

8 B
o

rd
er

 f
au

lt
s 

Outer border NW 

Outerborder middle 

Debre Zeit 

Outer border SW 

Inner border N 

Inner border S 

Border NE - Arboye 

Border SE - Sire 

036.8˚ ± 8.1˚; 030.7˚ ± 5.3˚ 

049.5˚ ± 4.7˚ 

- 

037.2˚ ± 15.4˚ 

028.2˚ ± 10.2˚ 

026.9˚ ± 14.0˚ 

043.6˚ ± 9.8˚ 

045.8˚ ± 1.3˚ 

69 

48 

- 

38 

96 

114 

265 

132 

   

 

 

 

 

 

 

 

69.6 ± 17.8 

72.1 ± 18.5 

75.7 ± 18.2 

76.5 ± 18.2 

71.2 ± 16.5 

 

 

 

 

 

 

 

 

77.6 ± 19.0 

80.1 ± 19.5 

83.7 ± 19.2 

84.5 ± 19.2 

79.2 ± 17.5 

- 

- 

029.3˚± 5.6˚ 

- 

- 

- 

- 

- 

017.9˚± 4.7˚ 

024.7˚± 15.6˚ 

025.9˚ ± 6.5˚ 

019.1˚ ± 6.9˚ 

- 

- 

- 

2 

- 

- 

- 

- 

- 

12 

34 

29 

15 

- 

9 

10 

11 

12 

13 A
xi

al
 f

au
lt

s 

Gedemsa segment 

BBVC segment 

Kone segment 

Fantale segment 

Dofan segment 

025.4˚ ± 8.9˚ 

022.9˚ ± 9.5˚ 

019.3˚± 9.2˚ 

018.5˚ ± 9.2˚ 

023.8˚ ± 7.5˚ 

164 

795 

310 

244 

69 

092.9 

087.5 

080.9 

079 

- 

67.5 

64.7 

61.6 

60.5 

- 

 

For the current overall geometry, we calculated the plate motion vector (Vcalculated) based on the 

graphical construction of McCoss (1986), by using the observed length weighted fault average 

orientations for maximum horizontal stress (SHmax = σ2) and their perpendicular angle for minimum 

horizontal stress (Shmin = σ3) (Table 5-2). The calculated plate motion vectors (Vcalculated) progressively 

increase southwards from 079˚ at Fantale segment to 093˚ at Gedemsa segment. Using Vcalculated for 

each segment, all segments are perfectly transtensional with α of 31 to 45 ± 10˚ and φ 60.5 to 67.5 

± 14˚ (Figs. 5-4, 5-6, Table 5-2).  



Chapter 5  

165 

 

Figure 5-6 Rift geometry of the northern MER. Three alternative rift geometries – orthogonal, 

transtensional and oblique after Tuckwell et al., 1996. Φ and α are defined by the angular 

relationship between the overall rift orientation (P), fault segment trend (F) and the plate motion 

vector (V). Data points with error bars are from individual segments shown in Figure 5-4 and suggest 

a transtensional geometry for the rift between Gedemsa (SW) and Fantale (NE) (arrow). Plate 

motion vectors are calculated after McCoss, 1986 for transtensional kinematics (circle), ranging 

between 079˚ and 093˚ from the north. The two fixed plate motion vectors of N095˚ (triangle) and 

N103˚ (square) are from GPS measurements (Fernandes et al., 2004; Calais et al., 2006), plate 

tectonic models (Chu and Godron 1999; Jestin et al., 1994), elliptical shape of calderas (Casey et al. 

2006) fault movement indicators (Pizzi et al., 2006, Acocella and Korme 2002) and earthquake focal 

mechanisms (Keir et al., 2006) of the MER. The likely role of an additional shear component or 

magma pressure is causing fault segment rotation. Other rifts and spreading centres (cross) are 

added for comparison: MAR (M1-3), Reykjanes Ridge (RR), Reykjanes Peninsular (RP), NE Iceland 

(IC), Tjornes fracture zone (TF), Mohn’s Ridge (MR), SW Indian Ridge (SWI), Gulf of Aden (GA), East 

Pacific Ridge (EPR), Juan de Fuca Ridge (JF), Galapagos Ridge (GR), Ecuador Rift (ER), Imperial Valley 

(IV), Manus Spreading Centre (MS), Manus ETZ (ME), Siqueiros Transform (ST) (Tuckwell et al., 

1996), Kenya The Barrier (KB), Kenya Emuruangogolak (KE), Kenya Silali (KS), Kenya Paka (KP), Kenya 

Menengai (KM), Kenya Longonot (KL), Kenya Suswa (KS) (Robertson et al., 2015), northern, central 

and southern MER (NMER, CMER, SMERa, SMERb) (Agostini et al., 2011b), Monowai (Mo) and Havre 

trough (HT) (Wormald et al., 2012). 

The Vcalculated values are lower than other observed indicators of plate motion (Vobserved of 095 ± 009˚ 

and 103 ± 010˚), such as GPS measurements and plate models (Calais et al., 2006; Chu and Gordon, 

1999; Fernandes et al., 2004; Jestin et al., 1994), elliptical shape of calderas (Casey et al., 2006), 

fault movement indicators (Acocella et al., 2002; Pizzi et al., 2006) and earthquake focal mechanism 

(Keir et al., 2006b). 

Using Vobserved of 095˚, the current rift geometry resulted in a transtensional model (φ < 90˚, F ≠ P) 

with α of 47 ± 14˚ and φ of 67 to 76 ± 19˚. A Vobserved of 103˚ generates an α of 55 ± 15˚ and φ of 75 

to 84 ± 20˚ and can be characterised mainly as transtensional opening, with a trend from south to 
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north towards the short segment oblique opening model (φ = 90˚, F ≠ P), without obvious transform 

faults. The ranges of φ reflect different orientations of fault segments with higher φ for northern 

segments (Figs. 5-4, 5-6, Table 5-2), further described in section 5.8.1. 

5.5.2 Strain distribution 

Variation in tectonic deformation in the study area was determined by cumulative profiles of 

vertical surface separations at faults and their frequency along the cross-rift sections (Fig. 5-2). Rift 

wide fault distribution (Fig. 5-7) is analysed using the method developed by Putz-Perrier and 

Sanderson (2008a, 2008b), where the cumulative distribution of faults are compared with a uniform 

distribution (Fig. 5-7, dashed line Duni). The degree to which maximum deviation is above and below 

the uniform line (D+, D-) (Fig. 5-7, dotted line) can be used as a measure of fault heterogeneity by 

using V’ = ID+I + ID-I. Cumulative throws for each profile are normalised to 1 to allow comparison 

between different profiles. This method results in V’ values ranging between 0 to 1, representing 

homogeneous and heterogeneous distribution, respectively. 

The cross-rift sections (Figs. 5-2, 5-7) each include between 133 and 146 picked fault scarps with a 

cumulative vertical separation of up to 6.05 km for the total rift, measured with 30 m resolution 

ASTER data. Both fracture frequency and separation show larger deviations from a uniform line at 

rift margins and a plateau in the rift centre (Fig. 5-7). The heterogeneity of fault frequency is very 

similar for the four cross-rift sections with V’ varying between 0.19 and 0.23. Steeper slopes (larger 

deviation above uniform line (D+ > D-)) indicate higher fault intensities at the border system of the 

western rift margin (Figs. 5-7a, b, c). Cumulative vertical separations of faults are most homogenous 

in the southern BBVC and Bericha cross-rift section with a V’ of 0.23 and 0.27, respectively (Figs. 5-

7b, d), and most heterogeneous in the northern BBVC (V’ of 0.33) and Gudda (V’ of 0.37) cross rift 

section (Figs. 5-7a, b). Fault separations show larger deviations below the uniform line (D- > D+) 

suggesting larger fault offsets at the eastern border fault system (Figs. 5-7a, b, c).  

5.5.3 Fault and cone density 

Density maps of faults and volcanic cones around the Boset axial segment show the distribution 

and frequency of volcano-tectonic features (Fig. 5-8). Fault intensity in the axial region (Fig. 5-8) 

suggests that the BAS comprises two main NNE-SSW orientated fault zones, together forming a 

graben north and south of the BBVC edifice. The graben width is similar in scale to the alignment of 

the BBVC caldera (Figs. 5-2, 5-8). The western BAS axis is mainly exposed north and south of the 

BBVC as a normal fault with a dominant dip direction towards ESE. The central axis is exposed along 

the whole segment as a range of normal faults dipping towards WNW south of the BBVC, but also 

as a magmatic fissure and cone - crater chain at and north of the edifice (Figs. 5-2, 5-8). It is 
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characterised by several parallel sub-segments along the main segment with either dominantly 

faulting or fissuring characteristics and small offsets towards ESE and WNW (Fig. 5-2).  

High cone and crater frequency and density around the BAS are focussed and aligned on the central 

axes at the edifice, north of the BBVC edifice and along the Kone segment (Figs. 5-2, 5-4, 5-8). The 

active axis for Boset and Kone segments is aligned with the eastern caldera rim. Besides cone and 

crater alignment, rhyolitic volcanic ridges (north of Bericha) and fissures sourcing lava flows (Figs. 

5-2, 5-8) are indicative of dyke intrusions. Cone and crater density between the BBVC and Gedemsa 

is less dense but aligned sub-orthogonal to fault segments (Figs. 5-4, 5-8). 

 

Figure 5-7 Strain distribution of cumulative fault scarp height (black) and frequency (grey) along the 

four cross rift sections at the BBVC (Fig. 5-2), where rift graben is marked in blue-grey. D+ and D- 

(dotted line) is the maximum deviation from a uniform distribution line (dashed), here shown as an 

example for the cumulative fault scarp height strain distribution. V’ represents the absolute sum of 

D+ and D-, given as an indicator for homogenous distribution (~0) and heterogeneous distribution 

(~1), independent of the start value (Putz-Perrier and Sanderson, 2008b). All values are given as 

normalised values to the maximum. The comparison of the four cross rift sections presents similar 

distribution with more homogenous fault scarp height distribution south of the BBVC. More 

heterogeneous fault scarp height distribution is shown by less visible faults on top of the edifice and 

stronger pronounced eastern border faults. Frequency distribution in all four cross rift sections is 

very similar, with slightly higher values for the edifices. Note, the cross rift section north of the BBVC 

starts around 12 km due to the canyon of the Kessem river, which is here not considered.  
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Figure 5-8 Map illustrating throw variation (line thickness) for the main faults and fissures in the 

BBVC axial region. Colours of faults indicate dip direction and type of faults. The volcanic edifice is 

shown in the background. Cone and crater distribution (black dots) and density, illustrated by the 

grey shaded contours, represent sources for magmatic activity. The density contour plots are 

gridded at 100 m with a search radius of 500 m, with the dark shading indicating high-density areas. 

The black box south of Gudda edifice shows the extent of figure 5-9. Capital letters indicate the 

position of field photos of figure 5-5. Small letters indicate the type of fault linkage, which is 

presented in more detail in figure 5-11.  
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5.6 Fault interaction and kinematics 

5.6.1 Fault and throw distributions along the Boset axial segment 

Throughout the fault network of the BAS, we observe fault interaction between the western and 

central fault axes and between individual faults by linkage, relay ramps and splayed faults, 

suggesting strain transfer. NE-SW orientated fault axes are linked by young NNW to N and NNE 

orientated faults north of Bericha, providing a distributed network of closely spaced faults (Fig. 5-8 

a). These faults, as well as faults south of the BBVC, have small scale linkages shown by splayed 

faults (e.g. between fault III and IV, between Bofa basalt and Gudda lavas) at the transition between 

different geological units (Figs. 5-9 to 5-11). Transfer zones with antithetic dipping faults are 

observed between both BAS axes as horst (Figs. 5-9 to 5-10, Appendix D) and grabens on different 

scales (e.g. Figs. 5-2, 5-8b), which form drainage basins, most notably at the segment tips. Our focus 

in this study is on transfer – linkage zones between faults of the same dip direction in the BAS. We 

found four relay ramps covered by LiDAR data and six relay ramps within Aster data at the southern 

central and western segment axis as well as within the distributed fault network north of Bericha 

(Fig. 5-8c, details in Appendix D). Those relay ramps vary in width (0.08 – 0.51 km) and length (0.2 

– 2.4 km) (Appendix D). Along ramp slopes are up to ~18˚ (Appendix D), depending on length, 

displacement of faults and state of breaching. We observe that larger faults have a lower slope 

along ramps and that more developed – breached ramps are steeper.  

Measured fault throws are largest north and south of the BBVC along the western and central axes, 

while between the axes, and over the volcanic centre, faults are smaller (throw < 5 m) and 

associated with more opening and volcanic activity (Fig. 5-8). 

The largest fault is exposed on the western axis between the BBVC and Kone volcano (Fig. 5-4) with 

a throw maxima (~200 m) (Fig. 5-8). Throws along this axis decrease to the south and are distributed 

onto numerous smaller fault with throws of 30-50 m northwest of Gudda and Bericha. In the 

southwest of the BBVC, throws along the western axis faults increase again up to ~140 m (Fig. 5-8).  

The central axis faults (Fig. 5-8) have the largest throws to the north (20-80 m) on northwest dipping 

faults. The maximum throws in the south of the BBVC are around ~60 m in Bofa basalt and up to 

120 m in Nazret unit (Figs. 5-8, 5-9). In the next section the southern part of the central axis is 

explored in more detail (box in Fig. 5-8). 

5.6.2 Linkage characteristics and throw variation along the southern axial fault system  

A particularly well-exposed NW dipping normal fault on the central axis of the southern BAS was 

examined in detail (box in Fig. 5-8; Figs. 5-9, 5-10). This fault system contains three main fault parts  
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Figure 5-9 Analysis of a normal fault linked by relays of different scales south of BBVC. A) Cumulative 

throw along the normal fault system; B) throw on Nazret pyroclastics (Np); C) major faults in Bofa 

basalt unit (BB) and Gudda’s lavas; D) minor faults in Bofa basalt unit (BB) and Gudda’s lavas E) Slip-

rate variation along the normal fault system with indicated slip-rate of cumulative throw and 

corrected slip-rates for Chefe Donsa unit on the hanging wall (red); slip-rates for Nazret unit is 

calculated with 2.5 Ma and 300 Ka. F) Map of faults and offset geological units: Nazret pyroclasts 

associated with felsic domes and lavas (Npa), and welded pyroclastic flows (Npb), Bofa basalt (BB), 

Chefe Donsa pyroclastic deposits (CD). The position of this fault system is shown by the black box in 

Figure 5-8. Location of Figure 5-10D is indicated on the map. Throws are derived from Lidar and 

Aster data. Slip-rates are calculated based on the ages stated (Abebe et al., 2005a; Chernet et al., 

1998; chapter 3). Location of relay ramps (R1) is labelled.  
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(A0 – A; B – C - D; I – IV) that offset three different geological units (the Nazret unit, Bofa basalt, 

Guddas lavas) as well as several different lavas on the slope of Gudda (Fig. 5-9). In the Nazret 

pyroclastic rock unit (Abebe et al., 2005 b; Boccaletti et al., 1999), the vertical fault displacement 

reaches ~90 - 130 m (fault A0, A) at exposed felsic dome and lava flows and ~40 - 60 m in welded 

pyroclastic pumice dominated deposits (fault A, B) (Fig. 5-9). The Bofa basalt lava flows (300 ± 50 

ka; Chernet et al., 1998) are partially covered by thin layers of soil, pumice, ash and river deposits 

of the Chefe Donsa Pyroclastic unit (40 m maximum thickness, Abebe et al., 2005 b) (Fig. 5-9). Fault 

A (max throw 50 m) and B (max throw 56 m) continue from Nazret into Bofa basalt unit and are 

linked by a large scale relay ramp into the fault system I to IV, where faults IB 1-3 (max throw of 

~23 m) behave as breaching faults. Fault C (max. throw of ~36 m) is linked by a small scale relay 

ramp to fault B. The ESE dipping fault D (max throw of ~43 m) is linked by a horst structure to NW 

dipping fault I (max throw of ~ 61 m) (Fig. 5-9). Within the southern edge of LiDAR data, the WNW 

dipping fault II (max throw of ~ 68 m) is linked to fault I by a fully breached relay ramp (Figs. 5-10, 

5-11, R2). Both fault tips (I, II) at the relay ramp are curving towards each other and forming a lens-

shaped westwards dipping relay plateau, which is integrated in the fault scarp of fault II (Fig. 5-11).  

Fault II links by a stepwise nearly breached relay ramp (R1, Figs. 5-9 to 5-11) to fault III. The tips of 

both segments (II and III) at the ramp, rotate towards the adjacent segment. The lower part of the 

ramp has an along ramp slope of ~8˚, dipping SW. The relay ramp is dipping slightly NW and has 

small SE dipping flexure on the northern part of ramp fault scarp III (Fig. 5-11). Volcanic material is 

eroded from the footwall of fault II and deposited on the ramp. Breaching faults between fault II 

and III are orientated parallel (NNE striking) and oblique (NNW striking, WSW dipping) to both 

faults. Oblique breaching faults north of the ramp are well-developed with maximum throws of ~15 

m (Fig. 5-11).  North of the relay R2, fault III continues as a normal fault through the Bofa basalt 

with a flexure and ESE steep back-tilting of the footwall where the largest vertical displacement 

occurs of ~72 m (Fig. 5-11). WNW dipping faults, a (max throw of ~ 30 m) and g (max throw of ~ 17 

m), are parallel to the main fault system (Figs. 5-9 to 5-10).  

Towards the north, fault III and IV are characterised by opening and normal faulting through four 

different lava flows of Gudda (Fig. 5-10). Opening of fractures is amplified in some parts by erosion, 

whereas throw measurement varies due to the rough morphology of lava (e.g. rope – flow 

structures and cooling structures) as well as large lava flow thickness of 50 – 130 m. The 

southernmost flow unit (Ks09) contains a channel like flow in the centre (6.4 ± 5.3 ka; Chapter 3) 

and is interpreted to cover the flow Ks08. The youngest flow Ks10 is flowing from the hanging to 

footwall on top of the channelled flow part of Ks09 (Fig. 5-10), suggesting a resurfacing before 

emplacement of lava Ks10.  
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The large step in decreasing throw and change from normal fault to opening – normal fault in Bofa 

basalt to Gudda’s lava flow, consistent with lava flow thickness, suggests that fault III became 

reactivated and linked to fault IV after Gudda’s lava flow emplacement (Figs. 5-9 to 5-10). 

 

Figure 5-10 Analysis of major fault offsetting the Bofa basalt and Gudda lavas as zoom in from 

Figure 5-7.A) Cumulative throw along the normal fault system; B) throw of faults in Bofa basalt (BB), 

C) slip-rate variation along individual faults. Throws are measured from Aster and Lidar data while 

slip-rates are derived from the stated ages (Chapter 3; Chernet et al., 1998). Map D is linked to throw 

and slip-rate diagrams (A-D) and shows throw (line thickness) and dip direction to the NW (red) and 

SE (blue). Map E is a zoom into Gudda’s lavas showing opening (line colour) and throw (line 

thickness). Locations of relay ramps (R1, R2) are labelled in map D.  
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Fault III varies in throw between 5-20 m (Ks09), 3 - 6 m in the central channel part of Ks09 as well 

as up to 10 m throw and 3 – 53 m opening in lava Ks10 (Fig. 5-10). This fault splayed within lava 

Ks08 into three normal faults with a maximum throw of ~ 21 m and continues as a normal – opening 

fault IV in the upper part of Ks10 with a maximum throw of ~15 m and 9 – 33 m opening (Fig. 5-10).  

The whole fault structure becomes obscured by flow sourced cones to the north (Fig. 5-10). In 

addition to fault throw, we classified in throw/opening (T/O) ratios. Young lavas expose deep 

extensional fractures as feeder dykes with very low (>0.5 m) or no throw (T/O = 0 to 1) at the 

surface, whereas a T/O < 0.2 occurs with more rough surface morphology. With increasing age of 

lavas, cross-cutting faults are characterised by opening and normal fault displacement (T/O > 0), 

whereas older units surrounded the BBVC have normal faults with a clear steep fault scarp and no 

measurable opening (Fig. 5-10). Similar fault growth surface expressions are observed at Fantale 

volcano in the MER (Acocella et al., 2003) and in other volcano-tectonic rifts, e.g. at Krafla in Iceland 

(Bramham, 2014). Different displacement values in Guddas lavas suggest different stages of fault 

reactivation (Fig. 5-10). 

Cumulative throw over the detailed study area averages ~ 80 m in the Nazret and the Bofa basalt 

unit (Fig. 5-9a), but decreases to ~20 m in Gudda’s lavas (Figs. 5-9a, 5-10a). Maximum cumulative 

throws are on dome structures in the Nazret unit (~ 128m) and horst structures in the Bofa basalt 

(~149 m) (Fig. 5-9a). Drops in cumulative throws are enhanced by erosion in Nazret pyroclastics 

(Fig. 5-9) as well as at fault linkage areas (relay ramps) (e.g. Fig. 5-11) in Bofa basalt and where large 

openings occur in Guddas lavas (Fig. 5-10). 
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Figure 5-11 Relay ramps R1 and R2 in Bofa basalt south of Gudda Volcano imaged from Lidar data, 

indicated in Figure 5-10. A) Faults and dip direction with 5 m contour interval. B) Dip direction – 

aspect map. C) Slope map. The southern relay R1 is breached into the fault system. The northern 

relay R2 is medium breached and the relay surface is dipping mainly to NW. NW dipping east of 

footwall II is a result of erosion, deposited on the relay ramp.  
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5.7 Fault activity 

Chapter 3 determined a relative and absolute chronology of BBVC lava flows in addition to previous 

age constraints of lavas (Abebe et al., 2005 a; Chernet et al., 1998; Morton et al., 1979) around the 

BBVC edifice, which can be used to determine minimum slip-rates from fault displacement data 

(Figs. 5-8 to 5-10, Table 5-3). Slip-rates of faults cutting through the rift floor around the BBVC 

edifice range between 0.012 and 0.15 mm/yr. However, slip-rates of faults cutting through 

Quaternary lava flows of the BBVC edifice are higher, ranging between <0.2 and 0.53 mm/yr. Faults 

cutting through the most recent lava flows on top of the BBVC edifice have deep cracks with only 

minor or no vertical displacement (Figs. 5-5, 5-8, 5-11). 

For detailed fault investigation south of the BBVC (Figs. 5-9 to 5-10, Table 5-3), slip-rates are based 

on cumulative throws. In Bofa basalt (~300±50 Ka, (Chernet et al., 1998), slip-rates range up to 

~0.24 mm/yr. If correcting the throw by adding the max 40 m of Chefe Donsa pumice onto the 

hanging wall, the slip-rate range increases to ~0.37 mm/yr (Fig. 5-9). Slip-rates of faults cutting 

through the Nazret unit (~2.5 Ma, Abebe et al., 2005 b) are up to ~0.05 mm/yr, however a similar 

vertical separation of faults in the Nazret unit and Bofa basalt suggest activity of this fault system 

started soon after the Bofa basalt was emplaced, which results in slip-rates of up to ~0.43 mm /yr 

(Fig. 5-9). The slip-rates in Gudda lava flows are up to ~4.3 mm/yr in fault III (Fig. 5-10). In all three 

units, the range of slip-rates, as well as the increase from Bofa basalt to Gudda lava are an order of 

magnitude (Fig. 5-12).  

 

Figure 5-12 Normal fault displacement versus lava flow age plotted on a log-log plot. The data 

indicates an increasing slip-rate for the BAS over time. This reduction may reflect pulsed more recent 

higher slip-rate intervals compared to the longer term lower “steady-state” slip. Data from this study 

at the southern detailed investigated fault (red squares) are complemented by additional data of 

dated volcanic units around the BBVC (Chernet et al., 1998; Morton et al., 1979) and slip-rate data 

from Soddo region south Ethiopia (Corti et al., 2013c) and Asela border fault (Abebe et al., 2005 a) 

(open squares).
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Table 5-3 Mean and maximum of throw, heave and opening for each detailed investigated fault at the southern BBVC edifice. Slip-rates and extension rates are based on 

the unit age 2.5±1 Ma for Nazret unit, 300±50 ka for Bofa basalt and 6.4±5.3 ka for Guddas dated lava flow. Slip-rate is shown with and without corrected pumice deposit 

on the hanging wall (see text). Heave is calculated for dip angles 45˚ and 60˚ degree representative for deep and shallow faults. Errors for throw and heave are based on 

the resolution of Aster A (h= 30m, v=10m) and LiDAR L data (h=2m, v=0.2m). Errors of rates are calculated by fractional uncertainty of data resolution and ages. Guddas 

lava K10 is relatively younger and K08 is relatively older compared to dated flow K09.  
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5.8 Discussion 

5.8.1 Asymmetry and Obliquity of the northern MER 

Our structural analyses suggest an asymmetric rift geometry in the northern MER with the eastern 

border fault being dominant, as indicated by higher and steeper eastern border topography, more 

consistent border fault orientations and tilted rift floor topography (Figs. 5-1, 5-2). The higher fault 

scarp height on the eastern rift border (Figs. 5-2, 5-7) suggests that asymmetry may have a tectonic 

origin, amplified by the combined effect of flexural uplift and unloading by fluvial erosion (Corti et 

al., 2018). These surface observations around the BBVC agree with previous studies in the northern 

MER (Corti, 2009; Ebinger and Casey, 2001; Keir et al., 2015), where an asymmetric system 

represents 70% of the border fault system along the 500 km long MER (Corti et al., 2018) and faults 

extend into the crystalline basement (Mackenzie et al., 2005). Our surface observations agree with 

previous explanation of overall rift asymmetry in the MER, including different lithospheric 

properties (crustal thickness, topography, plate velocity, compositions, lithology and rheology) of 

both rift margins (Corti and Manetti, 2006; Doglioni et al., 2003; Muluneh et al., 2014) and previous 

weaknesses along and across the rift (Abebe et al., 1998; Bonini et al., 2005; Chorowicz, 2005). In 

section 5.8.2 we discuss the small – scale asymmetry of axial segments. 

Our observation of large scale moderate obliquity (angular relation between rift trend and plate 

motion vector) in the northern MER (Figs. 5-4, 5-6) of α = 31 to 45° (calculation after McCoss, 1986) 

(Fig. 5-13), agrees with previous studies from the whole Ethiopian rift (Agostini et al., 2011b; 

Boccaletti et al., 1999; Bonini et al., 1997; Corti, 2009; Corti et al., 2013a), which suggest that rift 

obliquity is highest in the northern part and becomes more orthogonal in the southern MER (Fig. 5-

1). The overall oblique two stages rifting (border – axial segment) is thought to have developed by 

pre-existing lithospheric weaknesses without changing the orientation of plate the motion vector 

over time (Agostini et al., 2011b; Corti et al., 2010; Royer et al., 2006). However, the small change 

over several axial segment orientations of ~7˚ (Figs. 5-4, 5-13) (plate motion vector of ~14˚) in the 

northern MER is associated with transtensional kinematics with an additional (shear) component, 

which becomes more dominant northwards (Figs. 5-4, 5-6).  

The additional shear component is hypothesised to be related to purely tectonic processes (Corti, 

2008), such as pre-existing cross-rift structures (e.g. YTVL (Bonini et al., 2005), Kessem river fault 

(Wolfenden et al., 2005)) (Fig. 5-1) as has also been suggested in the Kenyan rift (Robertson et al., 

2015). Some strike-slip component motion may be accommodated by local variation of stress fields 

or internal deformation of crustal block rotation, interpreted for Fantale in the MER (Corti et al., 
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2013a; Kidane et al., 2009, 2006) but also in other spreading zones such as Tjörnes fracture zone in 

Iceland (Horst et al., 2018). 

Also, the distribution of faults along with the sigmoidal - shaped axial segments between both rift 

margins, caused by adjustment with border faults (Boccaletti et al., 1999; Gibson, 1972; Kurz et al., 

2007), may contribute to different average segment orientations shown in figure 5-4 and Table 5-

2. Therefore differences in rift obliquity is also associated with rift width, as shown in a comparison 

between narrow rifts (Iceland < 50 km) and wide rifts (MER < 100 km) (Sani et al., 2019) possibly 

combined with changes in the thickness of the brittle lithosphere (Mohn’s Ridge, (Dauteuil and 

Brun, 1993)). In the northern MER rift width increases from ~36 km at Gedemsa - Boset to ~50 km 

at Dofan (Fig. 5-1), consequently, the orientation of axial fault northwards are likely less influenced 

by rift margins.  

An alternative to the tectonic kinematic induced change of axial segment and plate motion vector 

orientations, or additional factor, could be the influence of different amounts of magmatic 

intrusion, as the current stage of continental rifting in the northern MER is thought to be dominantly 

controlled by focussed magmatism along axial segments (Agostini et al., 2011a; Beutel et al., 2010; 

Ebinger, 2005; Keir et al., 2015; Ziegler and Cloetingh, 2004). If fluid pressure Pf (assuming fluid = 

magma) exceeds the minimum shear stress σ3 of the regional stress field, a dyke intrusion can open 

a new or pre-existing fracture (Delaney et al., 1986; Jolly and Sanderson, 1997). The direction of 

dyke intrusion is preferably perpendicular to σ3, however, if σ3< Pf < σ2 a limited range of different 

fracture orientations are able to open and with Pf > σ2 fractures of any orientation can open (Jolly 

and Sanderson, 1997).  

Our observations of mainly transtensional opening for axial fault segments suggest an overall 

dominant tectonic control by the upper crustal stress field agreeing with orientations of magmatic 

belts (WFB, Akaki and SDFZ) and analogue models (Beutel et al., 2010; Corti, 2012; Rooney et al., 

2014a). A magmatic influence cannot be excluded as shown by slightly more oblique aligned cones 

and craters at Kone and the Boset axial segment compared to fault averages (Table 5-2). Our 

analyses of rift obliquity when compared to other analyses of spreading centres by Tuckwell et al. 

(1996) shows that this part of the MER is similar to the Mohn’s Ridge (Dauteuil and Brun, 1996, 

1993), Reykjanes peninsular (Jefferis and Voight, 1981; Tuckwell and Sanderson, 1998) and western 

Gulf of Aden (Dauteuil et al., 2001; Tamsett and Searle, 1988) (Fig. 5-6). All of these ridges are in 

close proximity to a mantle plume.  
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Figure 5-13 Summary of fault orientations within the northern MER, including border faults (black) 

and segment faults (grey). The length-weighted strike average of each segment (colour) decreases 

from south to north. Block diagram shows the surface observation of the Boset axial segment (red) 

with the inferred geophysical interpretations of a shallow ~5 km wide dyke intrusion zone below the 

inner graben of the BAS and a ~20 km wide intrusion zone in the lower crust. 

5.8.2 The structural characteristic of an axial rift segment 

The structural observations on the surface of the BAS suggest tectonic evolution on different spatial 

scales. The axial segment comprises a ~5 km wide graben, which is bounded by NNE-SSW orientated 

fault cluster zones (western and central axes) and aligned with the diameter of a remnant caldera 

in the centre of the segment (Figs. 5-4, 5-8). Magmatism dominantly occurs along the eastern sides 

of the graben (central axis) at and north of the BBVC edifice. This is shown by aligned craters and 

cones, fissures and sources of most lava flows on the central axis. The distribution of magmatism 

and the greater number of NW dipping faults along the axial segment (Fig. 5-8) indicates asymmetry 

within the axial segment. This, and the volcanic topography (Fig. 5-2) supports more erosional 

deposits on the western side of the BBVC, which amplify the rift floor tilt at the volcanic edifice in 

comparison to other parts along the segment, where a tectonic graben dominates (Fig. 5-2). The 

western side of the axial graben is dominated by SE dipping normal faults (north and south of the 

edifice) with larger vertical displacement compared to the central axis (Fig. 5-8). This contrasting 
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geometric distribution can be a result of dominant tectonic strain on the western axis supported by 

border fault stress and tectono-magmatic strain on the central axis. Volcanic deposits covering 

faults and the release in strain due to concentrated magmatic activity may explain the lower fault 

displacement on the central BBVC segment axis. Alternatively, the SE dipping faults can be older, as 

shown by only exposed NW dipping faults in the young lavas on the western axis (Fig. 5-8), 

suggesting a geometric change over time. Both sides of the graben have distributed faults and 

fractures north of the edifices, whereas towards the segment tips the fault axes are more localised 

in displacement (Figs. 5-8, 5-11). Fault interaction and linkage is observed within and between fault 

axes zones outside of the volcanic edifices (Fig. 5-8), suggesting strain transfer within the segment. 

Our results show evidence for higher amounts of fault slip near the axial segment tips, and lower 

amounts of faulting at the segment centre with higher cone density (Figs. 5-4, 5-8), consistent with 

the hypothesis of an axial segment centred focus of magmatism (Keir et al., 2009; Kurz et al., 2007). 

A similar tectono - magmatic distribution on the surface and overall graben within the axial segment 

is also observed at neighbouring segments e.g., Kone and Fantale segments (Figs. 5-2, 5-4) and 

other rift zones such as Dabbahu in Afar (Rowland et al., 2007) and Krafla in Iceland (Opheim and 

Gudmundsson, 1989). The nested graben within an axial segment compared to the overall rift 

graben suggest multiple rifting events caused by different dyke width zones and intrusion depth 

(Trippanera et al., 2015).  

5.8.3 Long-term versus Short-term slip-rates in an active rift segment 

Quaternary slip-rates of individual faults around the BBVC are very heterogeneous and increase a 

hundredfold where normal faults and fissures offset young lavas (< 16 Ka) (Figs. 5-9 to 5-10). To 

explain this pattern, we compare slip and extension rates of the BAS with other MER fault activity 

and overall slip-rate evolution.   

Our vertical slip-rates of faults crossing Gudda’s deposits (up to ~4.3 mm/yr) agree with minimum 

slip-rates of 0.5 to 1.5 mm/yr in Pleistocene to Holocene deposits at the Asela border fault (Abebe 

et al., 2005 a), and with maximum slip-rates of 1 to 9 mm/yr of the southern Ethiopia Soddo region 

(Corti et al., 2013c). Earlier studies suggest a rate of 0.3 mm/yr based on a dated ignimbrite in the 

southern Wonji fault belt (Mohr et al., 1980), agreeing with a long term average rate over the last 

3 Ma (Mohr, 1973) and from our study (using average of all throw measurement of individual 

faults). 

Short time period measurements of slip-rate tend to be more heterogeneous compared to longer 

period measurements, as the longer time period averages out periods of high and lower activity. 

A comparison with various tectonic settings worldwide shows that slip-rates stabilise to be more 

constant in time periods of >300 ka and are more heterogeneous for time intervals < 20 ka 
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(Mouslopoulou et al., 2009). In more detail, fault interaction and linkage driven by regional strain 

rates would result in slip-rate variation (Acocella et al., 2000; Faure Walker et al., 2009) on time 

scales of <30 – 40 ka (Mouslopoulou et al., 2009; Nicol et al., 2006), whereas change in recurrence 

interval and amount of slip during earthquakes provide slip-rate variations on time scales of 10 – 

20 ka (Mouslopoulou et al., 2009), and may appear as an acceleration of fault slip-rates in recent 

periods (Nicol et al., 2009).  

The last intense active episode at the BBVC is recorded from 16 ka to present for felsic explosive 

volcanism, which is thought to be episodic with a cyclicity of ~100 ka (Chapter 3). Another rift wide 

activity of mafic fissures is recorded at the beginning of the 19th century (Chapter 3; Harris, 1844), 

associated with cyclicity of dyke intrusion every 100 – 400 years (Chapter 3; Rowland et al., 2007). 

These volcanic episodes extend over several axial segments (Chapter 3; Fontijn et al., 2018; 

Hutchison et al., 2016) and are similar to timescales of earthquake recurrence intervals for a 

heterogeneous slip-rate (Mouslopoulou et al., 2009), which may explain higher slip-rates for faults 

cutting through young BBVC lava flows. 

Alternatively, the higher slip-rate in younger flows at the BBVC (Figs. 5-9, 5-10) can be a result of 

spatial strain distribution over the segment or by different fault growth mechanisms. Stress is likely 

to be higher and more focussed closer towards the volcanic edifice due to the combined activity of 

tectonism and magma injection (Ebinger et al., 2013). Further, not all extension is manifested at 

the surface (Williams et al., 2004), as faults extend into the crystalline basement (Mackenzie et al., 

2005). Also, faults can be covered on the surface by younger pyroclastic units (e.g. Chefe Donsa on 

top of Bofa basalt, Abebe et al., 2005 b) (Fig. 5-9). This would lower the displacement and slip-rate 

in particular in the older units.  

Further, fault initiation or cracking of a new surface layer (e.g., Gudda lava) would take more energy 

than reactivating a previous fault, which may appear as faster fault growth in its early stage (Nicol 

et al., 2006). 

Overall there are a lack of slip-rate estimates from the northern MER (Fig. 5-12), and because of 

this it is hard to interpret the significance of our range of slip-rate observations on different 

timescales (max. ~0.37 mm/yr over 300 ka; ~4.3 mm/yr over 6.4 ka) – a two order of magnitude 

difference (Figs. 5-9, 5-10, 5-12, Table 5-3). The data in figure 5-12 has a wide scatter and can be fit 

either by a polynomial or linear trend, representing increased rates of activity more recently 

(Chapter 3), or averaging out over longer timescales of periods of activity/inactivity (Mouslopoulou 

et al., 2009), respectively. 
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5.8.4 Implications for fault growth and linkage models in an axial rift segment 

Isolated normal faults are normally considered to grow by accumulating displacement while 

increasing their length or by maintaining a constant length (e.g., Dawers and Anders, 1995; 

Gudmundsson, 1992).  Additionally, linking of multiple faults (e.g. relay ramps, y-shape tip and en-

echelon fault) facilitates the transfer of displacement between faults and enables fault growth. This 

study emphasises the importance of fault growth by linkage on different scales in the MER. 

A large scale linkage within the axial segment is shown by the western and central BAS axes linked 

by NNW to NE orientated large faults (Figs. 5-8, 5-11g), supporting the inward propagation of 

overall rift evolution (Corti et al., 2010). These linking faults represent the third and the innermost 

fault population (1. border faults, 2. axial faults, 3. linking axial faults). At the central part of the 

segment, fault orientations can be influenced by dyke or radial edifice stress fields (Fig. 5-2). At the 

segment tips young NNE orientated faults cut or propagate into old NE orientated faults (Figs. 5-2 

to 5-4) and result in complex rhomb-shaped, splay patterns and curved faults forming an overall 

sigmoidal segment shape (Boccaletti et al., 1999; Casey et al., 2006; Kurz et al., 2007; Mohr, 1967). 

This linkage with N- NE faults is also observed on a small scale between faults forming relay ramps 

(Figs. 5-8, 5-9, 5-11).  

Relay geometries around the BBVC (Appendix D) have a total average length/width ratios of ~3 with 

most of them slightly less due to rather largescale relays. This is consistent with relay ramp data 

compilation of Long and Imber (2011) and Fossen and Rotevatn (2016) (Appendix D). Compared to 

those studies, the along ramp slope of our partly to fully breached relays (up to ~8 ˚) (e.g. Fig. 5-12, 

Appendix D) are comparable to unbreached relay ramp slopes (6.6˚ ± 3.3˚), and are lower than the 

reported barely (12.6˚ ± 4.5˚) or strongly (17.8˚ ± 8˚) breached ramp slopes (Fossen and Rotevatn, 

2016) (Appendix D). This difference can be explained by more brittle lava than sandstone/limestone 

as used in most of the other relay studies. Further, if sedimentation or volcanic clastic deposit 

occurs at the same time as the formation of relay ramp (e.g. Fig. 5-10), the ramp is expected to be 

steeper and more mature in depth within the same geological formation compared to the surface 

(Giba et al., 2012). Different fault growth timing, scale, and data resolution of our relays may 

provide an underestimation of slope measurements.  

5.8.5 Significance to MER tectonic and magmatic contribution  

Structural observations (section 5.8.2) combined with volcanic distribution along the BAS (Fig. 5-8) 

increases our knowledge of the relative contributions of tectonic and magmatic strain to a 

continental axial segment, and build on previous structural and deeper geophysical constraints 

(e.g., Cornwell et al., 2006; Keranen et al., 2004). The contribution of the fault system of the central 
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axis south of the BBVC, described in figures 5-9 and 5-10, to the overall rift extension, is determined 

by comparing long- and short-term displacement analyses derived from LiDAR/Aster data and 

chronological control with geodetic measurements made over a short-term time-scale. We 

calculate extension rates with a typical normal fault dip angle of 60˚ at the surface (45˚ heave at 

depth  = throw) (Rowland et al., 2007) for calculation of heave for individual faults (Table 5-3). We 

applied the extension rates on corrected displacement profiles, considering max. 40 m Chefe Donsa 

Pyroclastic deposits (section 5.6.2; Abebe et al., 2005 b). This approach yields average extension 

rates (summed over the studied fault system) of 0.14 ± 0.103 mm/yr (0.24 ± 0.107 mm/ yr) in Bofa 

basalt and 0.82 ± 0.749 mm/yr (1.42 ± 1.220 mm/yr) in Guddas lavas (Table 5-3).  Our results show 

that the extension rate calculated with a dip angle of 45˚ is 1.7 times higher than the extension rate 

calculated from a dip angle of 60˚ of the summed southern faults.  

Based on the rift wide extension rate of 6 mm/yr (Bendick et al., 2006) derived from GPS data, the 

southern part of the BBVC central axis accumulate ~2-3 % (~4 %) of the extension in the Bofa basalt 

(ASTER+LiDAR) and ~ 14 % (~24 %) of the extension in the Gudda (LiDAR) lavas. Given that the 

majority of extension is within the axial segment (Bilham et al., 1999), the investigated fault system 

contributes significantly to the overall rift extension in the last ~6 ka. The existence of fault linkage 

between the western and central BBVC axes and the occurrence of other faults suggest that 

extension rates are likely underestimated since the survey region for displacement analyses did not 

cover the full width of the rift. However, the calculated extension rates in the ~300 ka Bofa basalt 

are similar magnitude compared to extension rates reported at Fantale with 0.1 mm/yr in a 168 ± 

38 ka welded tuff (Williams et al., 2004).  

The BAS extension rates and fault linkages indicate that faulting in the uppermost crust 

accommodate shallow extension, even in magma-rich rifts where fault paths have been previously 

used for magma intrusion (Figs. 5-9, 5-10). The orientation of volcanic features roughly aligned 

along tectonic faults (Table 5-2, Figs. 5-4, 5-13) support that intrusion in the upper lithosphere is 

dominantly controlled by regional tectonic stresses (e.g., Rooney et al., 2014a) outside of the 

central volcanic edifice. On top of the central volcanic edifices, there are a few cone fields aligned 

in a radial pattern, suggesting a subordinate radial stress field. This is commonly attributed to the 

mass and geometry of the volcanic edifice as well as magmatic pressure (e.g., Acocella and Neri, 

2009). 

Constraints of subsurface extension mechanisms from our data are not directly possible. The link 

between faulting and magma intrusion is constrained by seismic velocity images and gravity models 

(Cornwell et al., 2006; Keranen et al., 2004), where ~30 % of extension is thought to be 

accommodated by dyke intrusions in the upper crust (Ebinger and Casey, 2001). This is imaged by 
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a ~5 km wide magmatic intrusion zone at a depth of 2-7.5 km (e.g., Cornwell et al., 2006), positioned 

below the ~5 km wide graben of the BAS. The upper crustal intrusions are fed by a ~20 km wide 

zone of intrusions in the middle and lower crust (Keranen et al., 2004) (Fig. 5-13).   

The distribution of magmatism on the surface along with the eruption ages (e.g., Chapter 3) suggest 

that the focus / locus and style of magmatism can change along segments and volcanic edifices over 

time (e.g., Alvarez and Yutsis, 2015; Medynski et al., 2015), here for example from Gudda to Bericha 

with episodic activity of a cycle of 100 ka (Chapter 3; Hutchison et al., 2016). Change of activity locus 

is also shown by the more frequent mafic fissure eruption distributed along the whole segment (rift 

floor), in contrast with the felsic eruptions focussed on the central part of the segment. The 

observations suggest dynamic behaviour in axial segments at continental rifts.  
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5.9 Conclusion 

Detailed structural analyses of fault networks, kinematics and activity on axial segments in a 

magma-assisted continental rift were applied to the Main Ethiopian Rift (MER) and in more detail 

on the BAS to estimate fault activity rates, characterise the structural style of an axial segment, and 

understand the relative contribution of faulting and magmatism.  

 

Rift geometry and cumulative fault distribution and frequency across the MER indicate a large scale 

asymmetry with the dominant margin on the eastern side. Large scale obliquity in the northern 

MER is increasing towards Afar with transtensional kinematics for individual axial segments 

(Gedemsa to Fantale), caused by the relative different contribution of shear and magmatic 

component. 

 

The BAS is characterised by two main NNE orientated fault zones, bounding a nested graben and a 

remnant caldera at the BBVC. Magmatism is dominated on the eastern central fault zone, indicating 

asymmetry in magma supply. Normal faults with the largest vertical displacement are observed 

outside the volcanic edifice on the western fault zone (up to ~190 m) and central fault zone (up to 

~100 m). 

 

Fault architecture suggests fault growth by opening in young lavas, to normal and opening, to 

normal faulting in older lavas. Fault growth by linkage on different scales plays an important role in 

the axial segments. Relay ramp length-width ratios are consistent with former studies, however 

along ramp slopes (up to ~8˚) of large scale ramps are lower than values previously reported in the 

literature, due to the deformation of brittle lavas and volcano-tephra deposits during ramp 

formation.  

Slip-rates range up to ~0.37 mm/yr in ~300 ka volcanic deposits, and up to ~4.3 mm/yr for faults 

offsetting ~6 ka lavas. The difference in slip-rates through time is likely caused by the heterogeneity 

of earthquake recurrence times and fault linkage, indicating short term variation or a recent very 

active episode compared to long-term low average slip-rates. The slip-rates estimate potentially 

account for the tectonic contribution of the total extension, meaning that faulting in the uppermost 

crust may accommodate a significant amount of shallow extension, even in magma-rich rifts. 
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Chapter 6 Conclusion and Synthesis 

This thesis provides a multidisciplinary approach combining lava flow geochronology with detailed 

geochemistry and structural analyses to investigate volcanism and faulting in the stage of focussed 

magmatism on axial segments in the Main Ethiopian Rift. In order to achieve this, I used high-

resolution LiDAR data and other remote sensing data combined with field observations and 

analyses of volcanic rock samples. These data were used to map lava flows, cones/craters, fault 

system, perform structural and fault displacement analyses and carry out geochemical analyses of 

lavas (major elements, trace elements and Sr, Nd, Pb isotopes). This study addresses questions 

concerning the relative and absolute eruption history, fault and axial segment evolution as well as 

peralkaline magma evolution and its plumbing system in continental rifts. These approaches were 

focussed on the Boset-Bericha Volcanic Complex (BBVC) in the Boset axial segment (BAS) in the 

northern Main Ethiopian Rift (MER), with wider comparison to neighbouring volcanic centres. The 

key findings of this study are summarised and discussed with particular reference to the thesis 

research objectives (Fig. 1-7).  

6.1 Addressing research objectives 

6.1.1 The timescale of Quaternary magmatism in the MER – What is the eruption history of 

the BBVC? 

The detailed relative and absolute chronology of lava flows at the BBVC, recorded by mapping and 

dating by 40Ar/39Ar and 14C, provides evidence for episodic activity from ~120 ka to present with 

four main eruption stages identified at the BBVC. In the first stage, fissure eruptions covered much 

of the rift floor, such as those exposed north and south (i.e., Bofa basalt) of the BBVC edifice. These 

pre-date most of Gudda’s and Bericha’s exposed flows and are thought to have formed ≥ 300 ka. 

Sporadic fissure eruptions of mafic to intermediate compositions are dated to ~104 ka, ~29 – 30 ka, 

~12 - 13 ka and ~4 ka, exposed north of the BBVC and on the central fissure between Gudda and 

Bericha. Formation of voluminous explosive felsic lavas at Gudda Volcano are dated to occur within 

two main cycles ~120 ka and since ~16 ka to present, where the later overlap with the formation of 

Bericha Volcano.  Low-volume mafic episodes are more frequent (~10 ka cyclicity) than higher 

volume felsic episodes (~100 ka cyclicity). In addition to lava flow chronology, relative tephra 

chronology investigations suggesting explosive comenditic eruptions by Bericha (this study) and 

explosive pantelleritic eruptions of Gudda volcano (Fontijn et al., 2018) deposited mainly west of 

Bericha and Gudda, respectively. The felsic lava flow eruption history at the BBVC suggests 

minimum eruption rates of 2-5/1000 years at Gudda compared to 1-2/1000 years at Bericha, which 
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is in the range of explosive neighbour volcanic eruption (1-3/1000 years; Fontijn et al., 2018), but 

lower than better preserved tephra layers found in lake sediments (Martin - Jones et al., 2017; 

McNamara et al., 2018).  

Felsic explosive eruption episodes and cyclicity of the BBVC are coincident with episodic activity at 

nearby Quaternary-Recent volcanic centres in the MER (e.g., Bigazzi et al., 1993; Chernet et al., 

1998; Hutchison et al., 2016a, 2016b; Morton et al., 1979; Williams et al., 2004). This is shown in 

figure 3-14 suggesting a significant overlap in timing of volcanism across the MER between 320 - 

140 ka with several caldera-forming eruptions. 

The youngest recorded eruptions are by felsic and mafic lava flows at the BBVC in the age range of 

< 4.5 ka, correlating with the relative chronology of tephra deposits, and are sourced from Bericha, 

north Gudda and at the central fissure between both edifices. Guddas youngest activity is thought 

to have represented an explosive eruption forming pumice cones with obsidian lava flows inside 

(phase O, Fig. 3-5) in the northern part of Gudda. This eruption might correlate with the “Boset 

pumice” unit erupted by a sub-Plinian eruption (Fontijn et al., 2018). Dating of charcoal fragments, 

found in tephra deposits below the western trachy-basaltic central fissure lava flow, suggest a ~51 % 

likelihood for an effusive mafic eruption in the 19th century, consistent with a rift-wide historical 

activity also recorded at Fantale (~1770 to 1808 CE) (Harris, 1844), Kone (~1810 CE) (Cole, 1969), 

Tulu Moye (Fontijn et al., 2018). This could be part of a more extensive period of unrest along the 

East African Rift (Wadge et al., 2016). 

The correlation between all possible young eruptions is not clearly exposed by relative chronology, 

however, Fontijn et al. (2018) suggest, based on relative tephra chronology and constraints of 

similar lava and tephra chemistry, that the youngest felsic activity at Gudda post-dates the eastern 

trachy-andesitic fissure lava flow. Contrary, the western trachy-basaltic lava flow is fresh and not 

covered by pumice, suggesting this is the youngest mafic flow (Fig. 3-5). The recent activity 

combined with continuous fumarolic activity along the main fault system at the BBVC indicates that 

the BBVC is still active, although earthquake activity and deformation (InSAR) was not recorded 

over the past few years.  

6.1.2 How does a peralkaline silicic volcanic complex and its magma plumbing system 

evolve in a continental rift? What are the differences between the Gudda and Bericha 

edifices? 

Chronological, morphological, structural and geochemical constraints of this study reveal spatial 

and temporal differences between both volcanoes. The composition is divided into pantellerite at 

Gudda and comendite at Bericha. Comenditic (since ~16 ka) and pantelleritic (~120 ka and since 
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~16 ka) compositions occur at the BBVC at the pre-caldera / stratovolcano stage with a less evolved 

magmatic system and post-caldera stages of a mature plumbing system, respectively. The 

comenditic lavas are rhyolitic with thicker and shorter lava flows compared to the trachytic 

pantellerite lavas (chapter 3). Structural analyses suggest that Gudda is controlled by two NE-SW 

orientated fault zones, bounding the caldera. In addition, some radial cone alignments on Gudda 

edifices suggest a subordinated radial stress field. In comparison, Bericha is mainly controlled by 

the central NE-SW fault zone with the main magma source on top of the edifice and some aligned 

on the central NE-SW axis (chapter 5). 

The compositional separation suggests differences in magmatic evolution and the plumbing system 

(chapter 4). Major and trace elements indicate that the mafic rift floor lavas could represent the 

parental magma for comendite and pantellerite compositions. Both peralkaline compositions have 

primary isotopic signatures of the Afar plume source, shown by Pb-Nd-Sr isotope constraints and 

Nb/Y versus Zr/Y relations.  Afar plume component has interacted with lower continental crust, as 

evidenced by low Ce/Pb and Pb-Nd-Sr isotopes. Evidence for a depleted MORB-like component 

derived from the ambient mantle is not observed. 

It is suggested that the main difference between pantelleritic and comenditic magma evolution is 

a more extensive phase of amphibole crystallisation at Bericha, as magmas evolved to comenditic 

compositions. This is shown by low Dy/Yb and Sm/Zr, and the high La/Sm of Bericha comendites 

and also found for other peralkaline rock (Appendix C.6.4). In the late stages of crystallisation at 

shallow crustal levels, both magmas experienced extensive feldspar crystallisation with evidence 

for additional alkali feldspar accumulation in pantellerites at Gudda.  

Compositional ranges within mafic lavas and felsic lavas for each volcano can be explained by 

fractional crystallisation. However, the overall differentiation from mafic to felsic magmas can only 

be explained by a combined assimilation-fractional crystallisation (AFC) process. Assimilation of the 

lower crust is estimated to be relatively higher for comenditic lava at Bericha compared to 

pantelleritic lava at Gudda (Fig. 6-1), presumably due to longer residence time in the lower crust 

for comendites.  

The BBVC also has lava flows of intermediate composition, restricting the Daly Gap in this area to 

those compositions ranging from 57-63 wt. % SiO2 and erupting north of Bericha as well as between 

both edifices. They exhibit evidence for a significant amount of lower crustal assimilation, indicating 

the action of a similar lower-crustal AFC process.   

The inference of amphibole in the comenditic magmas indicates an important role for volatiles in 

this system, potentially as a result of crustal assimilation or percolation through metasomatised 
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SCLM, or through concomitant increases in volatile components with fractionation. For 

pantellerites, the amount of volatiles may be lower due to degassing in a more developed, 

shallower and fractured magma plumbing system (Boccaletti et al., 1999; Ronga et al., 2010). 

Therefore, peralkaline compositions might be controlled by volatile accumulation, which was 

released during large eruptions and is associated with a change in oxygen fugacity and mineral 

phase stability (e.g., Scaillet and Macdonald, 2001). This relation is also found in other rifts e.g., 

Terceira Rift on Azores (Mungall and Martin, 1995). 

A similar compositional separation of pantellerite and comendite is found in other nearby volcanic 

centres in the MER, where most of the calderas dominantly comprise pantelleritic deposits (Fontijn 

et al., 2018; Hutchison et al., 2016b; Rapprich et al., 2016).  Also, the neighbouring Bora-Bericha 

caldera has dominantly pantelleritic composition, but a fissure eruption along the younger Tullu 

Moye fractures is comenditic (Fontijn et al., 2018).  
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Figure 6-1 Model of the BBVC magma plumbing system, fed by plume derived magma into the 

lithospheric mantle, where it overprinted the isotopic composition. Partial melt rises into the lower 

crust and formed a crystal mush system below the BBVC. Different levels in the plumbing system in 

the crust explain the lower mafic lavas with less assimilation for rift floor, AFC process within melt 

lenses in the common crystal mush forming intermediate lavas. Melt rises further into shallow 

separated magma chambers with mainly feldspar crystallisation and accumulation at Gudda. 

Depths of mush system and melt lenses are confirmed by geophysical approaches and barometry of 

the nodule sample. Earthquakes (Ayele, 2000) are marked by green stars.  
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6.1.3 What is the structural style of an active segment of the MER? How do faults grow and 

link to each other in a magmatic continental rift?  

In evolved stages of magma-assisted continental rifts, such as the northern MER, the strain is 

focussed on en-echelon right-stepping axial segments (e.g., Hayward and Ebinger, 1996), formed 

during oblique rifting along pre-existing weakness zones (e.g., Corti, 2009). This study shows 

(chapter 5), that rift geometry and axial segment orientation indicate an asymmetry with the 

dominance of fault displacement on the eastern border in the MER (Fig. 6-2). Large-scale obliquity 

is increasing northward towards Afar. Axial segments reveal transtensional kinematics, influenced 

by a northward increase in shear tectonics or magmatism. The Boset axial segment contains two 

main NNE-SSW orientated fault zones of normal faults, bounding a ~5 km wide graben. The graben 

is aligned with the diameter of a caldera of the volcanic centre, in the central part of the segment. 

Magmatism is focussed on the central fault zone at and north of the central volcanic edifice, shown 

by aligned cones, craters and fissure eruptions (Fig. 6-2).  

Fault kinematic analyses at the Boset axial segment suggests the main displacement outside of the 

volcanic edifice on the western fault zone is up to ~190 m and on the central fault zone is up to 

~100 m. N-NNE – S-SSW orientated faults with vertical displacement <10 m, are linking both fault 

zones. This suggests that displacement is large towards segment tips and low in the central part of 

the segment. This is consistent with the hypothesis of segment centre focused magmatism similar 

to a segment of a slow spreading mid-ocean ridge (Carbotte et al., 2016; Hayward and Ebinger, 

1996; Manighetti et al., 1998). 

Fault architecture and kinematic analyses suggest fault growth by opening in young lavas to normal 

faulting in older lavas, similar to observations in Iceland (Bramham, 2014). Fault growth by linkage 

is observed in axial segments on different scales; a) linking two fault zones (segment axes), b) 

linkage of multiple faults and c) linkage of individual faults within segments. Relay ramp length-

width ratios of this study are consistent with former studies, however along ramp slopes (up to ~8˚) 

of large scale ramps are lower than values previously reported in the literature (e.g., Fossen and 

Rotevatn, 2016), due to the deformation of brittle lavas and pyroclastic deposits during ramp 

formation. 

Kinematic analyses along the Boset axial segment with detailed analyses on the central fault axes 

south of the BBVC reveals average slip-rates up to ~0.37 mm/yr for rift floor units and up to ~4.3 

mm/yr for faults offsetting lava flows of the BBVC. The variation of slip-rates represents long term 

versus short-term variation in earthquake recurrence rates after Mouslopoulou et al. (2009). This 

study shows that a single linked fault system in the upper crust of an axial segment can contribute 

up to ~14 % extension relative to the overall rift extension (section 5.8.5). 
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Figure 6-2 Summary of the BBVC on the Boset axial segment based on fault evolution and magma 

genesis of this study in a schematic block diagram (B) with along-axis section (A) and across axis 

section (C), modified after Dunn et al. (2005).  
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6.1.4 What makes the BBVC different compared to other central rift volcanoes in the MER 

and Afar? 

The BBVC is distinguished from other MER volcanoes by the dominant stratovolcano shape, 

including Bericha (2120m) and Gudda (2447 m), formed by an intense felsic post-caldera eruption 

episode of lava and pyroclastic deposit emplacement (chapter 3). In comparison, most of the MER 

volcanoes appear dominantly as large elliptical calderas with less post-caldera activity (e.g., Fantale, 

Aluto) or mainly mafic fissure post-caldera activity (e.g., Kone). Further, the occurrence of two 

volcanic edifices only 5 km apart suggests a related magma plumbing system. Such double peak 

complexes are also observed at Fantale– Sabober. Other MER volcanic complexes occur as fissure 

systems (Tullu Moye), multi – caldera complexes (Kone, Bora-Bericha) and discrete calderas 

containing several small cones (Gedemsa, Corbetti).  

The geochemical composition and mineralogy seem to be similar between MER volcanoes based 

on petrography and major element analyses, indicating a range from basalt to rhyolite with the rare 

occurrence of intermediate compositions. The BBVC has, compared to other MER volcanoes, a 

larger amount of eruptions of intermediate compositions (chapter 4). This suggests either that 

intermediate volcanic deposits are less sampled, exposed and erupted at other volcanoes or that 

due to the BBVC’s complex plumbing system with different degree of maturity and intense post-

caldera phase intermediate lavas are more frequently erupted at the BBVC. Furthermore, detailed 

trace element ratios and isotopic data (Pb, Nd, Sr) reveal differences between individual volcanoes. 

Rooney et al. (2011) found a wide range of Tb/Yb (N) in mafic lava for volcanic deposits between 

BBVC-Kone, compared to other magmatic segments in the northern MER and interpret this as due 

to a larger range of mantle sources. Also, Ce/Pb is higher than general mantle source ratio between 

Fantale and Dofan volcano (Rooney et al., 2007), supporting geochemical differences between 

individual segments. 

Isotopic constraints of MER volcanoes suggest a melt source with an Afar plume signature with 

varying amounts of assimilation of crustal material. A comparison between mafic lavas from the 

BBVC and other MER volcanoes show two different trends of isotopic ratios, where one is south of 

BBVC / Kone and the other between BBVC / Kone and Hertali (Chapter 4; Ayalew et al., 2016). These 

trends suggest a change from the MER to Afar most pronounced at around the BBVC / Kone and 

Hertali / Ayelu, spatially coincident with decreasing crustal thickness (e.g., Maguire et al., 2006), 

heterogenous crustal composition due to complex Pan African history (Chorowicz, 2005), amount 

of crustal intrusions (Hutchison et al., 2018), distance to the Afar plume (Rooney et al., 2012; 

Schilling et al., 1992) as well as change in crustal anisotropy and rift obliquity (chapter 5; Keir et al., 

2015). The peak in isotopic ratios at the BBVC/Kone segment can be associated with assimilation of 
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different crustal compositions, a higher melt degree and supply due to the existence of pre-existing 

weakness zones transecting this part of the rift, or preferential melt accumulation (Keir et al., 2015) 

from a southward flowing Afar plume.  

The longer magmatic history in Afar (since ~30 Ma) provided different plume components such as 

a depleted component in flood basalts (Pik et al., 1999) and at Afar volcanoes (Daoud et al., 2010), 

as well as melted SCLM component of the roof from the plume in the beginning stage (Vidal et al., 

1991), which is less exposed in Quaternary-Recent MER magmatic segments. The more evolved 

plumbing system at axial segments and at border faults in Afar suggest that in addition to 

dominantly lower crustal assimilation, there is also a contribution of the upper crust in some regions 

(Ayalew et al., 2019). These isotopic variations are not observed at the BBVC in this study, due to 

shorter rifting history with episodes of magmatic activity. 

Activity at MER volcanoes differ from Afar volcanic activity in terms of lower eruption and intrusion 

frequency, and more felsic – peralkaline composition than the dominantly mafic compositions 

observed in Afar (e.g., Barberi and Varet, 1970). These differences result in thinner and longer mafic 

flows covering a larger area in the Afar region and are more comparable to mafic rift floor activity 

in the MER than the silicic magmatism with thick and viscous lava flows.  

6.1.5 How does tectonics and magmatic activity interact in a continental rift? 

The structural observations combined with volcanic distribution along the Boset axial segment help 

to constrain the distribution and type of strain at a continental axial segment. The BBVC extension 

rates, 0.14 ± 0.103 mm/yr for faults cutting through rift floor and 0.82 ± 0.749 mm/yr for faults 

offsetting southern Gudda lavas represent 3 % and 14 % of the overall rift wide extension rate, 

respectively (chapter 5). This suggests that faulting in the uppermost crust may accommodate the 

shallow extension, even in magma-rich rifts where fault paths have been previously utilised for 

magma intrusion. In addition, the orientation of volcanic features roughly aligned along tectonic 

directions, support the notion that intrusions in the upper lithosphere are dominantly controlled 

by regional tectonic stresses (Rooney et al., 2014a) outside of the central volcanic edifice. Some 

extension by tectonic faulting in the upper crust is consistent with P-wave seismic velocity, 

suggesting that strain is accommodated only 30 - 35 % of diking (Ebinger and Casey, 2001; Keranen 

et al., 2004). Previous models of fault growth suggest that fractures and faults in the MER are 

thought to form by 1) fracture-induced normal faulting (Acocella et al., 2003) and 2) dyke induced 

fracturing (Casey et al., 2006; Kurz et al., 2007; Rowland et al., 2007). Based on the fault 

displacement observation at the surface (chapter 5), we cannot differentiate between these 

competing models. However, tectonic extension constrained by slip-rates and the occurrence of 
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fault linkages, in a 5 km wide axial graben is positioned above a ~5 km wide focussed magmatic 

intrusion zone in the upper crust (e.g., Cornwell et al., 2006; Keranen et al., 2004) suggesting a close 

linkage of magmatism in a tectonic controlled stress field (Fig. 6-2).   

The distribution of magmatism on the surface compared with eruption ages (e.g., Chapter 3) 

suggests that the locus and style of magmatism can change, and is mobile along-segments and 

volcanic edifices over time. This is shown by the northward younging of volcanism in the BBVC from 

Gudda to Bericha. This suggests that segment centre focussed magmatism may not be stable over 

~100 ka time scales.  In addition, our combined study of chronology, geochemistry and structural 

analyses of historic activity (19th century) over several neighbouring segments suggests that 

discrete shallow plumbing systems of axial segments likely share a single melt supply zone. The 

temporal coincidence of eruptions from neighbouring segments also suggests the shallow plumbing 

systems may interact, potentially through a regional trigger, a mechanism such as stress transfer or 

pulsed deep magma supply. However, geochemical differences between segments (e.g., Chapter 3, 

4; Furman et al., 2006; Rooney et al., 2007) and volcanic centres indicate local separate shallow 

magma evolution. 

6.2 Implications of the Boset-Bericha Volcanic Complex 

This study contributes to understanding volcanism in continental rifts in terms of volcanic eruption 

time-scale, peralkaline magma evolution, and structural characteristics of axial rift segments. 

Applying the findings and patterns of the Boset axial segment and the BBVC, eruptive activity may 

continue with more frequent mafic – intermediate fissure eruptions north of the BBVC or at the 

central fissure. The episodic activity of past felsic explosive eruptions at Bericha and Gudda suggest 

that the last felsic episode (since ~16 ka) could be still ongoing or may have terminated (section 

6.1.1; chapter 3). Also, short term slip-rates and reactivation along the main fault zones suggest 

relatively rapid tectonic activity over short (c. 6.4 ka) time scales (section 6.1.5, chapter 5).  

This study has great societal and economic relevance, given the high vulnerability, population 

growth, extreme environmental condition, short distance of ~20 km to Nazret town (population 

324,000) and 90 km to Addis Ababa (including the primary international airport, population 3.4 M) 

and many settlements on and around the BBVC as well as on fault scarps. Also, ongoing investment 

in infrastructure (streets, railway west of BBVC, pathways over BBVC), would be affected by effusive 

and explosive eruptions (e.g., sub-Plinian eruption, Fontijn et al., 2018). Indeed this is compounded 

by the prevalent easterly wind direction (Aspinall et al., 2011). Activity in the last few years is only 

recorded by fumarole activity at the BBVC. 
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For the long term evolution of the BBVC, the past eruption pattern suggests further stratovolcano 

activity at Bericha and possible caldera formation is likely, as observed on several neighbouring 

volcanoes in the MER. The change to a caldera shaped volcano can be associated with a 

compositional change to pantellerite and a more evolved magma plumbing system. Activity at 

Gudda might continue with the effusive and explosive activity. The central fissure system may 

extend the magma storage to a more shallow level, which may result in more evolved magma 

composition. This could lead to felsic activity at the central fissure forming an additional edifice or 

connecting Gudda and Bericha as a large volcanic ridge.   

6.3 Potential future research 

Based on the findings of chapter 4 and 5, I would like to transform the results into several short 

papers. They address constraints of fault evolution, the detailed evolution of the BBVC magma, the 

origin of intermediate lavas covering the Daly Gap (e.g., Reubi and Blundy, 2009) and regional Pb 

isotopic trend combined with literature data for compositional heterogeneity and crustal thickness. 

Further research on continental rifting in the stage of focussed magmatism on axial segments can 

be addressed based on the results of this study on the Boset-Bericha Volcanic Complex combined 

with some new analyses of volcanic deposits from BBVC compared to neighbour volcanoes:  

6.3.1 Detailed petrological constraints of the magma plumbing system of the BBVC. How 

does magma mixing contribute to the evolution of BBVC lavas? 

I provide the first constraints of the magma plumbing system at the BBVC and compare my results 

to modelling (e.g., Gleeson et al., 2017) and geophysical constraints (e.g., Whaler and Hautot, 2006). 

However, pressure (depth) and temperature constraints of different compositions and levels need 

to be supported by more data. This can be best investigated in peralkaline lavas by volatile (H2O-

CO2) the content in melt inclusions (e.g., Ghiorso and Gualda, 2015) by SIMS, and also for mafic 

lavas using phenocryst – melt equilibria (e.g., Putirka et al., 2003). In addition, additional 

petrographic analyses (by EMPA) of phenocrysts and groundmass from different compositional and 

tempo-spatial units of the BBVC will help to constrain different phenocryst populations. By applying 

the above mentioned methods as well as isotopic constraints to the different BBVC units, cumulate 

nodules as well as intermediate compositional lava and tephra deposits at the BBVC, the 

understanding of the crystal mush system and mantle sources as well as processes for magma 

evolution and eruption trigger e.g., magma mixing (Macdonald et al., 2012), can be improved and 

be more specified to individual eruptions.  
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6.3.2 The relation between lava and tephra deposits 

Lava and tephra deposits are widely sampled at the BBVC (e.g., this study; Brotzu et al., 1980, 1974; 

Fontijn et al., 2018) and correlation with their geochemical composition (major and trace elements) 

suggest an underlying compositional tipping point, and/or the explosive eruption is controlled by 

microlite crystallisation (Di Genova et al., 2017). Also, the dominantly post-caldera phase of felsic 

lava flow emplacement at Gudda, which is less pronounced at neighbouring explosive volcanoes in 

the MER, suggest different conditions in volatile content, crystal growth, viscosity and oxygen 

fugacity affecting the rheological agpaitic index (RAI) after Di Genova et al. (2017). The RAI has a 

critical compositional tipping point at which rhyolite melts fluidize or stiffen and is suggested to 

differentiate between effusive and explosive eruptions. Applying calculations of the RAI with the 

BBVC volcanic deposits (lava – tephra) and compared to neighbouring volcanoes would reveal 

further implications of causes for eruption style and sub-volcanic processes.  

6.3.3 Extension of chronology by constraining caldera-forming eruption at the BBVC 

A relative and absolute chronology of eruption phases and individual lava flows at the BBVC is 

established and summarised with previous chronological constraints in this study. However, only 

little is known about the caldera-forming eruption at the BBVC. So far it is only constrained from 

eruption patterns of the BBVC and caldera-forming processes from neighbouring volcanoes (e.g., 

Hutchison et al., 2016b, 2016a). This event can be studied by investigation of exposed units at the 

remnant caldera wall and textural and compositional comparison to tephra layers deposited around 

the BBVC edifice. 40Ar/39Ar dating of groundmass or feldspar phenocrysts from the caldera units 

may constrain the time-scale of the oldest exposed volcanic deposits at the BBVC. Further 

chronological work at the BBVC could focus in more detail on young eruptions, which are within 

error in this study. This can be done by very detailed and repeated 40Ar/39Ar dating (e.g., Preece et 

al., 2018) of volcanic deposits.  

 

6.3.4 Isotopic heterogeneity of upper and lower Ethiopian crust and different plume 

components 

The Ethiopian basement is mainly formed during the Pan African Orogeny. Different parts were 

accreted as arc and ophiolite complexes related to the collision/accretion of multiple cratons during 

the break up of Rodinia between 800 – 650 Ma (Chorowicz, 2005; Stern, 1994), which results in a 

heterogeneous crustal composition. The Ethiopian basement is mainly covered by younger volcanic 

deposits and only exposed in a few locations in southern Ethiopia and on the plateau. Some of the 

exposed basement parts have been analysed to constrain ages and composition (mainly major, 
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trace elements), but very little is known about isotopic signatures (Pb, Nd, Sr) of Ethiopian 

basement. Due to this gap in knowledge about isotopic crustal composition, this study used many 

different crustal isotopic constraints from around Ethiopia. Compositional constraints of a wide 

range of Ethiopian basement (upper, middle and lower crust) would be important to assess the 

relative role and contribution of crustal assimilated components for magmatism over time and for 

overall crustal thinning in continental rifting. Also, oxygen isotopes of different parts of the crust 

are not well constrained in the MER (e.g., Baker et al., 2000; Hutchison et al., 2018), and would 

permit further distinction of contrasting stages of continental rifting.  
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Appendix A Chronology 

A.1 Plateau age diagrams 

 

Figure A.1 1 Representative 40Ar/39Ar step-heating spectra plateau. Isochron age plots and raw data 

are in the electronic Appendix E.1.  
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Figure A.1 2 Representative 40Ar/39Ar step-heating spectra plateau. Isochron age plots and raw data 

are in the electronic Appendix E.1.  
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Figure A.1 3 Representative 40Ar/39Ar step-heating spectra plateau. Isochron age plots and raw data 

are in the electronic Appendix E.1.  
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Figure A.1 4 Representative 40Ar/39Ar step-heating spectra plateau. Isochron age plots and raw data 

are in the electronic Appendix E.1.  
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A.2 Additional discussion of the sources of errors in the 40Ar/39Ar ages 

The BBVC lava flows dated by 40Ar/39Ar (chapter 3) show a large range of uncertainties relative to 

the plateau ages, in particular for the felsic lava flows <16 ka and mafic lava flows <30 ka (Fig. 3-9, 

Table 3-1). These uncertainties can depend on the properties of the sample, preparation and on 

the general uncertainties for young samples analysed by the 40Ar/39Ar method (see McDougall and 

Harrison, 1999). 40Ar/39Ar dating is a relative technique so that uncertainties are derived also from 

age standards, reactor corrections, and decay constants (see McDougall and Harrison, 1999). 

Further accuracy of the 40Ar/39Ar technique can be influenced by deviation from the assumption 

about the technique, i.e., that at time zero there is no 40Ar (excess argon) available and that the 

system remained closed to loss or gain of parent or daughter elements since initial cooling (no 

reheating or alteration).  

Weathering, alteration and other heterogeneities (i.e., due to contamination of xenocrysts or 

mingling with magmas of different ages) can produce large uncertainties. We selected 16 fresh 

samples in which alteration and weathering effects were not observed. Sample WE2 contained 

some carbonate vesicle fill (section 4.4.1), which were leached during sample preparation and 

should not have affected the analyses. As discussed in section 3.5.2 and 4.5.6, sample 116 from the 

fissure eruption between the main volcanic centres exhibit mingling structures and different 

phenocryst populations. Sample 64 shows intergrowth textures and potentially incorporation of 

xenocrysts, which is taken up prior to eruption. Therefore, radiometric ages can reflect older ages 

from xenocrysts (Singer et al., 1998), even if it is not always obvious from petrographic 

observations. 

Sample quality plays a large role in the precision of 40Ar/39Ar dating. In this study, picking individual 

crystals and groundmass fragments was carried out carefully and with several checks, to avoid any 

crystal with inclusions. Contamination from inclusions in mafic groundmass samples could not be 

checked during picking for material property reasons. However, as the groundmass is assumed to 

be largely gas free and represent late crystallised phases, inclusion within groundmass would affect 

the precision of the analyses only subordinated. 

Results are shown in plateau age diagrams and isochron plots. Most plateau age diagrams 

(Appendix A.1) show a stable and well-defined plateau over several steps with MSDW values 

between 0.8 and 2, suggesting less disturbance and good sample quality. Minor variations in 

plateau age steps are shown by mafic samples 96, 116 and 5, which had therefore 1-3 repeated 

measurements, showing results within errors. The age of the selected plateau step corresponds to 

isochron age. 
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Given the young age of all samples and low potassium content of mafic samples, the most dominant 

source for uncertainties is derived by the analysis and correction for atmospheric argon. In general 

for 40Ar/39Ar dating, the younger the sample is the larger the uncertainties, because the age signal 

(40Ar*) accumulates with time (McDougall and Harrison, 1999). In addition, argon from the 

atmosphere (including 40Ar) can be trapped in samples and the influence of this contaminant 

increases with decreasing age. The precision on the atmospheric correction depends on the ability 

to characterise 36Ar. The measurement of 36Ar is often the limiting factor on age precision for young 

samples (Preece et al., 2018). The youngest ages obtained using this method are ~ 2000 years 

(Renne et al., 1997), with the most recent high-resolution analyses of ~510 ± 180 years for lavas at 

Ascension Island (Preece et al., 2018). 

Independent of absolute age constraints, a relative chronology of individual phases and associated 

lava flows were carried out using remote sensing data analyses. As only 16 lavas are dated by 

40Ar/39Ar, the relative chronology represents the complete eruption history, for areas with no 

absolute age and areas where there are overlapping uncertainties of absolute ages. Therefore, the 

combination of absolute and relative chronology reduces and, to some extent alleviates the 

uncertainties of certain 40Ar/39Ar ages (as shown by sample 116, 64). Also, the analyses of several 

lava flows within one phase (such as for Bericha) increase the likelihood that other 40Ar/39Ar ages 

are valid. Based on the number and distribution of selected lava flows, the uncertainties 

surrounding the lava flow chronology are higher at Gudda than at Bericha.  

To decrease the uncertainties of 40Ar/39Ar analyses, further repetition of 40Ar/39Ar analyses, or age 

constraints from other techniques such as field observation, relative chronology or additional 14C 

dating (section 3.7) need to be considered. However, one has to consider serendipity (for example, 

finding charcoal in the first place) as well as other financial and practical factors, and there will 

always be a degree of uncertainty in assessing geological samples.  
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A.3 Charcoal 14C dating 

 

Figure A.3 1 Individual 14C dates for two charcoal fragments, (a) 114A and (b) 114B from tephras 

underlying by mafic lava flow from the central fissure of the BBVC. Calibration used the INTCAL13 

database (Reimer et al., 2013) and OxCal v.4.2.4 (Bronk Ramsey, 2009). Combined distribution and 

sample location are shown in figure 3-15. 
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Appendix B Morphology 

 

 

Figure B.1 1 Lava volume calculation of the BBVC after the GMT script of L. Kalkins, here calculated 

based on Aster grid data. The background map provides the topography (a-c), where the edifice 

polygon is marked (b) and subtracted from an artificial smoothed surface(c). The subtracted edifice 

polygon is presented in d with the scale of edifice height.  
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Figure B.1 2 Lava volume calculation of the Gudda volcano. 

 

Figure B.1 3 Lava volume calculation of the Bericha volcano. 
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Figure B.1 4 Lava volume calculation of phase K from Gudda volcano. 

 

Figure B.1 5 Lava volume calculation of phase L from Gudda volcano. 
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Appendix C   Geochemistry 

C.1 Microprobe analyses of phenocrysts and glass 

Table C.1 1 Average composition for clinopyroxene rim and core, analysed by electron microprobe 

sample     SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Cr2O3 Total Mg# 

Gudda               
89 C r 49.29 0.56 0.29 25.40 1.60 3.20 19.02 0.91 0.02 - 100.30 18.3 

89 C c 48.92 0.44 0.20 28.43 1.47 1.55 18.20 1.22 - - 100.44 8.9 

89 D r 49.37 0.54 0.29 25.29 1.59 3.27 19.16 0.88 0.02 - 100.40 18.7 

89 E r 49.50 0.48 0.20 27.17 1.57 2.26 18.12 1.33 0.01 - 100.64 12.9 

89 E m 49.59 0.56 0.28 25.39 1.57 3.28 19.25 0.81 0.02 - 100.71 18.7 

89 E c 49.15 0.42 0.19 28.22 1.42 1.53 18.17 1.36 0.01 - 100.47 8.8 

89 K r 49.29 0.62 0.32 25.46 1.65 3.28 18.55 0.96 0.03 - 100.15 18.7 
               
90 A1 c 47.66 0.51 0.24 29.12 1.83 0.56 19.54 0.81 0.01 - 100.28 3.3 

90 A1 r 47.73 0.65 0.25 28.87 1.85 0.40 17.45 1.53 0.05 - 98.77 2.4 

90 A2 c 47.41 0.48 0.23 29.03 1.80 0.61 18.56 0.86 0.01 0.02 98.99 3.6 

90 A2 r 47.39 0.55 0.28 28.68 1.83 0.41 19.28 0.69 0.01 - 99.15 2.5 

90 A3 cr 47.66 0.54 0.26 29.10 1.84 0.49 19.37 0.79 0.01 0.01 100.07 2.9 

90 A4 c 47.73 0.55 0.26 28.87 1.82 0.52 19.00 0.86 0.00 0.01 99.62 3.1 

90 A4 r 47.54 0.91 0.15 29.95 1.92 0.25 15.98 2.26 0.03 - 99.00 1.5 

90 A5 c 47.68 0.58 0.27 28.98 1.87 0.56 18.91 0.86 0.01 0.02 99.72 3.3 

90 A5 r 48.08 0.65 0.22 29.64 1.82 0.33 18.06 1.37 0.04 0.02 100.23 1.9 

90 A6 c 47.46 0.59 0.29 28.96 1.87 0.46 19.02 0.72 0.00 0.01 99.36 2.7 

90 A7 c 47.89 0.57 0.27 29.37 1.85 0.38 19.34 0.71 0.01 - 100.39 2.3 

90 A7 r 47.83 0.63 0.20 30.11 1.90 0.30 17.88 1.50 0.02 - 100.38 1.7 

90 A8 c 47.85 0.51 0.23 29.41 1.75 0.36 18.91 1.05 0.01 - 100.04 2.1 

90 A8 r 47.76 0.53 0.25 29.18 1.82 0.40 19.06 0.83 0.01 - 99.85 2.4 

90 B9 c 48.06 0.44 0.20 29.80 1.64 0.25 18.77 1.03 0.00 - 100.19 1.5 

90 B9 r 47.99 0.56 0.22 29.74 1.78 0.30 18.46 1.09 0.01 - 100.17 1.8 

90 C10 c 47.46 0.66 0.28 29.28 1.88 0.47 18.58 0.97 0.00 - 99.56 2.8 

90 C10 r 47.79 0.57 0.27 29.19 1.80 0.41 18.89 0.89 0.02 - 99.81 2.4 

90 E12 c 48.06 0.54 0.24 29.71 1.80 0.29 19.03 0.95 
-

0.01 - 100.62 
1.7 

90 E12 r 47.63 0.50 0.24 29.03 1.72 0.34 19.07 0.89 0.02 0.01 99.47 2.1 
               
182 A5 c 48.34 0.48 0.20 29.28 1.52 0.23 17.65 1.85 0.01 - 99.54 1.4 

182 A5 r 48.93 0.33 0.17 29.49 1.30 0.06 15.45 3.29 0.02 - 99.04 0.4 

182 A4a c 48.67 0.36 0.17 29.42 1.39 0.15 15.87 3.06 0.01 0.02 99.11 0.9 

182 A4a r 48.31 0.30 0.16 29.42 1.27 0.12 15.37 3.31 0.03 0.02 98.30 0.7 

182 A4 c 48.87 0.41 0.18 29.50 1.40 0.18 16.44 2.75 - - 99.72 1.1 

182 A4a r 48.95 0.32 0.16 29.23 1.28 0.14 15.57 3.31 0.01 - 98.98 0.8 

182 A3 c 48.63 0.31 0.15 29.45 1.36 0.15 15.78 3.22 0.01 - 99.06 0.9 

182 A3 r 48.97 0.60 0.17 29.29 1.25 0.11 14.88 3.65 0.02 - 98.94 0.7 
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Table C.1 1 continued 

sample     SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Cr2O3 Total Mg# 

Bericha               

84 A1 c 50.27 0.32 0.53 18.67 1.76 9.21 18.12 0.52 0.01 0.01 99.42 46.8 

84 A1 r 51.46 0.27 0.48 19.51 1.73 7.95 18.19 0.57 0.06 - 100.20 42.1 

84 A2 c 51.33 0.32 0.63 16.30 1.53 11.12 17.60 0.45 0.00 0.01 99.30 54.9 

84 A2 r 50.52 0.31 0.49 19.41 1.74 8.40 18.28 0.56 0.02 0.01 99.74 43.6 

84 C1 c 50.95 0.33 0.59 16.51 1.47 10.95 18.26 0.47 0.01 - 99.55 54.2 

84 C1 r 50.43 0.36 0.51 20.17 1.76 7.92 17.15 0.98 0.09 - 99.36 41.2 

84 D4 c 51.02 0.29 0.61 17.02 1.65 10.57 17.48 0.48 - - 99.09 52.5 

84 D4 r 49.99 0.27 0.42 20.20 1.79 7.68 18.12 0.57 - - 99.03 40.4 

84 B1 c 51.00 0.27 0.56 17.86 1.72 9.49 17.94 0.52 - 0.02 99.38 48.6 

84 B1 r 50.70 0.28 0.41 19.60 1.82 7.84 18.43 0.54 0.03 - 99.62 41.6 
               

66 B1 c 50.16 0.34 0.41 21.89 1.86 6.29 18.64 0.63 0.00 - 100.22 33.9 

66 B1 r 49.57 0.34 0.35 23.66 2.02 5.00 18.23 0.69 0.04 - 99.90 27.4 

66 A3 c 49.32 0.32 0.34 23.17 2.03 5.36 18.39 0.57 0.00 - 99.50 29.2 

66 A3 r 49.74 0.37 0.37 23.20 2.02 5.08 18.52 0.63 0.02 - 99.95 28.1 

66 A2 c 50.27 0.30 0.34 22.53 1.98 5.72 18.66 0.57 0.00 - 100.37 31.2 

66 A2 r 49.58 0.35 0.34 23.60 2.07 4.95 18.43 0.62 0.02 - 99.96 27.2 

66 A1 c 49.82 0.29 0.33 23.28 2.16 5.63 17.74 0.61 0.01 - 99.87 30.1 

66 A1 r 49.51 0.38 0.37 23.38 2.03 4.88 18.51 0.65 0.04 - 99.75 27.1 

central fissure             

116 A1 c 48.50 1.48 5.01 8.36 0.17 13.82 20.76 0.44 0.01 0.09 98.63 74.7 

116 A1 r 50.48 1.35 2.63 9.34 0.38 15.05 19.69 - - - 98.96 74.2 

116 D6a c 49.07 1.86 4.11 9.03 0.26 13.70 20.21 0.50 0.00 - 98.75 73.0 

116 D6a r 49.19 1.72 3.60 10.36 0.37 13.77 19.19 0.49 0.01 0.01 98.72 70.3 

116 D6b c 49.42 1.68 3.75 8.89 0.21 13.94 20.41 0.47 0.00 - 98.76 73.6 

116 D6b r 48.51 1.99 4.25 10.43 0.36 13.22 19.72 0.57 0.01 - 99.07 69.3 

116 E7 c 50.56 1.17 2.82 8.85 0.28 15.03 19.89 0.46 0.01 0.01 99.09 75.2 

116 E7 r 48.56 1.62 4.78 8.65 0.18 13.66 20.60 0.45 0.01 - 98.51 73.8 

116 H3 c 48.68 1.72 4.65 8.75 0.20 13.53 20.74 0.49 0.01 - 98.78 73.4 

116 H3 r 49.59 1.55 3.46 9.30 0.26 13.90 19.88 0.49 0.02 - 98.44 72.7 

116 H4 c 48.22 1.63 4.77 8.68 0.17 13.57 20.63 0.45 0.01 0.01 98.13 73.6 

116 H4 r 48.92 2.02 4.59 9.61 0.26 13.21 19.59 0.64 0.12 - 98.96 71.0 

116 F5 c 50.14 1.31 3.71 8.77 0.24 14.44 20.25 0.46 - - 99.31 74.6 

116 F5 r 49.36 1.55 4.41 8.65 0.22 13.91 20.78 0.41 
-

0.01 0.02 99.29 
74.1 

116 A2 c 50.09 1.38 3.17 8.82 0.32 14.44 20.04 - - 0.01 98.29 74.5 

116 A2 r 49.48 1.73 4.54 9.01 0.21 14.18 20.67 - - 0.03 99.88 73.7 

116 B5 c 48.98 1.57 4.41 8.78 0.16 14.05 20.74 - - - 98.70 74.0 

116 B5 r 48.85 1.79 4.40 9.14 0.22 14.47 20.41 - - 0.01 99.35 73.8 

Nodule               

99 1 c 48.30 1.40 5.78 7.96 0.16 13.97 20.87 0.49 0.01 0.39 99.32 75.8 

99 1 r 45.15 3.99 5.87 12.68 0.24 10.66 19.83 0.62 0.04 0.01 99.08 60.0 

99 2 c 48.60 1.49 5.78 8.08 0.18 13.71 20.37 0.52 0.02 0.35 99.10 75.1 

99 3 c 49.30 1.43 5.46 8.11 0.18 13.88 20.53 0.51 0.00 0.27 99.67 75.3 

99 3 r 49.15 2.25 4.19 9.91 0.27 13.23 20.53 0.47 0.01 0.15 100.17 70.4 

99 4 c 48.98 1.42 5.45 8.05 0.16 14.06 20.85 0.48 0.02 0.17 99.63 75.7 

99 4 r 46.98 2.99 5.01 12.20 0.28 11.92 19.40 0.52 0.03 0.02 99.34 63.5 

99 5 c 49.21 1.31 5.43 7.83 0.16 14.18 20.69 0.49 0.01 0.35 99.65 76.3 

99 5 r 44.69 3.99 6.54 12.89 0.26 10.84 19.34 0.56 0.01 0.02 99.15 60.0 
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Table C.1 2 Average composition for olivine rim and core, analysed by electron microprobe 

sample     SiO2 TiO2 Al2O3 FeO MnO MgO CaO P2O5 NiO Cr2O3 Total Mg# 

Gudda               

89 1 r 29.85 0.04 0.00 64.33 4.61 1.68 0.45 0.02 - - 100.96 4.5 

89 1 c 29.86 0.04 -0.01 65.15 4.69 1.78 0.41 0.00 - - 101.89 4.6 

89 2 r 29.93 0.05 0.00 63.06 4.65 2.27 0.55 0.03 - - 100.53 6.0 

89 2 c 29.99 0.05 0.00 62.57 4.47 2.55 0.54 0.02 - - 100.18 6.8 

89 E2  
29.90 0.04 0.00 63.67 4.68 1.75 0.50 0.00 0.03 - 100.56 4.7 

89 E1 c 30.21 0.03 0.00 64.47 4.54 1.93 0.48 0.01 0.01 - 101.64 5.1 

89 E1 r 30.00 0.05 0.00 64.21 4.75 1.79 0.47 0.02 0.01 0.00 101.29 4.7 
               

90 B1 c 29.43 0.04 0.00 65.67 5.04 0.26 0.62 0.03 - 0.01 101.09 0.7 

90 B1 r 29.23 0.04 0.00 65.40 5.34 0.21 0.56 0.02 0.01 - 100.78 0.6 

90 B2 c 29.44 0.06 0.00 66.11 4.99 0.29 0.62 0.02 0.01 - 101.54 0.8 

90 B2 r 29.30 0.04 0.01 64.99 5.17 0.23 0.55 0.02 0.03 0.04 100.37 0.6 

Bericha   
            

84 C1 c 30.85 0.01 0.00 58.50 4.22 6.87 0.27 0.02 - 0.02 100.72 17.3 

84 C1 r 30.50 0.06 0.00 59.68 4.49 5.39 0.30 0.01 0.02 - 100.45 13.9 

84 C2 c 30.91 0.02 0.00 58.39 4.30 6.53 0.42 0.03 - 0.01 100.61 16.6 

84 C2 r 30.32 0.02 0.00 59.51 4.53 5.26 0.29 0.01 - - 99.91 13.6 

84 B1 c 30.88 0.02 0.00 58.06 4.39 7.10 0.28 0.01 - - 100.73 17.9 

84 B1 r 30.71 0.03 0.00 59.20 4.42 5.85 0.29 0.02 - - 100.50 15.0 
               

66 B1 c 30.44 0.04 0.00 61.76 5.29 3.67 0.35 0.02 - - 101.56 9.6 

66 B1 r 30.34 0.05 0.00 61.14 5.20 3.59 0.37 0.01 0.04 0.02 100.75 9.5 

66 A1  
30.08 0.10 0.00 60.92 5.15 3.87 0.39 0.01 - - 100.50 10.2 

66 A2 r 30.06 0.03 0.00 61.28 5.34 3.65 0.39 0.02 0.01 0.00 100.80 9.6 

66 B1 c 29.86 0.04 0.00 61.61 5.48 3.62 0.36 0.01 - - 100.95 9.5 

central fissure 
            

116 A1 c 37.92 0.03 0.03 24.45 0.38 37.22 0.27 0.02 0.04 - 100.35 73.1 

116 A1 r 36.95 0.06 0.06 28.90 0.58 33.46 0.32 0.04 0.04 - 100.40 67.4 

116 E4 c 38.47 0.02 0.03 24.36 0.36 37.27 0.29 0.01 0.06 0.01 100.91 73.2 

116 E4 r 35.59 0.08 0.11 35.56 0.96 27.35 0.36 0.15 0.00 0.01 100.15 57.8 

116 I3 c 37.94 0.02 0.03 24.35 0.33 37.61 0.29 0.01 0.04 0.01 100.62 73.4 

116 I3 r 35.68 0.07 0.04 35.12 0.88 28.09 0.37 0.15 0.02 - 100.42 58.8 

Nodule   
            

99 2 c 38.99 0.03 0.04 20.83 0.32 40.65 0.29 0.01 0.06 0.02 101.23 77.7 

99 2 r 36.94 0.08 0.03 29.97 0.54 32.35 0.43 0.01 0.03 0.01 100.39 65.8 

99 1 c 38.73 0.02 0.05 20.24 0.25 40.45 0.28 -0.02 0.09 0.02 100.10 78.1 

99 1 r 37.57 0.06 0.03 27.81 0.48 34.35 0.39 0.01 0.06 0.03 100.79 68.8 

99 3 c 37.94 0.01 0.04 20.62 0.30 40.67 0.28 0.01 0.11 0.01 99.99 77.9 
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Table C.1 3 Average composition of feldspar phenocryst rim (r) and core (c), analysed by electron 

microprobe 

sample     SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total Ca# 

Gudda              

89 1 r 67.55 - 18.89 0.50 0.03 - 0.16 7.51 4.63 99.26 2.3 

89 1 c 66.95 - 18.94 0.37 - - 0.17 7.62 4.64 98.61 2.4 

89 E1 r 67.77 - 18.95 0.61 - - 0.07 7.13 5.02 99.56 1.1 

89 E1 c 67.78 - 18.80 0.43 - 0.01 0.07 7.28 5.10 99.43 1.1 

89 E2 r 67.16 - 18.97 0.42 - 0.01 0.15 7.58 4.50 98.75 2.1 

89 E2 c 67.87 - 19.30 0.32 0.05 - 0.14 7.51 4.52 99.67 2.0 
              

90 A1a c 67.45 - 18.97 0.25 0.03 - 0.31 9.28 3.01 99.26 3.6 

90 A1a r 67.29 - 18.46 0.74 - - 0.30 9.14 3.18 99.09 3.5 

90 A1b c 66.87 - 18.90 0.29 - - 0.30 9.08 3.00 98.40 3.5 

90 A1b r 67.51 - 18.04 1.34 - - 0.32 9.24 3.30 99.71 3.6 

90 A1d c 68.64 - 18.88 0.58 - - 0.11 8.89 3.36 100.46 1.4 

90 A1d r 68.62 0.04 17.06 1.83 - - 0.04 8.38 4.13 100.11 0.5 

90 A1c c 68.17 - 18.88 0.38 - - 0.21 9.19 3.23 100.00 2.5 

90 A1c r 66.76 - 18.61 0.40 0.01 - 0.24 9.40 3.15 98.53 2.8 

90 B2 c 67.50 - 18.73 0.29 - 0.01 0.24 9.33 3.11 99.15 2.7 

90 B2 r 67.06 - 18.55 0.44 - - 0.29 8.99 3.30 98.57 3.5 

90 B3 c 66.71 - 18.12 0.48 0.03 - 0.19 9.12 3.43 98.07 2.2 

90 B3 r 67.08 - 18.77 0.44 - - 0.18 8.91 3.48 98.83 2.2 

90 D5 c 67.36 - 18.64 0.41 - - 0.14 8.91 3.58 99.03 1.7 

90 D5 r 66.94 - 18.75 0.48 0.02 - 0.25 8.89 3.69 98.99 3.0 

90 C4 c 65.28 - 18.81 0.29 0.04 0.01 0.54 9.24 2.65 96.85 6.1 

90 C4 r 67.24 - 18.96 0.41 - 0.00 0.26 9.25 3.22 99.32 3.0 

90 F6 c 66.60 - 18.36 0.25 - - 0.28 9.11 3.16 97.72 3.2 

90 F6 r 66.54 - 18.24 0.73 - - 0.20 9.03 3.49 98.21 2.4 

90 F8 c 66.83 - 18.57 0.48 - - 0.07 8.75 4.01 98.69 0.9 

90 F8 r 66.56 - 18.26 0.37 0.04 - 0.20 9.10 3.64 98.13 2.3 

90 F7 c 67.40 - 18.80 0.35 0.02 - 0.16 8.97 3.43 99.09 1.9 

90 F7 r 67.03 0.03 17.33 1.65 0.02 0.02 0.14 8.74 3.57 98.52 1.7 
              

182 A2 c 67.03 0.01 17.48 1.06 0.01 - 0.04 7.98 5.61 99.20 0.5 

182 A2 r 67.65 0.01 17.24 1.35 0.04 0.01 0.01 7.53 5.36 99.20 0.1 

182 A1 c 67.12 0.01 18.15 0.86 - 0.01 0.04 7.71 5.58 99.47 0.5 

182 A1 r 67.06 - 17.84 1.05 0.01 0.00 0.01 7.30 5.78 99.04 0.2 

Bericha   
           

84 A1 c 66.42 - 19.09 0.26 - 0.01 0.82 8.24 3.88 98.69 9.9 

84 A1 r 66.50 - 18.44 0.34 - - 0.41 7.96 4.89 98.52 5.4 

84 D2 c 66.14 - 18.74 0.26 - - 0.71 8.23 4.24 98.31 8.7 

84 D2 r 66.18 - 18.37 0.26 0.03 - 0.65 8.21 4.42 98.11 8.1 
              

66 B1 c 67.04 - 18.69 0.31 0.01 - 0.40 8.17 4.43 99.05 5.1 

66 B1 r 67.55 - 18.51 0.50 0.01 0.01 0.40 8.37 4.18 99.52 5.0 

66 B2 c 66.82 - 18.83 0.31 0.02 - 0.29 7.83 5.03 99.14 3.9 

66 B2 r 67.27 - 18.45 0.34 - - 0.27 8.04 4.78 99.15 3.6 

66 C1 c 66.60 - 19.05 0.32 - - 0.46 8.24 4.58 99.17 5.8 

66 C1 r 66.72 - 18.71 0.34 0.02 - 0.32 7.96 4.82 98.87 4.3 

66 C2 c 67.20 - 18.56 0.33 - - 0.23 7.72 5.18 99.16 3.1 

66 C2 r 66.72 - 18.44 0.36 - 0.01 0.31 7.75 4.88 98.45 4.2 

66 C3 c 66.66 - 18.60 0.26 - - 0.26 7.89 4.99 98.65 3.5 

66 C3 r 67.27 - 18.72 0.38 0.01 0.01 0.29 7.63 4.98 99.28 4.0 
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Table C.1 3 continued 

sample     SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Total Ca# 

central fissure  
           

116 A1 c 48.32 0.06 31.08 0.67 - 0.07 15.84 2.26 0.07 98.33 88.6 

116 A1 r 48.34 0.08 30.30 0.83 - 0.07 14.97 2.66 0.07 97.32 86.2 

116 B6 c 47.50 0.06 30.96 0.68 0.01 0.06 15.86 2.10 0.06 97.29 89.3 

116 B6 r 47.91 0.08 30.38 0.78 - 0.07 15.08 2.68 0.07 97.02 86.1 

116 B4a c 51.47 0.10 28.94 0.70 0.03 0.09 12.84 4.00 0.13 98.28 78.0 

116 B4a r 51.55 0.12 28.80 0.79 0.03 0.08 12.83 4.22 0.17 98.60 77.1 

116 B4b c 50.92 0.09 29.15 0.66 - 0.08 13.42 3.57 0.13 97.97 80.6 

116 B4b r 52.03 0.10 28.68 0.78 - 0.08 12.51 4.12 0.15 98.42 77.1 

116 C7 c 48.08 0.07 31.09 0.75 0.01 0.06 15.76 2.38 0.08 98.28 88.0 

116 C7 r 53.84 0.16 27.17 0.88 0.02 0.09 11.11 4.95 0.28 98.49 71.3 

116 C7a c 47.10 0.04 32.21 0.67 - 0.05 16.39 1.95 0.06 98.48 90.3 

116 C7a r 50.17 0.09 29.87 0.80 0.03 0.07 14.05 3.26 0.14 98.49 82.6 

116 D8 c 50.75 0.10 29.68 0.75 0.00 0.08 13.84 3.36 0.14 98.71 82.0 

116 D8 r 55.34 0.20 25.83 1.14 - 0.11 10.00 5.49 0.42 98.52 66.8 

116 E9 c 49.92 0.08 29.58 0.74 0.02 0.08 14.20 3.21 0.10 97.94 83.0 

116 E9 r 52.59 0.13 27.80 0.83 0.03 0.10 12.01 4.34 0.14 97.99 75.4 

116 G2 c 45.97 0.03 31.60 0.61 0.01 0.04 16.58 1.69 0.06 96.58 91.6 

116 G2 r 52.00 0.11 28.08 0.80 - 0.08 12.32 4.06 0.17 97.59 77.0 

116 H5 c 47.78 0.07 31.47 0.72 0.02 0.07 15.69 2.36 0.06 98.24 88.0 

116 H5 r 55.68 0.19 25.89 0.93 - 0.11 9.56 5.67 0.33 98.36 65.1 

Nodule   
           

99 1 r 53.42 0.14 27.18 0.85 0.01 0.09 11.39 4.82 0.31 98.22 72.3 

99 1 c 47.70 0.06 31.82 0.64 0.00 0.10 16.05 2.31 0.07 98.75 88.5 

 

Table C.1 4 Average composition of glass in obsidians (sample 182, 66) and groundmass in nodule 

(sample 99), analysed by electron microprobe. 

  
sample   SiO2 TiO2 Al2O3 FeO MnO MgO CaO P2O5 K2O P2O5 F Cl SO2 Total 

Gudda 182  
70.29 0.24 8.36 7.79 0.38 - 0.31 4.60 4.35 0.03 0.30 0.78 0.02 97.44 

Bericha 66  
71.84 0.32 13.45 3.43 0.19 

-
0.06 

0.28 4.15 5.01 - 0.27 0.37 0.01 99.26 

Nodule 99 GM1 46.86 4.03 11.10 15.38 0.27 4.69 11.12 3.20 0.83 1.17 0.13 0.04 0.07 98.88 

 99 GM2 47.76 3.52 11.37 10.86 0.32 0.93 12.22 4.20 2.32 4.45 0.43 0.14 0.11 98.64 

 99 GM3 53.37 2.28 13.81 9.00 0.19 4.02 9.24 4.59 1.98 0.82 0.13 0.03 0.04 99.49 

 99 GM4 49.70 3.67 12.55 13.52 0.25 4.37 9.47 4.37 1.72 1.22 0.23 0.13 0.04 101.26 

 99 GM5 46.41 3.94 11.74 15.39 0.27 5.31 11.31 3.20 0.91 0.92 0.09 0.08 0.10 99.67 

  99 total 48.61 3.55 12.08 13.51 0.26 4.46 10.57 3.73 1.31 1.21 0.15 0.07 0.07 99.58 
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Table C.1 5 Composition of magnetite and aenigmatite phenocryst rim (r) and core (c), analysed by 

electron microprobe 

sample     SiO2 TiO2 Al2O3 FeO MnO Cr2O3 MgO CaO Na2O K2O P2O5 Total Mg# 

Magnetite               

66 B1  - 22.14 0.33 74.00 2.04 - 0.28 - - - - 98.79 0.7 

66 B2  - 21.93 0.34 73.76 2.09 - 0.22 - - - - 98.33 0.5 

66 B3  - 21.83 0.32 73.62 1.95 0.01 0.14 - - - - 97.87 0.3 

66 C1  - 22.01 0.34 73.52 2.03 - 0.29 - - - - 98.20 0.7 

66 A1  - 22.47 0.30 72.96 2.01 0.03 0.25 - - - - 98.02 0.6 

66 A2  - 22.00 0.31 73.04 2.09 - 0.25 - - - - 97.70 0.6 

66 A3  - 22.14 0.31 72.67 2.11 - 0.28 - - - - 97.51 0.7 

66 A4  - 22.14 0.32 73.20 2.00 - 0.26 - - - - 97.91 0.6 

84 A  - 20.29 - 74.54 2.05 - 0.22 - - - 0.09 97.19 0.5 

84 A  - 20.19 - 74.04 1.87 0.05 0.28 - - - 0.47 96.90 0.7 

116 B1  - 18.60 - 70.18 0.66 0.04 3.39 - - - 4.49 97.36 7.9 

116 B2  - 15.45 - 70.79 0.41 0.03 4.51 - - - 5.07 96.27 10.2 

116 H2  - 13.72 - 71.39 0.33 0.15 4.75 - - - 5.94 96.30 10.6 

                

Aenigmatite               

182 A2 c 40.11 8.47 0.56 41.65 1.34 - 0.06 0.50 6.79 0.02 - 99.49 0.3 

182 A2 r 40.29 8.51 0.54 41.77 1.35 0.01 0.12 0.49 6.81 0.02 - 99.92 0.5 

182 A1 c 40.36 8.84 0.36 41.59 1.40 0.03 0.05 0.29 6.88 0.00 - 99.81 0.2 

182 A1 r 40.51 8.74 0.35 41.13 1.42 0.01 0.07 0.71 6.81 0.01 - 99.77 0.3 

182 A1 r 40.59 8.83 0.39 41.33 1.34 - 0.02 0.31 6.91 0.02 - 99.73 0.1 
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C.2 Boron data of lava flows from the BBVC  

 

Figure C.2 1 Boron data (Tyerman, 2018) of lava flows from the BBVC support AFC process between 

mafic to felsic lava composition by decreasing the isotope δ11B while increasing the boron (ppm) 

concentration. Additional Afar mantle composition data are used by Chaussidon and Marty (1995) 

and ranges of peak boron composition of crust (Trumbull and Slack, 2018) and mantle (Marschall et 

al., 2017) in a.  
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C.3 Peralkaline index and sodium loss 

 

Figure C.3 1 Peralkaline index in mol % versus SiO2 in wt% suggest that Gudda’s lavas are more 

peralkaline than Bericha’s lavas and reflect the additional feldspar accumulation for only Gudda’s 

lavas.  

 

Figure C.3 2 Estimation of alkali loss based on peralkaline index verses (FeO+K2O)/Al2O3 in mol % 

after White et al. (2003). Dashed lines represent the 95% confidence interval for the regression. 

Most peralkaline rocks are fresh with less alkali loss. The largest alkali loss is for the pre-caldera rock 

sample.  
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C.4 Pumice – lava comparison 

 

Figure C.4 1 EMPA analyses of pumice (open square) from Roberts (2017) (coloured open square) 

and Fontijn et al. (2018) (black open square) compared to groundmass glass of lava (coloured filled 

square) and whole rock composition of lava (filled circle) and pumice (open circle) of this study.  
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Figure C.4 2: continued 
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C.5 Equilibrium conditions for the geothermobarometry 

 

Figure C.5 1 Equilibrium conditions for geothermobarometry between groundmass melt and 

clinopyroxene rim (triangle) and core (circle) of the mafic nodule (sample 99) shown by the four 

clinopyroxene components DiHd, Jd, CaTs and EnFs after Putirka (1999, 2008) and Putirka et al. 

(2003). Dashed lines outline the ±2 SEE confidence range for each component, using the standard 

error estimates (SEE) of Putirka (1999). Lower panel shows observed Mg# in melt and clinopyroxene 

with Kd(Fe-Mg) = 0.28 (solid line) ± 0.08 (dashed line).  
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C.6 Mantle sources 

 

Figure C.6 1 Nb/Y and Zr/Y variation of the BBVC (colour), modified after Fitton et al. (1997). Mafic 

lavas of the BBVC are overlapping with basalts of Iceland plume.  

 

Figure C.6 2 Pressure – temperature (PT) diagram to illustrate stability fields of in particular 

amphibole and pargasite, modified after Jung et al. (2012) with PT constraints of mafic samples 

from this study (green) compared to the MER and Afar rift floor basalts (Ayalew et al., 2016; Furman 

et al., 2006a) (grey circles) and Ethiopian flood basalts (Ayalew et al., 2018) (squares). Most lavas 

can be interpreted to interacted or generated by melts from spinel peridotite with different amount 

of restitic amphibole presence. Temperatures for the BBVC rift floor basalts are used by calculation 

of Putirka et al. (2005) (NaK), viewed as minimum estimates. PT constraints of previous rift floor 

mafic and flood basalts are thought to estimate the minimum and maximum constraints. 
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Figure C.6 3 Variation of Ba/Al2O3 and Sr/Al2O3 (ppm/wt %) versus Th, modified after Johnson et al. 

(2005) in basaltic and intermediate lavas of the BBVC (this study) compared with the Vitim lavas of 

the Baikal rift (Johnson et al., 2005). Thorium (Th) behaves as an almost totally incompatible 

element in these lavas, and is, therefore, used as an index of the degree of melting. Filled symbols 

represent Ba/Al2O3 and open symbols Sr/Al2O3. Samples that lie within the shaded region are those, 

that are possible produced by melting in the presence of residual phlogopite within the SCLM. 

 

Figure C.6 4 Comparison of peralkaline rocks including pantellerite (squares, yellow field) and 

comendites (open circle, red field) with pantellerite of Gudda (yellow square) and comendite from 

Bericha (red circle). The yellow field present 93 %, and the red field 84 % of pantellerite and 

comendite distribution, respectively, based on Sm/Zr versus Zr. This indicates that comendites have 

generally more amphibole fractionation compared to pantellerites. The data source is a compilation 

of comendite and pantellerite from GEOROC. 
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C.7 Modelling AFC 

Table C.7 1 Modelling AFC pathways on trace elements for Gudda and Bericha modified after Ersoy 

and Helvaci (2010). Model 2 is divided into three-steps (2a, 2b, 2c), where the first two are common 

for Bericha and Gudda. Model 1 is an alternative two-step model for both volcanoes, where rift floor 

basalts evolve independently (with mineral assemblage as in 2a) from peralkaline magmas (1a) and 

the second step is the same as 2c. Kd’s are used from the compilation of Ersoy and Helvaci (2010). 

Details are in section 4.5.1. 

 Model 1 Model 2 

 Gudda and Bericha Gudda and Bericha Bericha Gudda 

Steps 1a 2a 2b 2c 2c 

 rift floor - intermediate 
rift floor - 

intermediate 
intermediate 

intermediate - 
rhyolite 

intermediate - 
trachyte 

Zr (ppm) 75 to 600 75 to 200 200 to 600 600 to 1000 530 to 1200 

Kd  basaltic basaltic basaltic acidic acidic 

AFC 

20 % olivine  

20% cpx 

20% / 10% amphibole  

30% plagioclase 

15% magnetite 

20 % olivine,  

20 % cpx  

50 % plagiocl. 

opaques 

50% amphibole,  

5% apatite,  

20% magnetite,  

30 cpx 

3% olivine,  

8% cpx   

40 %  K-Fsp, 

35% plagioclase,  

3 % magnetite 

3% olivine,  

8% cpx   

40 %  K-Fsp, 

35% plagioclase,  

3 % magnetite 
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C.8 Tephrachronology 

 

Figure C.8 1 Stratigraphic log of the west BBVC tephra locations compiled by Roberts (2017). 

Detailed location is highlighted in chapter 2. Related deposit layers are highlighted in blue and 

potentially related layers highlighted in green. Arrows point to field photos of whole sections of 

where the logs were taken.  
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C.9 Young mafic lavas  

Table C.9 1 Young to recent mafic lavas at the BBVC, Kone, Beru and Fantale. Sample location in 

Figure C.9.2. 

Volcano BBVC Kone  Beru Fantale 

Sample 116 (a) 116 (b) 184 
184 
iso 

South L4-
A 

Crater L3-
D 

L1-C L2-C(a) 
L2-
C(b) 

L2-C(c) 

SiO2 49.37  63.70   47.62 46.70 46.85 47.40   

TiO2 2.98  1.04   1.87 2.27 2.49 3.98   

Al2O3 14.51  14.40   14.31 14.98 15.40 13.72   

Fe2O3 
(tot) 13.72  7.44   11.77 12.66 13.35 15.68   

MnO 0.27  0.30   0.17 0.19 0.18 0.28   

MgO 4.04  0.90   11.06 8.81 7.94 4.79   

CaO 7.82  2.54   11.01 10.74 10.63 9.20   

Na2O 4.47  6.17   2.54 3.19 2.96 3.98   

K2O 1.12  3.13   0.63 1.08 0.70 0.92   

P2O5 1.03  0.32   0.35 0.55 0.46 1.16   

SO3 -  -   0.01 0.01 0.06 0.08   

LOI -0.40  -0.15   -0.49 -0.47 -0.41 -0.72   

Total 98.93  99.77   100.85 100.71 100.61 100.49   

Li 6.92 9.16 14.11 13.70 4.53 5.78 4.81 5.95 5.71 5.74 
Sc 30.26 41.35 18.60 18.59 31.87 29.09 30.57 32.73 33.83 33.40 
Ti 17710 18330 5583 5768 10570 12810 14000 22710 24110 24010 
V 210.50 236.20 13.73 14.10 266.80 268.20 295.40 287.50 294.40 306.00 
Cr 3.24 8.81 1.79 0.20 658.20 346.90 190.20 1.47 0.61 0.85 
Co 24.64 27.42 2.03 2.05 50.71 47.24 46.68 33.11 33.34 34.88 
Ni 7.42 9.42 1.44 0.22 188.20 124.10 52.52 1.48 1.13 1.26 
Cu 33.81 35.69 5.04 4.48 71.49 69.38 55.79 13.56 14.91 14.45 
Rb 22.27 26.18 76.47 77.27 12.06 26.79 12.24 17.22 17.68 16.20 
Sr 456.90 512.20 151.70 150.40 365.50 562.20 459.90 462.50 474.40 477.00 
Y 38.56 39.56 59.02 59.37 21.01 24.89 22.77 39.66 42.54 41.88 
Zr 171.00 179.20 491.50 511.20 110.90 158.50 134.90 161.20 160.40 164.50 
Nb 32.68 33.54 69.85 71.12 19.81 37.69 21.85 31.36 32.45 33.79 
Sn 1.34  3.46 3.28 0.83 1.08 1.01 1.20 1.20  

Cs 0.24 0.37 0.76 0.75 0.12 0.32 0.12 0.17 0.18 0.16 
Ba 622.5 605.0 1540.0 1541.0 231.1 389.8 278.0 489.3 498.6 503.6 
La 31.50 32.35 59.95 60.19 16.58 30.04 19.17 30.35 30.74 31.48 
Ce 72.61 73.98 126.00 126.60 36.38 61.99 42.37 70.68 71.13 72.61 
Pr 9.77 9.65 14.95 14.94 4.73 7.48 5.56 9.44 9.58 9.68 
Nd 43.11 42.15 57.11 56.91 19.94 29.79 23.54 42.08 43.29 43.60 
Sm 9.49 9.20 11.62 11.53 4.50 6.07 5.24 9.50 9.78 9.91 
Eu 3.84 3.58 4.20 4.18 1.56 2.06 1.88 3.69 3.66 3.81 
Gd 9.35 9.14 10.82 10.72 4.45 5.68 5.15 9.55 9.75 10.06 
Tb 1.33 1.30 1.75 1.73 0.68 0.83 0.76 1.35 1.41 1.41 
Dy 7.39 7.25 10.50 10.46 3.92 4.71 4.36 7.57 7.82 7.83 
Ho 1.42 1.38 2.13 2.11 0.77 0.91 0.85 1.44 1.51 1.49 
Er 3.64 3.59 6.05 6.00 2.06 2.40 2.23 3.73 3.87 3.87 

Tm 0.50 0.48 0.90 0.90 0.29 0.33 0.31 0.50 0.52 0.52 
Yb 3.07 3.01 5.95 5.93 1.84 2.09 1.89 3.05 3.17 3.20 
Lu 0.45 0.44 0.91 0.91 0.27 0.31 0.28 0.44 0.47 0.47 
Hf 4.17 4.14 11.13 11.26 2.58 3.49 3.09 3.72 3.84 3.88 
Ta 2.44 2.27 5.05 5.09 1.35 2.25 1.38 2.15 2.34 2.35 
Pb 3.44 3.12 12.98 12.88 1.82 2.71 2.08 1.93 1.96 1.79 
Th 2.66 2.78 9.54 9.47 1.45 3.00 1.48 2.19 2.25 2.22 
U 0.71 0.68 2.19 2.19 0.38 0.77 0.40 0.59 0.62 0.59 
Zn   116.60           133.70 

206Pb/204Pb 18.7135 18.7121 18.4898   18.6151 18.8141 18.6607 18.7464  18.744 
2 SE 282   23   20 27 124 51    

207Pb/204Pb 15.6069 15.6091 15.6097   15.5917 15.5983 15.5936 15.5912  15.5906 
2 SE 264   22   19 25 116 47    

208Pb/204Pb 38.8977 38.9079 38.8068   38.8022 38.8742 38.8111 38.8014  38.7975 
2 SE 836   69   59 79 367 150    

87Sr/86Sr 0.704150  0.704282   0.704247 0.703979 0.704144 0.703963   

2 SE 0.0000226  0.0000135  0.0000139 0.0000135 0.0000127 0.0000136   

143Nd/144Nd 0.512833  0.512756  0.512822 0.512857 0.512822 0.512863  
 

2 SE 0.000003  0.000007  0.000003 0.000011 0.000003 0.000006  
 

Ol 3  5  15    4  
 

Cpx 5  3  15    6  
 

Plag 20  15  7  40 40  
 

opaques 2  1     2 20  
 

GM 60  55  43       
 

vesicles 10  21  10 - 20  10 - 15 30  
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Figure C.9 2 Sample location of young – recent mafic lavas at the BBVC, Kone, Beru and Fantale. 

 

 

 

 

 

 

 



Appendix D 

228 

Appendix D Structural analyses 

D.1 Fault linkage 

 

Figure D.1 1 Geometry of relay ramps around the BBVC. A) Length/width ratios are averaged around 

~3 and are within the range of previously published relays, modified after Long and Imber (2011) 

and Fossen and Rotevatn (2016). B) Slopes over along (white) and across (grey) relays are relatively 

low, compared to grouping after Fossen and Rotevatn (2016).  
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Table D.1 1 Geometry of relay ramps south and north of the BBVC 

No. Location Data 

Fault 1 Fault 2 Along relay ramp Across relay ramp Total / Max. geometry of ramp 

Stage comment Dip 
direction,  

Dip 
direction,  

slope 
Dip Slope Dip length width High 

low plateau up 

1 
South of Gudda, 
fault II to III (R1) 

Lidar NW NW 8.1 0.1 25.2 SSW 
59.3; 24.9; 2.6; 

40 
NW 780 166 0.1 

Breached 

partly 

Erosion on fault scarp is 
deposited on the top of 

relay ramp (across profile) 

2 
South of Gudda, 
fault I to II (R2) 

Lidar NW NW 18.4 2.3 
28.1; 
12.6 

SSW 57; 6.4; 41.8 NW 216 
178 

 
8.7 Breached fully  

3 North BBVC Lidar NW NW - 1.99 - NNE 
4; 0.86; 15.8 

7.4; 1; 10.2 
SE 207 90 1.2 open 

4 different faults along 
ramp 

4 North BBVC Lidar NW NW - 0.8 - SWS  NW 215 141 3 
Just overlapping 

faults 

Lava thickness and rough 
surface make slope 

different to determine 

5 SW of BBVC Aster NW NW 14.2 0.95 - SW 11.7; 1.54; 6.95 NW 440 200 8.3 Partly breached  

6 SW of BBVC Aster NW NW       200 72  Fully breached  

7 SW of BBVC Aster SE SE  5.8; 2.5; 0 8.9; 6.3 SW 0 horizontal 620 80 0 Partly breached  

8 SW of BBVC Aster NW NW    SW      
Open, with some 
breached faults 

 

9 SW of BBVC Aster 

NW  

NW  

NW  

NW  

NW  

NW  

 

6.0 

0.8 – 3.9 

3.9 

 

NNE 

N 

SSW 

 

NW 

NW 

NW 

330 

2360 

365 

245-325 

310-510 

180 

34.5 

81.6 

24.9 

Overlap 

Partly breached 

Partly breached 

 

10 
SW of BBVC 
western axis 

Aster SE SE  1.23; 15.21  NE 13.7; 2.3; 21.4 
NW, 

horizontal 
875 400 106 Partly breached  
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Appendix E   Electronic appendix 

The following data, including raw data, data tables and images, are on the accompanying CD: 

E.1 Chronology 

40Ar/39Ar raw data 

Isochron and plateau age plots 

Relative chronology 

E.2 Morphology 

Area 

Thickness 

Volume 

E.3 Geochemistry 

SEM data 

XRF standards, data 

EMPA standards, data 

ICPMS, standards, data 

Isotopic analysis 

E.4 Structural analyses 

Rift wide cross sections  

Fault displacement profiles 

Orientations 

Throw and slip-rate 
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