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ABSTRACT

The Bora-Baricha-Tullu Moye (BBTM) volcanic complex is located in a transition zone between the central and northern sectors
of the Main Ethiopian Rift where tectonic and volcanic features show complex interplays. We mapped and characterised volcanic
and tectonic features using high-resolution digital elevation models and performed morphometric and vent spatial distribution
analyses. Structural analysis reveals NNE-SSW, NE-SW, and NW-SE trending faults in the region. The dominant post-caldera
volcanic landforms are lava domes, pumice cones, scoria cones, maars, obsidian coulees, and lava flows, which have distinct
morphological characteristics. Vent elongation and alignment highlight close association between these landforms and the
caldera(s) as well as with tectonic structures, suggesting these structures acted as the main magma pathways during the BBTM
volcanic system recent eruptions. We estimate that during the entire BBTM volcanic system post-caldera phase a total bulk
volume of 10.9 km® of material was erupted. This would represent a time-averaged magma flux of 0.05 km?3 ky™" in the BBTM
volcanic system.

KeywoRrbs: Main Ethiopian Rift; Caldera; Morphometry; Volcanic vent alignment; Magma flux.

1 INTRODUCTION

Volcanoes are fed by planar intrusions (i.e. dykes) via crack
opening, orienting perpendicular to the least compressive
stress [e.g. Rubin 1995] Hence, the geometry of the magma
plumbing system is controlled by regional stress and/or pre-
existing structures, and this is partially expressed at the Earth’s
surface by edifice elongation and vent alignment [e.g. Paulsen
and Wilson 2010; Rooney et al. 2011; Le Corvec et al. 2013b].
Spatial distribution and alignment analyses of volcanic vents
have been used to understand the influence of tectonic and
volcanic (i.e. caldera) structures on magma transportation to
the surface [e.g. Tibaldi 1995; Paulsen and Wilson 2010; Le
Corvec et al. 2013b; Hutchison et al. 2015; Mazzarini et al.
2016; Hunt et al. 2020]. The morphology of volcanic land-
forms is also affected by syn-eruptive (e.g. flank slope insta-
bilities, wind direction) and post-eruptive processes (e.g. ero-
sion[Kereszturi and Németh 2012; Kervyn et al. 2012]). Geo-
morphological analysis of volcanic landforms can help to un-
ravel the interplay between eruption and erosion related pro-
cesses [e.g. Kereszturi and Németh 2012; Kervyn et al. 2012;
Bemis and Ferencz 2017].

In continental rifts, magmatism and tectonics interact at a
variety of scales from individual faults and magmatic intru-
sions to lithospheric structures [Korme et al. 1997; Boccaletti
et al. 1998; Casey et al. 2006; Abebe et al. 2007; Rooney et al.
2011; Hutchison et al. 2015; Keir et al. 2015; Maccaferri et al.
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2015; Corti et al. 2018a]. The magmatic and tectonic inter-
actions govern rift architecture [e.g. Ebinger and Casey 2001],
extensional dynamics [e.g. Daniels et al. 2014], and the location
of volcanic vents and edifices [e.g. Acocella et al. 2003; Abebe
et al. 2007]. The East African Rift System (EARS) is a prime
example of an active continental rift extending from incipient
extension to continental break-up [e.g. Corti 2009; Agostini et
al. 2011]. The Bora-Baricha-Tullu Moye (BBTM) volcanic sys-
tem is located mid-way in the Main Ethiopian Rift (MER), at a
section where the properties of the lithosphere [e.g. Macken-
zie et al. 2005; Maguire et al. 2006, Keranen et al. 2009], visi-
ble faults [e.g. Agostini et al. 2011], and eruptions [e.g. Fontijn
et al. 2018] drastically change. This tectonic complexity and
the high vent density of the BBTM volcanic system provide
a good opportunity to study the interplay of magmatism and
tectonics to understand the MER evolution [Korme 1999]. The
BBTM volcanic system is identified to host abundant faults,
fissures, and ring fault networks that are possibly associated
with tectonic or caldera collapse processes [Korme 1999)].

In this study we report the results of morphometric and
geostatistical analyses performed on high-resolution digital el-
evation models (DEMs) of the BBTM region, integrated with
field-based observations of structures and volcanic deposits
[Tadesse et al. 2022]. These results are used to improve our
understanding of the interaction between magmatism and ma-
jor volcanic and tectonic structures in the continental rifting
setting of the BBTM volcanic system.
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Figure 1: Volcano-tectonic overview map of the Main Ethiopian Rift (MER). The location of the Bora-Baricha-Tullu Moye (BBTM)
volcanic system is indicated by a dashed rectangle (for a more detail view, see Figure 2A). The borders of the central (CMER) and
northern MER (NMER) sectors are indicated by thick black lines. The Woniji Fault Belt (WFB) is represented by the distribution of
Holocene volcanoes and dense faulting on the rift floor. The white circles are earthquake (EQ) data scaled to their magnitudes
[Keir et al. 2006]. The MER faults are after Agostini et al. [2011]. Names written in black refer to lakes; those in white to volcanoes.
Inset: the Kenyan rift (KR) is connected to the MER by a broadly rifted zone around the Turkana depression. The MER extends
northwards to the Afar depression and forms a triple junction with the Gulf of Aden (GA) and Red Sea (RS) rifts. The Yerer-Tullu
Welel Volcano Tectonic Lineament (YTVL) and Goba Bonga Volcano Tectonic Lineament (GBVL) are indicated by grey dashed
lines. The MER is formed by active extension between the Western and Eastern plateau in an E-W direction (black arrows on the
inset map) at a rate of 4-6 mm yr™! [Kogan et al. 2012; Saria et al. 2014]. Note the slight change in spreading direction at the
CMER-NMER transition zone.
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Figure 2: BBTM region [A] structural map and [B] profiles along selected transects indicated in [A]. The structural data is modified
after Agostini et al. [2011]. The earthquake (EQ) data are from Keir et al. [2006]. The hill-shade DEM used as a base map is from
both the high-resolution LiDAR and ALOS PALSAR data. The profiles have 10x vertical exaggeration.

2 REGIONAL VOLCANO-TECTONIC SETTING

The MER accommodates the separation of the Nubian and
Somalian plates in the northern part of the EARS at an ex-
tension rate of ~4—6 mm yr~! in an E-W direction [Figure 1,
e.g. Kogan et al. 2012; Saria et al. 2014]. The MER is bounded
by discontinuous boundary faults that have been active since

s
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the late Miocene [WoldeGabriel et al. 1990] and strike from
NNE-SSW in the south to NE-SW in the north [Corti 2009,
and references therein]. Most MER rift sectors (>70 %) are
asymmetric with a major boundary fault system in the eastern
margin, and with a western margin that is more irregular and
marked by minor faulting and monoclines [Corti et al. 2018b].
The recent tectonic and volcanic activity was initiated in the

Page 369


https://doi.org/10.30909/vol.06.02.367390

Structural controls on magma pathways in the Main Ethiopian Rift

Tadesse et al. 2023

Quaternary, and predominantly concentrated along faults that
are arranged in an en-echelon manner (Wonji Fault Belt, WFB
[Mohr 1967; Boccaletti et al. 1998]). The WEFB is characterised
by recent intense seismicity and volcanic activity [Figure 1;
Keir et al. 2006; Abebe et al. 2007]. Overall, the accommoda-
tion of lithospheric extension in the MER migrated, through
time, from slip along the rift border faults to a focused zone of
dyke intrusion and faulting along the rift floor [e.g. Ebinger and
Casey 2001; Wolfenden et al. 2004; Casey et al. 2006; Muluneh
et al. 2020].

The MER is subdivided into three sectors, depending on the
onset and characteristics of rifting: Northern MER (NMER),
Central MER (CMER), and Southern MER (SMER). These sec-
tors exhibit different rift trends, fault patterns, lithospheric
thicknesses, and strain accommodation mechanisms [Figure 1,
e.g. WoldeGabriel et al. 1990; Bonini et al. 2005; Corti 2009;
Keir et al. 2015; Muluneh et al. 2017]. The NMER shows well-
developed axial and rift border faults trending NNE-SSW and
INE-SW, respectively [e.g. Boccaletti et al. 1998; Ebinger and
Casey 2001]. The border faults in the NMER have large ver-
tical offsets (>100 m) accommodating tectonic deformation
since the Mio-Pliocene (post-11 Ma [Boccaletti et al. 1998]).
The WEFB is active in the NMER since 2 Ma, and is charac-
terised by a set of closely spaced faults and magmatic centres
that jointly accommodate the ongoing deformation [e.g. Boc-
caletti et al. 1998; Ebinger and Casey 2001]. Geophysical data
suggest strong crustal thinning and lithospheric modification
beneath the WFB via dyking and normal faulting [Keir et al.
2006; Keranen and Klemperer 2008].

In the CMER, the border faults accommodate extension
with subordinate activity from the rift floor faults [e.g. Corti
et al. 2020} In the southern MER, strain is localised in a
very narrow zone [e.g. Kogan et al. 2012}, however, broadly
distributed deformation is evidenced by surface geology [e.g.
Ebinger et al. 1993; Agostini et al. 2011, Figure 1]. The border
faults were initiated during the Late Miocene-Pliocene (post-
5-8 Ma [WoldeGabriel et al. 1990; Bonini et al. 2005; Abebe
et al. 2010)) in the CMER and during the Early Miocene in the
SMER (~18 Ma [WoldeGabriel et al. 1990; Ebinger et al. 1993)).
In the CMER the WFB faults are mostly localised near the east-
ern rift margins, whereas the western margin is characterised
by volcanic belts with no surface expression of faulting that
extend from Silti-Butajira to Debre Zeyt [e.g. WoldeGabriel et
al. 1990; Rooney et al. 2007; 2011].

The along-axis variations of rift-related deformation in the
different MER sectors is interpreted as a reflection of a transi-
tion from early continental rifting in the SMER to mature rift-
ing in the NMER [e.g. Ebinger and Casey 2001; Keir et al. 2006,
Corti 2009]. Additionally, the crustal thickness increases from
19-25 km in Afar to ~35-40 km in SMER [Mackenzie et al.
2005; Maguire et al. 2006; Keranen et al. 2009]. Seismic tomo-
graphic imaging across the MER confirms strong variations in
crust/lithosphere modification and maturity of the magmatic
system towards the north [e.g. Keranen and Klemperer 2008].
Moreover, the tectonic and magmatic activity in the MER is
further controlled by pre-existing regional E-W or WNW-
ESE trending lithospheric heterogeneity [e.g. Bonini et al. 2005;
Keranen and Klemperer 2008; Keranen et al. 2009; Corti et al.

Ss

Presses universitaires de Strasbourg

2022; Benvenuti et al. 2023} This heterogeneity corresponds
to transfer zones between adjacent segments or (weakened)
structures such as the Yere-Tullu Wellel Volcanic Lineament
(YTVL) and the Goba-Bonga Volcano Tectonic Lineament
(GBVL), almost orthogonal to the general trend of the MER
[Figure 1; e.g. Bonini et al. 2005; Keranen and Klemperer 2008;
Abebe et al. 2010; Abebe Adhana 2014; Corti et al. 2018a; 2022;
Benvenuti et al. 2023]. On a more local scale, the reactivation
of pre-existing structures has influenced caldera architecture
and the distribution of post-caldera vents (e.g. Corbetti vol-
cano [Acocella et al. 2003; Corti et al. 2018a; Hunt et al. 2019;
Maestrelli et al. 2021; Benvenuti et al. 2023)).

The Quaternary volcanic activity has been focused in the
axial part of the MER [e.g. WoldeGabriel et al. 1990} The vol-
canism is typically bimodal in composition with silicic peral-
kaline and basaltic products but very few to no intermediate
compositions [WoldeGabriel et al. 1990; Tadesse et al. 2019;
2023]. The silicic peralkaline products are mainly associated
with regularlyspaced central volcanoes (i.e. Corbetti, Shala,
Aluto, BBTM, Gedemsa, Boku, Boset, Kone and Fentale; Fig-
ure 1), usually hosting elliptical summit calderas [Ebinger and
Casey 2001; Acocella et al. 2003]. The basalts are usually asso-
ciated with distributed monogenetic vents and/or fissure-fed
lavas within or away from the main silicic centres [Ebinger
and Casey 2001].

3 BORA-BARICHA-TULLU MOYE GEOLOGY

The Bora-Baricha-Tullu Moge (BBTM) volcanic system is lo-
cated in the transition zone between the NMER and the CMER
where the general trend of the MER changes from NE-SW to
INNE-SSW [Figure 1 Corti 2009; Agostini et al. 2011]. The pre-
BBTM volcanism is represented by older volcanic rocks such
as ignimbrites (1.58 + 0.2 Ma) and basalts (0.44-0.61 + 0.05 Ma)
[WoldeGabriel et al. 1990; Boccaletti et al. 1998; Tadesse et al.
2023]. At least two caldera-forming eruptions have occurred in
the BBTM volcanic system, the most recent one dated around
107.7 + 8.8 ka [Tadesse et al. 2022]. During the post-caldera
phase, both explosive and effusive eruptions occurred from
several major and small eruptive centres across the complex
[Di Paola 1972; Abebe et al. 1998; Korme 1999]. The ma-
jor eruptive centres are polygenetic and predominantly com-
posed of silicic pyroclastic products (e.g. Baricha, Bora, Werdi,
Oda and Tullu Moye; Figures 2 and 3) or silicic lava domes
(e.g. Jima [Fontijn et al. 2018; Tadesse et al. 2022]). The small
eruptive centres are mostly thought to be monogenetic and
predominantly concentrated in the central and eastern parts
of the volcanic complex characterised by scoria cones, lava
domes and obsidian coulees [e.g. Di Paola 1972; Tadesse et
al. 2023]. In addition to pyroclastic deposits and lava flows,
lacustrine deposits are also found in the central and south-
ern parts of the complex [Turdu et al. 1999; Benvenuti et al.
2013; Tadesse et al. 2023]. In general, the eruptive products in
the BBTM volcanic system are bimodal in composition, rang-
ing from basalts to peralkaline rhyolites linked by fractional
crystallisation with minor crustal contamination [Tadesse et
al. 2023,

The BBTM is an active volcanic system with ongoing seis-
micity [Figures 1 and 2; Keir et al. 2006; Greenfield et al. 2019]

Page 370



VOLCANICA

6(2): 367-390. https://doi.org/10.30909/vol.06.02.367390

L

o, .~
“ Baricha
/ /] e

8°15'N

8°10'N

8°5’'N

e Volcanic Vent

—Crater

- - -Proposed Caldera
Road

| Lava Flow

| [ Obsidian Coulee
Maar
|Scoria Cone
Pumice Cone

% Lava Dome

39°0'E 39°5°E

39°10'E

Figure 3: The volcanic landforms map of the BBTM volcanic system. The hill-shade DEM used as a base map is from both the
high-resolution LiDAR and ALOS PALSAR data. The volcanic landforms mapped in this study are categorised based on field

information and delineated by following breaks in slope.

and surface deformation [Biggs et al. 2011; Albino and Biggs
2021]. The seismicity analysis indicates earthquakes of mag-
nitude My<2.7 clustered around the Bora and Tullu Moye
edifices [Figure 2; Heir et al. 2006; Greenfield et al. 2019)].
Petrological modelling [Tadesse et al. 2023] and magnetotel-
luric surveys [Samrock et al. 2018; 2021] consistently suggest
the presence of magmatic reservoirs at two different depths
(~4 km and 7-29 km) under the BBTM volcanic system.

4 METHODOLOGY

Volcanic features and vents in the BBTM volcanic system were
identified and mapped using data from Digital Elevation Mod-
els (DEM) and Google Earth. A high-resolution (2 m) DEM
that covers the BBTM volcanic complex was generated from
LiDAR data that was acquired by PhotoMap International Inc.
in the spring of 2015. The data were delivered in the WGS
1984 UTM zone 37 datum at 2 m grid spacing with 0.2 m ac-
curacy. Details on the LiDAR image processing are discussed
by Jonsson [2016]. A DEM derived from ALOS PALSAR sen-
sor data (12.5 m resolution) was used for the part of BBTM
volcanic system not covered by the LiDAR and other major
volcanoes of the MER. The ALOS PALSAR DEMs were down-
loaded from the Alaska Satellite Facility*, and are radiometric-
terrain corrected. In addition, we used the available studies

*https://vertex.daac.asf.alaska.edu/
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and 1:50,000 scale geological maps to provide information on
the distribution of eruptive products and edifices in the region
[Di Paola 1972; Abebe et al. 1998; Korme 1999; Tadesse et al.
2023].

From the DEMs we derived several terrain attributes (e.g.
hill-shade, slope, contour) using ArcGIS. The different vol-
canic landforms recognised in the BBTM volcanic system are
classified into lava domes, pumice cones, scoria cones, maars,
obsidian coulees, and lava flows, following the categories by
Hutchison et al. [2015] and Hunt et al. [2019]. The volcanic fea-
tures on the DEM were visually identified by their relief (neg-
ative or positive), shape complexity (circular to elongate), flow
morphologies and presence/absence of a crater (Section 5.2).
Volcanic features such as pumice cones versus scoria cones
and lava domes versus obsidian coulees are sometimes dif-
ficult to identify only using the DEM. In that case we used
lithological information from the available geological maps.
The contacts between different landform features were man-
ually traced at a scale of 1:4000 by following slope breaks
on the map of terrain attributes (mainly hill-shade and slope
[Grosse et al. 2012]). Additionally, volcanic vent locations were
mapped by considering the crater and/or highest peak on the
summit region to represent the eruption centre. The prelimi-
nary map generated from the DEM observations was comple-
mented by a two-week field campaign in May 2022 to ground-
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truth the DEM mapping results in specific areas and to confirm
category identification, delimitation and characteristics of the
landforms.

The MER fault catalogue from Agostini et al. [2011] was
used as a base for fault and lineament mapping. Additional
fault structures identified by their vertical offset with the high-
resolution DEM were confirmed during the field campaign.
The fault and lineament statistics (i.e. length-weighted orien-
tation histogram, length and vertical displacement) were docu-
mented from the DEM and field measurements, and analysed
using the RockWorks and ArcGIS software packages.

Morphometric parameters for the mapped volcanic land-
forms were extracted using the MORVOLC algorithm [Grosse et
al. 2012]. The inputs for the algorithm are the high-resolution
DEM and the manually traced landform boundaries. The
MORVOLC algorithm uses the landform boundary to generate
a 3-D basal surface. This basal surface is generated from
fitting the often-irregular landform boundaries using natural,
inverse distance weighted and kriging methods. This is em-
ployed similarly for all landforms. Then elevation contour
lines with an interval of 2 m are generated, and the summit
region is defined by tracing the elevation where the edifice
starts flattening out [Grosse et al. 2012]. For the landforms
such as scoria cones, pumice cones and obsidian coulees, pa-
rameters such as area, width, major axis, minor axis, height,
volume, average flank slope, azimuth of major axis, elliptic-
ity, and average irregularity index were analysed. For each
landform, these parameters were calculated separately for the
edifice, summit and crater, as described in Table 1. In some
cases the craters are open to one side; for these volcanic fea-
tures the morphometric parameters were calculated by con-
sidering an estimated closed crater following the method of
Grosse et al. [2020]. For rhyolite lava domes and obsidian
coulees, all parameters were taken into account for final inter-
pretation, except azimuth of the basal major axis that would
be distorted by the flow behaviour of the dome. For the lava
flows, only area, width, major axis, and volume were calcu-
lated, whereas the maars were treated as craters because the
latter two volcanic features are similarly characterised by a
depression and do not have topography associated with de-
position. Field evidence shows that lava flow landforms are
sometimes not fully exposed as they are partially buried un-
der more recent deposits. Therefore, the delineation method
following slope breaks only considers those products above
the exposed base, while it disregards buried products. Con-
sequently, the morphometric parameters for these landforms
might be underestimated [Grosse et al. 2012]. Furthermore,
volume of volcanic landforms were retrieved for other MER
volcanic complexes (i.e. Corbetti, Aluto, Gedemsa, Boset, and
Fentale) using the same approach with the MORVOLC algorithm.
We define elongated edifices and craters as those having an
ellipticity of >0.8, as per Paulsen and Wilson [2010] The
height and volume were retrieved from the enclosure profile
and 3-D basal surface computed from the three fitting meth-
ods (i.e. natural, inverse distance weighted, kriging [Grosse et
al. 2012]). These size parameters are reported with the mean
and standard deviation of the different values obtained with
the different basal extrapolation methods (see Supplementary
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Material ; Section 5 and Section 6). The height/basal width
ratio (H/Wg) and summit width/basal width ratio (Ws/Wp)
parameters were also calculated.

Spatial analyses of vent distribution were made using
ArcGIS and MATLAB. To evaluate vent density, spatial analy-
sis was performed for the entire BBTM complex using kernel
density functions. The vent clustering was analysed for the
entire BBTM volcanic system and in detail by defining nine
domains in the volcanic complex based on the vent density
map (Section 5.3). The domains were defined by connect-
ing the outermost points of the volcanic vents in a given area
[Bruno 2004]. The number of domains (nine) is constrained by
qualitative visualisation of the clusters on the vent density map
and keeping at least one vent within the defined polygon in
order to quantitatively compute the clustering. This enabled
us to characterise the spatial distribution of the vents by re-
turning an “R-value”. The R-value was calculated as R, /R.,
with R, the mean nearest neighbour (NN) distance in a pop-
ulation of known point density, and R the expected mean
neighbour distance within a Poisson distribution population
of equivalent density. Re is defined as 1/4/(Np,), where the
population density (pp) is defined by the number of vents (N)
divided by the volcanic field area. The quality of the fit with
the Poisson distribution is quantified by a statistical test (c) that
is defined by R, — R./+/0., where o, is the standard error
of the mean NN distance in the expected distribution. The R
value indicates whether the distribution follows a Poisson (R
= 1), clustered (R<1), or dispersed (R>1) distribution [Bishop
2007).

Vent alignments were determined through two-point az-
imuth statistical methods of Lutz [1986] and Cebrid et al. [2011]
using the MATLAB program of Thomson and Lang [2016]. The
Lutz [1986] method considers the azimuth of all segments join-
ing to vents within the study area, without constraint on the
maximum distance between vents, and gives the regional pre-
ferred alignment. This result is however very dependent on
the shape of the analysed area. To eliminate this bias, 100
Monte Carlo simulations of random patterns with the same
number of points and spatial extent were run to normalise
the raw histogram. Local vent alignment azimuths were also
determined using the method of Cebrid et al. [2011]. In this
method, the azimuth of vent-to-vent segments were only con-
sidered for vents that lie relatively close together, below a
threshold distance. The threshold distance is the value equal
to (x —10)/3, where x is the mean separation distance and is
the standard deviation.

Finally, we evaluated the volcano-tectonic association by
matching the orientation results from the structure, morpho-
metric and vent alignment analyses to understand the influ-
ence of the major structures on the magma pathways (Sec-
tion 6.2).

5 RESULTS
5.1 Structure and lineament analyses

The main surface expression of structures in the study region
is in the form of normal faults and fissures aligned with the re-
gional tectonic trends. The fault structures are predominantly
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Table 1: Morphometric parameters calculated in this study using the MORVOLC algorithm after Grosse et al. [2012]. When applied
to basal edifice (B) or summit (S) for a given landform, the morphometric parameter is indicated with the relevant subscript (e.g.

Wg = basal width; Wg = summit width).

Parameter Unit Description
Area km?  Planimetric area of the (landform, summit, crater) outline
Width km Average width of the (landform, summit, crater) base calculated as
2 x (AB/m)!/2
Maior axis m Length of the maximum (landform base, summit, crater) diameter
! passing through the centroid
Minor axis m Length of the minimum (landform base, summit, crater) diameter
passing through the centroid
Heioht m Difference between the summit elevation and the elevation of the
8 3-D basal surface below the summit
Crater denth m Difference between the lowest crater elevation and the elevation of
P the 3-D crater surface above this point
Volume K3 Volume enclosed between the DEM surface of the landform and the

3-D basal surface

Crater volume km

3 Volume enclosed between the DEM surface bounded by the crater

outline and the 3-D crater surface

Ellipticity

Average Irregularity Index

Height/basal width ratio (H/Wg)
Summit width/basal width ratio (Ws/Wp)

Azimuth of major axis

Flank average slope

Crater average slope

Ellipticity index of the (landform, crater) outline, calculated as
minor axis/major axis
Measure of the complexity of the main elevation contours that
enclose the (flank, crater) outline
Measure of the overall steepness of the edifice
Measure of the relative size of the summit region
»  Azimuth (between 0° and 180°) of the direction of (landform base,
summit, crater) major axis
o Mean and median average slope of the landform excluding the
summit region
Mean and median average slope of the crater

sub-vertical (70-85°) trending NNE-SSW, NE-SW, or NW—
SE (Figures 2—4). Fissures are predominantly trending in a
INNE-SSW direction (Figures 2—4).

The NNE-SSW and NE-SW faults are predominantly ex-
posed in the eastern sector of the volcanic complex where the
topography drastically changes from 1900 m asl on the rift
floor to 2500 m asl on the eastern plateau (Figure 2). The faults
are mainly dipping towards the NW and SE, and the surface
on the hanging wall usually shows a tilt towards or away from
the rift. In coherent geological formations (e.g. lava flows and
ignimbrite), the faults are characterised by steep and promi-
nent scarps. In many cases, the faults die out and/or are not
visible in incoherent geological formations, especially in the
rhyolite pyroclastic units. The tips of the faults terminate as a
tail crack or open fissures extending up to hundreds of metres
[Korme et al. 1997]. In a few locations the faults terminate by
linking to other faults on relay ramps or by branching out to
multiple minor faults (Figure 2A).

The NNE-SSW faults belonging to the WFB are exposed
on the youngest rock units in the volcanic complex (i.e. rhy-
olite pyroclastics, obsidian, scoria and lava flows [Tadesse et
al. 2023)). The length-weighted fault statistics of the Wonji
faults show a dominant trend of N10° E (Figure 5A). The
Wonyji faults are mainly characterised by fresh escarpments,
short strike lengths (20-4000 m) and small vertical offsets
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(<70 m; Figure 5B). The border faults are mainly exposed in
the south-eastern sector of the volcanic complex, but further
North the Wonji faults become dominant [Figure 2A; Corti
et al. 2020]. The border faults form a series of graben and
horst structures, displacing the older rock units (Late Pleis-
tocene; i.e. ignimbrites and basalts [Tadesse et al. 2023]). The
length-weighted rose diagram indicates that the border faults
trend predominantly in a N30° E direction (Figure 5A). These
faults are characterised by longer fault lengths (2000—-20000 m)
and larger vertical displacements (10-250 m) compared to the
Wonji faults (Figure 5B).

The lava flows in the central part of the BBTM volcanic sys-
tem are deformed by NW=SE trending cross-rift faults (Fig-
ure 2A), forming a half-graben morphology (Figure 4B). In
a few locations these NW-SE faults also transect the rhyo-
lite pyroclastics (Figure 4F). In one field location two NW-
SE orienting faults dip in opposite directions (east and west),
and the fault planes are filled by white and finer clasts (fault
gouge) relative to the hosting pyroclastic deposit (Figure 4F).
The cross-rift faults in the BBTM volcanic system are trending
in N40° W direction and dipping to the SW with a vertical
displacement of 10150 m (Figure 5B). The NW-SE faults are
cross-cut by the NE-SW faults in the south-western part of
the BBTM volcanic system (Figure 2A, Figure 4B). In other
parts of the MER (e.g. South of Aluto volcano), NW and NE
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Figure 4: Field photographs of volcano-tectonic structures in the BBTM volcanic system. The geographic North is indicated by a
white arrow on each photo. [A] Regional NE-SW trending border fault, showing fault termination. [B] Regional NW-SE trending
cross-rift faults cut by NE-SW trending faults (black arrows). [C] Ring faults located in the southern part of the BBTM volcanic
system. [D] Open fissure in a pyroclastic deposit located North of Werdi edifice. [E] Eruptive fissure located North of Miesa. [F]
Two opposite dipping faults trending NW-SE in pyroclastic deposits.
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Figure 5: Structural data statistics of the BBTM region. [A] Rose diagram representing frequency of fissures, NNE/NE and NW
faults distribution with their respective orientations. The total lengths considered on each rose diagram are 4.2 km (fissure),
248.6 km (NNE/NE fault) and 13 km (NW fault). [B] Bivariate plots of fault length and vertical displacement against fault orien-

tation.

crosscutting faults form rhomboidal structures [Turdu et al.
1999; Corti et al. 2020].

The high-resolution DEM of the BBTM volcanic system
shows arcuate faults (i.e. ring faults) exposed in the NE, NW,
and SW sectors (near Oda and Bora edifice; Figure 2A) of the
complex. Based on field observations and aerial photo and
satellite image analysis, Korme [1999] identified segments of
ring fault exposed in the NE sector of the BBTM volcanic sys-
tem, named as “Tullu”. The height of the ring faults scarps
ranges from 4 to 300 m, with these maximum values observed
in the NE. The ring faults are exposed in the ignimbrite and
old basalt successions with recent slump cover at the base
in the Tullu ring fault, and in the rhyolite pyroclastics else-
where in the BBTM region (Figure 4C). The ring faults at Tullu
are horseshoe-shaped and open to the west, where the faults
are sub-vertical and reach the maximum height (i.e. 300 m).
The ring faults located in the S and NW parts of the BBTM
volcanic system walls are 4-100 m high and show a well-
developed drainage network formed by erosion. The Tullu
ring fault terminates on the contact with the Wonji faults sug-
gesting the ring fault is older (Figure 2A). The ring faults are
also thought to be associated with the collapse or sagging re-
sulting from the identified caldera-forming eruptions [Tadesse
et al. 2022].

Fissures are restricted to the eastern sector of the BBTM
volcanic system and are aligned with the Wonji and cross-rift
faults without any vertical displacement (Figure 2). They oc-
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cur either as tension fractures (open fissures) or aligned and
connected small eruptive centres (eruptive fissures). These
features are usually located at the tips of the Wonji faults [Ko-
rme et al. 1997]. The length of the fissures reaches up to hun-
dreds of metres. Open fissures have widths of a few cm to
10 m, as confirmed in the field. The open fissure situated im-
mediately north of the Werdi edifice is oriented NW-SE and
thus aligns with the cross-rift fault orientation (Figure 4D). In
the MER there is abundant evidence of fissures that are associ-
ated with soft sediment collapse due to water circulation [e.g.
Asfaw 1998], however the open fissures of the BBTM volcanic
system described here are attributed to a volcano-tectonic ori-
gin, fracturing consolidated rocks (lava and dome) or pyroclas-
tic deposits. The eruptive fissures are associated with young
basaltic lava flows with textures varying from highly scoria-
ceous to massive and porphyritic to aphyric basalt (Figure 4E).
Most eruptive fissures are characterised by a ridge-like land-
form with poor crater preservation. The fissure immediately
north of Miesa hosts fresh-looking multiple craters aligned in
a NNE-SSW direction. Those craters are well preserved and
are ~20-24 m wide, with 5-10 m spacing between the craters.

5.2 Morphometric analyses

5.2.1
Eleven silicic domes are mapped in the region (Figure 2A
and Figure 3), including the Jima, Togee, and Salen edifices.
They are represented on the DEM by positive relief, circular

Lava domes
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Figure 6: DEM-derived slope maps of some selected volcanic features. [A] Jima and [B] Togee lava domes. [C] Werdi and [D]
Tullu Moye pumice cones with open and closed crater, respectively. [E] Horse-shoe scoria cone with open crater. [F] Scoria cone
with crater row formed by coalescence of two eruptive centres. [G] and [H] Obsidian coulees with variable surface irregularity
and [I] Maar crater. The volume (V, km?®), ellipticity index (ei), average irregularity index (jisyg) value of each edifice from the
morphometric analyses are indicated. The black solid lines indicate the boundary of the edifice and crater (if any). Note that the
volcanic features are illustrated using the high resolution LiDAR DEM, but because the LiDAR data have a limited area coverage
exceptionally the 12.5 m resolution ALOS PALSAR data is used for the maar.

to sub-circular shape, and in some cases flow morphologies cept Salen, which is located in the east) and together they
(ie. flow folds). The lava domes predominantly occur in the cover a total area of 55 km?. Most domes are well preserved,
central and north-western sectors of the volcanic system (ex- however a few of them (Jima and the dome next to Baricha)
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Figure 7: Morphometric parameters binary [A]-[D] and histogram [E]-[H] plots of the analysed scoria cones, pumice cones,
lava domes, obsidian coulees, and maars (the latter only included in the histograms). The height/basal width ratio (H/Wg)
and summit width/basal width ratio (Ws/Wg) are indicated in abbreviation. The dashed lines on the edifice/crater ellipticity
histograms indicate the threshold value (0.8) for considering the geomorphic feature as either elongated (<0.8) or not, based
on Paulsen and Wilson [2010].
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show well-developed drainage patterns and evidence of alter-
ation, suggesting a slight degradation (e.g. Figure 6A). Com-
positionally the domes are silicic, made of aphyric to glassy
rhyolites [Tadesse et al. 2023]. The domes have basal widths
0.3-3.5 km, and maximum heights of 240 + 43 m. The volume
varies from 0.001 + 0.0002 to 0.9 + 0.2 km? (Figure 7). The
dome situated next to Baricha has a relatively higher basal
width (6.6 km) and volume (2.3 + 0.3 km?) than the other lava
domes in the BBTM volcanic system, and it also shows fea-
tures such as flow folds and a gentler slope (10°) indicative of
a flow mechanism during its formation. Other domes located
in the study region are characterised by steep average flank
slopes (average of 15°), and generally high ratios of H/Wg
(average of 0.1) and W /Wpg (average of 0.26), suggesting typ-
ical dome morphology [de Silva and Lindsay 2015, ; Figure 7].

Only two domes, Togee and Salen, have a crater on their
summit. The craters are generally small (<315 m width and
~36 m depth) and have a circular shape (ie. >0.8 ellipticity;
Figure 6B and Figure 7B ). The inner crater walls of the Togee
lava dome have a steep mean flank slope (20°) compared to
those of the crater of Salen (9°).

5.2.2 Pumice cones

Pumice cones are most common in the western sector of the
BBTM volcanic system. In total, 18 cones in this category
are identified and mapped, including the major edifices such
as Baricha, Bora, Oda, Tullu Moye, and Werdi (Figure 3).
These are thought to be almost completely composed of sili-
cic (light coloured) pyroclastic deposits based on field evidence
(e.g. deep gully cuts on the cone flanks). The pumice cones
are represented by a positive relief and circular to elongated
shape on the DEM. The pumice cones together cover a total
area of 79.5 km?, without considering the pyroclastic material
that blankets the surrounding flat topography, material that
may have also originated from the cones. All pumice cones in
the study area have a highly irregular flank shape (average of
1.28; Table 2) as a result of dissection by deep gullies and a
well-developed drainage pattern, indicating significant degra-
dation (Figure 6C and Figure 8A). The basal width varies from
0.17 to 5.4 km, and cone heights from 15 + 1 to 442 + 69 m.
The largest pumice edifice (i.e. Bora) volume is 2.5 + 0.4 km?.
The pumice cones are further characterised by generally low
H/Wpg (average of 0.07) and Ws/Wpg (average of 0.22) (Ta-
ble 2). The pumice cones have a wide basal ellipticity of
0.2-0.9 (Figure 7). The major axis of the elongated pumice
cones (< 0.8 ellipticity; n = 17) shows an orientation of either
N10-75° E or N20—44° W.

Some pumice edifices (n = 5) have craters on their sum-
mit. Edifices such as Bora, Tullu Moye, and Oda have a
well-outlined crater (Figure 6D); on the other hand, edifices
such as Werdi have a crater that is open to one side (i.e.
breached;Figure 6C). Generally, the craters show significant
variation in width (0.4-1.5 km), depth (from 51 + 2.3 to
251 + 29 m) and ellipticity (0.6-0.9). The major axis of the
elongated craters (i.e. Tullu Moye) is oriented in a N58° E di-
rection. The inner crater slopes are generally gentle (4-16°);
especially those of the Oda crater (4°).
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5.2.3 Scoria cones

Scoria cones are restricted to the eastern part of the BBTM
volcanic system and roughly distributed along a NNE-SSW
trend (Figure 3). A total of 47 cones in this category are iden-
tified and mapped, covering a total area of 11 km?. Simi-
lar to the pumice cones, the scoria cones have a positive re-
lief and circular to elongated shape on the DEM. The cones
are predominantly composed of black to brownish pyroclas-
tic deposits (unconsolidated to slightly welded), occasionally
with lava flows on their flanks. The scoria cones can be
categorised into breached and non-breached cones. There
are only few scoria cones with ideal symmetrical cone ge-
ometry (Figure 8B). Most are classified as amorphous (non-
symmetrical cones), horseshoe-type (one open crater), and
crater-raw type (coalescing cones with multiple craters), fol-
lowing terminology proposed by Bemis and Ferencz [2017]
(Figure 6 and Figure 8). The scoria cones are generally charac-
terised by an absence of any clear drainage pattern and limited
outer flank irregularity (average 1.07; Figure 6E-F). The scoria
cones are typically smaller than other landforms in the region,
as indicated by their basal width (0.1-1.6 km), height (from
44 +0.01 to 144 + 11 m), and volume (maximum 0.05 + 0.01
km?) measurements on the DEM (Figure 6A and Figure 6E-F).
The scoria cones are generally characterised by higher H/Wg
(average of 0.1) and Ws/Wp (average of 0.29) (Table 2). The
basal ellipticity of the scoria cones is 0.2-0.9. The major axes
of the elliptical scoria cones (n = 43) have a N5-77° E or
N25-77° W orientation.

Some scoria cones in the BBTM volcanic system are
breached (n = 20), with either isolated or multiple coalesced
craters (Figure 6E, F). Overall the craters of the scoria cones
are 84-213 m wide and maximum 41 m deep. One crater has
a larger size, with a crater width of 350 m. The craters have an

ellipticity ranging from 0.5 to 1. The major axes of the elon-
gated craters (n = 18) are oriented N13-61° E or N11-70° W.

5.2.4 Maars

Only two maar landforms were found, which are located in
the southern part of the volcanic system at a distance of 15 km
from Ziway Lake (Figure 1 and Figure 2B). The maars are rep-
resented by negative relief on the DEM. Their crater wall is
composed of interbedded loose pyroclastic deposit and mas-
sive lavas. The pyroclastic layers mainly lapilli-size contain
scoria and lithic clasts. The lithics are predominantly green
ignimbrite with maximum diameter of 25 cm. The outline
of both maar craters is clearly visible and covers a total area
of 0.3 km?, while there is no positive topography around the
crater discernible on the DEM (Figure 6I). The maar craters
are partially filled by sediments, and have maximum of 0.5 km
basal width and 60 m depth. The craters are slightly elon-
gated (~0.7 ellipticity) with their major axis orientation toward
N14° W and N31° E. The inner walls of the craters have a
slope of >10°.

5.2.5 Obsidian coulees

The obsidian coulees are also restricted to the eastern part of
the volcanic system (Figure 3). A total of 15 obsidian coulees
including Giano, Gnaro, and Miesa are mapped, covering an
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Figure 8: Field photos of selected geomorphologic features. [A] Werdi edifice with a well-developed drainage pattern and deep
gullies. [B] Young scoria cone with ideal cone geometry. [C] Maar crater. [D] Giano obsidian coulees with a brecciated surface
morphology.
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Table 2: Summary of BBTM volcanic features selected morphometric parameters result. Note that all the presented results are
average values; the full data set is presented in Supplementary Material 1.

Lava domes Pumice cones Scoria cones Obsidian coulees
Basal width (km) 1.94 1.91 0.46 0.90
Height (m) 98.15 129.01 44.61 65.18
Volume (km?) 0.36 0.29 0.01 0.04
Flank mean slope (°) 14.89 17.32 16.05 14.13
Average irregularity index 1.16 1.28 1.07 1.11
Height/basal width (H/Wpg) 0.08 0.07 0.10 0.07
Summit width/basal width (Ws/Wg) 0.25 0.22 0.29 0.22

area of 15.2 km?. They are represented by positive relief,
without a crater but with flow structures on the DEM. The
obsidian coulees are entirely composed of black obsidian with
a crystallinity of ~10%, often with crystal cumulates [Tadesse
et al. 2023]. The landforms have well preserved flow band-
ing, wrinkles, and ogives developed during lava emplacement.
Additionally, no drainage pattern or deep gullies are observed
on the obsidian coulees and they have a regular shape (1.11
average irregularity; e.g. Figure 6G). Obsidian coulees such as
Giano are highly brecciated with spines up to 2 m high on
the surface (Figure 8D). The size of the obsidian coulees pre-
dominantly falls in the range of 0.06 to 1.2 km basal width,
from 6 + 0.8 to 106 + 22 m height and <0.03 km? volume
(Figure 7A). The Giano and Gnaro obsidian coulees are larger
relative to the others in the BBTM volcanic system; they are
characterised by 2.1 and 2.7 km basal width, 76 + 20 and
115 + 28 m height, and 0.1 + 0.06 and 0.3 + 0.05 km?® volume,
respectively. The obsidian coulees have an average flank slope
of 14°,0.07 H/Wpg and 0.22 Ws/Wg (Table 2; Figure 7C).

5.2.6 Lava flows

Basaltic lava flows predominantly cover the northern and east-
ern parts of the volcanic complex. In those locations, four dif-
ferent lava flow fields each covering an extensive area (rang-
ing from 0.7 to 19.7 km?) are identified. Another two localised
flow fields (< 4.2 km?) are found in the centre of the complex
(Figure 3). We describe them as lava flow fields because in
most places there is no clear exposure, and it is difficult to dis-
tinguish individual flow units from one another. In total, an
area of ~39 km? is covered by the lava flows. Compositionally
they are basaltic [Tadesse et al. 2023], moderately vesiculated
and typically with an ‘a'a type morphology. The maximum
running distance of the lava flows is 0.4-2.2 km; only one
lava flow located at the northern sector of the volcanic system
is significantly longer (8.3 km). The total lava flow volume is
estimated to be 0.3 km3, while the individual lava flow field
volumes range from 0.002 to 0.2 km3. The height of the flows
is highly variable: the maximum measured thickness in the
field is 2.2 m, although the flow base is not exposed.

5.3 Vent spatial analyses

A total of 130 volcanic vents are mapped in the BBTM volcanic
system (Figure 9A). These vents are associated with effusive
or explosive eruptions with products of either basaltic or rhy-
olitic composition [Tadesse et al. 2023]. By absolute number,
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the vents are predominantly concentrated (~60 %, n = 77) in
the eastern sector of the volcanic complex, where the vent
distribution is extended in the NNE-SSW direction (domain
1, 2, 3, and 4; Figure 9A). Much fewer vents (n = 20) are as-
sociated with large edifices such as Bora, and they are mostly
parasitic vents on the flank of the main edifice (domain 9; Fig-
ure 3). The central, southern and northern sector also have
fewer vents (n = 32) (domain 5, 6, 7, and 8; Figure 9A). The
Kernel density map and the mean nearest neighbour (NN)
distance of the vents in the BBTM volcanic system show vent
clustering at a regional level (R = 0.75; Figure 9B, C). As our
aim is to investigate the structural controls on the distribu-
tion of the volcanic vents, we analysed the vent clustering in
the identified nine different domains. The domains located
in the east (2, 3, and 4), around Bora (nine) and in the cen-
tre (seven), are characterised by a clustered vent distribution
(R: 0.52-0.95; Figure 9C). These clustered regions also show a
high vent density (maximum of 1.6 vents/km?; Figure 9) and
very small mean NN distance between vents (< 1 km). In
contrast, the other domains show a dispersed vent distribu-
tion (R: 1.2-2.7) with a lower vent density (0-0.5 vents/km?)
and a higher mean NN distance between the vents (> 4 km;
Figure 9C).

Only monogenetic centres are considered for the vent
alignment analysis, and so polygenetic centres such as Bora,
Baricha, Tullu Moye, Oda, Werdi, and Tullu Moye [Tadesse
et al. 2022] are excluded during the analysis. This is in accor-
dance with the criteria commonly used to define monogenetic
volcanoes (e.g. < 1 km? volume, simple to complex geometry,
single eruption episode [Németh 2010; de Silva and Lindsay
2015)). Results of the monogenetic vent alignment analysis us-
ing the two-point azimuth method of Lutz [1986] and Cebria
et al. [2011] are shown on Figure 10. The vent alignment at a
regional scale is obtained using the Lutz [1986] method, which
gives a dominant preferential direction of N65-85° W, N5—
35° E and N65-80° E (Figure 10B). The Cebrid et al. [2011]
method only considers nearby vents (Section 4) and as a re-
sult there is a slight variation with the result from the Lutz
[1986] method. The local-scale vent alignment analysis [after
Cebria et al. 2011] gives a high peak in the N0-25° E directions
(Figure 10C). The NE vent alignment is focused in the east-
ern BBTM sector, whereas the NW vent alignment is found
predominantly in the central area and near Oda (Figure 10A).

The association of vent location and structural features is
very apparent in the eastern sector of the volcanic complex
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Figure 9: [A] Kernel density map of the vent distribution in the BBTM volcanic system. The vent density is defined as the number
of vents per square kilometre area, and a total of nine distinct domains are identified. Dashed rectangles indicate the location
of the detailed map of [C] and [D]. [B] Summary of the nearest neighbour (NN) analysis of the domains indicated on figure [A]
and overall BBTM volcanic system. The light green coloured shade indicates 2 sigma of the statistical test (Section 4), and the
deep green coloured shades are 1 sigma of the statistical test. [C] and [D] Detailed hill-shade map showing an example of spatial
connection between volcanic vents and faults. Note that the obsidian coulee is located at the tip of the fault, and the scoria

cones are displaced by the faults.

(Figure 3). In this sector, the NNE-SSW fault trend has a
strong spatial connection with the vents. In most cases the
vents are dissected by the NNE-SSW faults and are situated
either at the fault tips or in the middle of the fault on its foot-
wall (Figure 9C and D). In particular, the obsidian coulees (e.g.
Miesa) are located at the fault tips (Figure 9C). These obsid-
ian coulees are not dissected by the faults, indicating they are
younger or contemporaneous to their connecting fault. On
the other hand, the scoria cones are in most cases located at
the middle of a fault and they are usually dissected by it (Fig-
ure 9D). There is some evidence in the eastern part that a
single fault may be associated with both obsidian coulees (oc-
curring at the fault tip) and a scoria cone (around the middle
of the fault), despite their widely different eruption behaviour
and rock composition (Figure 9C). The areas around Oda and
Bora also show a spatial connection between vent locations
and the ring faults (Figure 3, Figure 9). Also, in the western
part of the volcanic complex, the pumice cones are affected
by the fault that connects to them. However, in the central
and northern BBTM region, there is no clear field evidence
to understand the vent-fault linkage, because these areas are
largely covered by lava flows.

6 DisCussION

The above-described observations and geostatistical analyses
show that the BBTM volcanic system is characterised by dif-
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ferent tectonic and volcanic structures, and post-caldera vol-
canic features. Below we discuss the caldera architecture,
volcano-tectonic interaction and magma flux in the BBTM vol-
canic system and its comparison to other MER complexes, to
outline the Late Quaternary volcanic and tectonic interplay in
the recent development of the MER.

6.1 BBTM Caldera complex

Calderas are commonly formed by subsidence associated with
rapid magma withdrawal from a relatively shallow magmatic
reservoir during a large (caldera-forming) eruption [Druitt and
Sparks 1984] A distinctive feature of calderas is the occur-
rence of inward-facing caldera walls or scarps surrounded
by an elevated circular topographic boundary [Branney and
Acocella 2015; Acocella 2021]. The significant unloading af-
ter caldera formation may drive further magma along a ring-
like feeding system during the post-caldera phase of activ-
ity, usually leaving traces of eruptive vents aligned along the
caldera’s walls [Hutchison et al. 2015; Acocella 2021]. There-
fore, calderas can be identified by combining investigation
on the structural geomorphology (e.g. topographic depres-
sion, caldera rim remnants, post-caldera vent distribution) and
proximal volcanic products that may have been emplaced dur-
ing caldera-forming eruptions [Branney and Acocella 2015].
Previous studies suggested that BBTM volcanic system
has undergone several caldera-forming events [Korme 1999;
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Figure 10: Vent alignment analysis of the monogenetic centres in the BBTM region. [A] Map showing the orientation of the
lines connecting pairs of two neighbouring vents. The histograms of the vent alignment orientation are based on the two-point
azimuth method of [B] Lutz [1986] and [C] Cebria et al. [2011]. Raw histogram displays the azimuth between all vents to obtain
the regional preferred alignment. Normalised histogram is the azimuth between the vents after 100 Monte Carlo simulations of
the raw data to eliminate the bias from analysed area geometry. For each analysis, 100 Monte Carlo models were run and a 95 %
threshold value was considered as the critical significant threshold. The dominant preferential direction is indicated by brace

brackets.

Tadesse et al. 2022]. Tadesse et al. [2022] investigated the vol-
canic deposits in the BBTM region and identified deposits
from two caldera-forming eruptions (ie. Suke and Meki).
The Suke deposits constitute pumice and lithic lag breccias,
whereas the Meki deposits are characterised by very thick suc-
cessions of tephra fall (>20 m) and pyroclastic density current
deposits (>13 m) associated with caldera-forming eruptions
[Tadesse et al. 2022]. The age of the older caldera-forming
eruption (Suke) is not known because of a lack of datable ma-
terial [e.g. sanidine; Tadesse et al. 2022]. On the other hand,
the last caldera-forming event recorded in the BBTM volcanic
system occurred at 107.7 + 8.8 ka [Tadesse et al. 2022, and
which is the youngest one documented in the CMER, but older
than Fentale’s caldera-forming eruption that is exposed in the
INMER (76 + 18 ka [Vidal et al. 2022]).

The geomorphological study of the BBTM region based on
orthophoto, satellite imagery and high-resolution DEM analy-
ses [Korme 1999, this study] helps us to visualise the arcuate
(i.e. ring) faults and inward-facing topographic structures that
are mainly exposed in the NE, SW and NW part of the BBTM
volcanic system, presumably representing caldera rim rem-
nants (Figure 3). Similarly, the vents (predominantly pumice
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cones) are preferentially aligned with the presumed caldera
faults in the SW (near Bora and Oda) and central (Tullu Moye
and Werdi) sectors of the BBTM volcanic system (Figure 11).
The major challenge in defining the caldera boundaries exists
in the SE and W part of the BBTM volcanic system, where
the caldera rim remnants are not exposed at the surface. We
assume that, in these areas, the structure is eroded and/or cov-
ered by post-caldera deposits. Erosion possibly plays a major
role in the western part of the BBTM volcanic system, where
the rim is completely made of incoherent to poorly welded
pyroclastic deposits. Along the eastern part, the region is com-
pletely covered by recent volcanic products of lava flows and
monogenetic centres which can obscure the caldera structures.
These processes (erosion and post-caldera infill) are common
in most caldera systems with repeated caldera collapse and
caldera-filling volcanism [e.g. Rampey et al. 2010; Hutchison
et al. 2015] and mask the caldera rim surface expression [Ma-
hood 1984].

The caldera structure in the BBTM volcanic system is pro-
posed by taking together the evidence from the field inves-
tigation of deposits [Tadesse et al. 2022], and observation of
caldera rim remnants and eruptive vent alignment (Figure 2A).

Page 382



VOLCANICA

6(2): 367-390. https://doi.org/10.30909/vol.06.02.367390

Faults

Border
Cross-rift
—— Ring
— Wonji

Elevation (m asl)

- High: 2375
—

Vent alignment

s Border/Wonji
Cross-rift

e Ring

Low: 1588

Figure 11: Conceptual model showing the interplay of tectonics and volcanism in the BBTM volcanic complex. The basaltic [A]
and rhyolite [B] magmas are stored at different depths and transported through fault network [C]. The ring, cross-rift, Wonji and
border faults appear to represent the main pathways for the magma supply in the volcanic system.

We propose two coalescing and sub-circular calderas with a
size of 26 x 20 km? and 17 x 10 km? that explain the ob-
servations (Figure 3). Similarly, other volcanoes in the MER
such as Rone are characterised by overlap of more than one
collapse structure [Rampey et al. 2010]. However, the size of
the proposed caldera structure in the BBTM volcanic system
is larger than those of the other calderas of the MER peral-
kaline complexes, which typically have long-axis diameter of
< 10 km (i.e. Fentale, Kone, Gedemsa, Aluto and Corbetti
[Acocella et al. 2003; Hutchison et al. 2015; Hunt et al. 2019]).
Exceptionally, the Shala caldera in the MER has long-axis di-
ameter of 17 km [Mohr et al. 1980], i.e. similar to one of the
proposed BBTM calderas. However, the proposed caldera
with its long-axis diameter of 26 km from this study is one
of the largest ever proposed in the MER. This caldera is more
or less similar in dimension to the largest caldera in Japan
(i.e. Aso caldera: 25 x 18 km) that has been associated with
an eruption of > 600 km® dense rock equivalent (DRE) de-
posited from four consecutive caldera-forming eruption cy-
cles (Aso 1-4 [Bevilacqua et al. 2022, and references therein]).
Caldera diameters generally increase with the mass of the as-
sociated eruption, therefore, such huge collapse depressions in
the BBTM volcanic system are associated with the withdrawal
of large volumes of magma that usually signifies extensive vol-
canic activity for a considerable time period before and during
the caldera-forming eruption episode [e.g. Branney and Aco-
cella 2015).
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6.2 Volcano-tectonic interaction

Our structural analysis reveals the dissection of the BBTM
region by normal faults associated with the regional ~E-W
oriented extensional tectonic regime. Due to its geodynamic
position, the BBTM volcanic system is a tectonically complex
region in the CMER [Korme et al. 1997], which is characterised
by a reorientation of the extension direction from E-W (in the
rift axis) to NW-SE (in the rift margin) within a distance of
a few kilometres [Agostini et al. 2011]. The Wonji and bor-
der faults are predominantly exposed on the eastern side of
the BBTM volcanic system, where the volcanic centres oc-
cur along the en-echelon WFB and where they are located
close to the eastern rift margin (Figure 2). The central BBTM
region is also affected by few half-graben-forming cross-rift
faults (Figure 2), forming rhomboidal structure with the bor-
der faults [e.g. Boccaletti et al. 1998; Turdu et al. 1999; Corti
2009; Benvenuti et al. 2023, Figure 2 and Figure 3. The inter-
action between the fault systems suggests that the border faults
are younger than the cross-rift structures. There is no strong
evidence regarding the age relationship between the Wonji
and border faults in the BBTM region. However, previous re-
gional studies suggest that the Wonji faults are younger than
the border faults, and have been active since ~2 Ma [e.g. Wold-
eGabriel et al. 1990; Boccaletti et al. 1998; Ebinger and Casey
2001; Bonini et al. 2005; Abebe et al. 2010] and displaces the
<10 ka BP lacustrine deposits in the south of the BBTM vol-
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canic system (i.e. Langano area [Benvenuti et al. 2013]). The
MER border faults at the eastern margin (immediately east of
the BBTM volcanic system) reveal active seismicity [e.g. Keir et
al. 2006; Lapins et al. 2020], a fresh morphometric expression
[Molin and Corti 2015] and Late Pleistocene-Holocene fault-
ing (< 38 ka BP [Agostini et al. 2011; Corti et al. 2020]), which
makes it one of the most active margins in the MER.

The surface expression of volcanism often exhibits features
associated with past crustal and local stresses during the for-
mation of volcanic features [e.g. Rooney et al. 2011; Corti et
al. 2013]. This includes the elongation of edifices and craters,
and the alignment of vents that are mainly guided by the ori-
entation of feeder dykes [e.g. Corti et al. 2013; Le Corvec et
al. 2013b]. The distribution of volcanic vents may relate to
topographic loads and pre-existing or currently active struc-
tures that are configured by far- or near-field stresses [e.g. Le
Corvec et al. 2013b]. In the BBTM volcanic system only few
small volcanic vents are identified as parasitic vents at the base
of big edifices (e.g. Bora), suggesting their topographic loads
may play a role in deflecting propagating dykes [e.g. Kervyn
et al. 2009; Maccaferri et al. 2015]. In most cases the scoria
cones, pumice cones, obsidian coulees, lava domes and maars
in the BBTM volcanic system stand on relatively flat topogra-
phy (< 9°), suggesting a limited topographic control on feeding
dyke migration [Tibaldi 1995].

Monogenetic edifices are directly linked to magma-filled
cracks, or feeder dykes whose orientations record stress field
orientation during the time of magma extrusion [Le Corvec
et al. 2013a). Our vent alignment analysis indicates a close re-
lationship between the orientation of the monogenetic vents
(e.g. edifice and crater major axis and vent alignment) and the
tectonic structures (Figure 10 and Figure 11). The vents show
preferential alignment along the Wonji faults (36 %), and sig-
nificantly along the border (22 %) and cross-rift faults (17 %).
The orientation of the elongated craters also confirms a prefer-
ential elongation along the same direction (48 % Wonji faults,
22 % border faults, 19 % cross-rift faults). However, the ma-
jor axis orientation of the elongated edifices reveals a slight
difference in the proportion of the vents following the border
(36 %) compared to the Wonji faults (30 %), whereas there is no
significant proportional change of the vents aligned with the
direction of the cross-rift structures (17 %). Deviation of the
edifice major axis orientation from the crater major axis and
vent alignment may be attributed to varying process distorting
the original morphology of the edifice (e.g. partial burial and
erosion [Kereszturi and Németh 2012]). Additionally, the ring
faults associated with caldera collapse in the BBTM volcanic
system (central, south, and SW) play a role in dictating the
pathways for magma, as we can understand from the prefer-
ential alignment of the pumice cones along an arcuate pattern
(Figure 2A and Figure 10). Overall, the magmatic pathways
in the BBTM region are mainly controlled by the Wonji faults
and by the border, ring and cross-rift faults. This is however
not the case for the other MER volcanoes, where the magma
pathway (predominantly) follows either the cross-rift (Cor-
betti, Gedemsa, Fentale [Hunt et al. 2019)), ring (Aluto [Hutchi-
son et al. 2015]) or Wonji faults (Boset [Hunt et al. 2019]). This
indicates a complex interaction between tectonics and magma
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pathways along the MER, resulting from the variable role of
regional (i.e. E-W extension) and local stress fields (e.g. pre-
existing structures, caldera structures, and edifice load) along
the rift.

There is an apparent variation in location, size, and degra-
dation of geomorphic features between the different associ-
ated controlling structures. The Wonji and border faults play
a great role on the magma pathway of edifices localised in
the eastern sector of the BBTM volcanic system (Figure 10).
These edifices are mainly scoria cones and obsidian coulees
that have a relatively small edifice size (e.g. < 0.1 km3; Fig-
ure 7A; Table 2) and a relatively fresh morphologic appearance
(e.g. dominantly > 0.12-0.15 H/Wpg, ~1 average irregularity,
little weathering and incision; Figure 7B-D). Geochemical data
presented by Tadesse et al. [2023] on these edifices suggest that
they are composed of basaltic to rhyolitic material (47—74 wt.%
SiO;y), and were emplaced by effusive to minor explosive erup-
tions [Tadesse et al. 2022]. Apart from the BBTM volcanic sys-
tem, there are very few places in the MER (e.g. Soddo region,
SMER [Corti et al. 2013]) where basaltic and rhyolitic magmas
extrude from the same tectonic structures.

The ring and cross-rift faults have a dominant role in con-
trolling magma pathways in the western and central parts of
the BBTM volcanic system (Figure 10 and Figure 11). The ge-
omorphic features associated with the ring faults are pumice
cones with a large edifice size (maximum of 0.8 km?; Fig-
ure 7A) and degraded morphologic appearance (e.g. maxi-
mum of 0.1 H/Wpg; Figure 7B). The pumice cones are com-
posed of highly evolved rhyolites (70-78 wt.% SiO; [Tadesse et
al. 2023)) that were emplaced by explosive eruptions [Tadesse
et al. 2022]. The vent alignment and elliptical cone/crater ma-
jor axis orientation proves that the cross-rift faults play an
active role in the emplacement of the lava domes and pyro-
clastic cones in the centre of BBTM volcanic system (Figure 10
and Figure 11). These geomorphic features are characterised
by variable size (0.0002—0.2 km3; Figure 7A), morphologic ap-
pearance (e.g. 0.0003-0.2 H/Wg; Fig. Figure 7B), composition
(47-78 wt.% SiO; [Tadesse et al. 2023]) and eruption behaviour
(effusive to explosive [Tadesse et al. 2022]). Overall, the Wonji
and border faults (focused in the eastern BBTM volcanic sys-
tem) promote recent, small and effusive to mildly explosive
eruptions of poorly evolved (i.e. basalt) to evolved magma (i.e.
comendite) sourced from a depth of 4-29 km [Tadesse et al.
2023), whereas the ring and cross-rift faults act as pathways
for explosive eruptions of highly evolved (pantelleritic) mag-
mas sourced from shallow depth (~4 km [Tadesse et al. 2023))
in the western and central sectors of the BBTM volcanic sys-
tem (Figure 11).

6.3 Along-rift magma flux and implications to the MER evolu-
tion

Post-caldera volcanism at BBTM volcanic system includes the
formation of domes, cones and lava flows. Since the last
caldera collapse (107.7 ka [Tadesse et al. 2022)) a total vol-
ume of volcanic products of 9.5 + 0.4 km® was extruded in
the BBTM volcanic system. This volume does not consider
the explosive volcanic products transported further away by
buoyant eruption columns. Tadesse et al. [2022] estimated a
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minimum total post-caldera tephra fall volume of 1.4 km? for
such widespread products. A combined minimum volume
of ca. 10.9 km® was thus erupted during tens of different
eruptions that took place across the BBTM volcanic system
since ca. 108 ka. Most products of these eruptions are silicic-
explosive (52 %) and silicic-effusive (41.4 %) with subordinate
basaltic-explosive (3.1 %) and basaltic-effusive (3.5 %) prod-
ucts. This suggests that the erupted magma composition of
the BBTM volcanic system post-caldera phase is predomi-
nantly silicic (trachyte—rhyolite), with very few basalts. Us-
ing the laboratory-measured bulk density of pyroclastic de-
posits (basalt: 860 kg m™3 and rhyolite: 465 kg m~3; this
study) and the melt density reported in the literature (basalt:
2800 kg m~2 and rhyolite: 2300 kg m~2 [Fierstein and Hildreth
1992; Cruden et al. 1995]), we converted the bulk volume of
the explosive volcanic products to the DRE volume, whereas
the bulk volume of the effusive volcanic products is assumed
to be equal to their DRE volume. This recalculation gives a
total DRE volume of 5.6 km3. The combination of the DRE
volume and the youngest caldera age gives a time-averaged
magma flux of ca. 0.05 + 0.02 km® ky~! in the last ca. 100 ky.

Recent studies estimated the post-caldera volume of most
volcanic complexes situated along the axial zone of the MER
[Hutchison et al. 2016; Siegburg et al. 2018; Hunt et al. 2019)].
These volume estimations do not consider the tephra falls de-
posited further away from the volcanoes; therefore the values
are underestimated. To better compare with BBTM volcanic
system, we recalculated the erupted volumes for each volcanic
complex with the MORVOLC algorithm [Grosse et al. 2012]. Our
volume estimates have a < 1 km? difference with the previous
studies, except for Boset volcanic complex. For the Boset vol-
canic complex, the volume estimated by Siegburg et al. [2018]
falls within our estimation range which is affected by a large
uncertainty (Table 3). Published ages for each caldera [Hutchi-
son et al. 2016; Siegburg et al. 2018; Tadesse et al. 2022; Vi-
dal et al. 2022] are also presented in Table 3. Siegburg et al.
[2018] suggest the Boset caldera collapse may have occurred
during or after the emplacement of a ~120 ka silicic lava flow
and correlate it to the time window of 320-170 ka for CMER
caldera-forming eruptions proposed by Hutchison et al. [2016].
There is, however, a wide uncertainty on the Boset caldera
age (<119.8 + 6.1 ka [Siegburg et al. 2018]) and it would re-
quire a detailed investigation of the deposits related to the
eruption. Relative to BBTM, Boset (0.4 km® ky~!) and Cor-
betti (0.05 km® ky~!) have a higher or similar magma flux,
whereas Aluto (0.02 km3 ky~!), Gedemsa (0.001 km?® ky~),
and Fentale (0.002 km® ky~!) seem to be characterised by a
lower eruptive flux. The Corbetti and Aluto magma flux is
consistent with the > 0.01-0.1 km3 ky~! estimate by Fontijn
et al. [2018] based on post-caldera tephra sequences.

The eruptive flux comparison along the MER generally
shows higher values for volcanoes located in the CMER (e.g.
Corbetti, Aluto, and BBTM) than those in the NMER (e.g. Fen-
tale). Exceptionally the Boset and Gedemsa volcanoes have
extreme high and low eruptive flux estimates, respectively,
that may require further scrutiny in future studies. The re-
sponsible factors for the along-rift variation in volcanism may
be associated with heterogeneity of magma generation, stor-
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age and transport in the mantle and lithosphere, respectively
[Keir et al. 2015; Iddon et al. 2019} Geophysical studies (i.e.
seismic anisotropy, shear wave splitting, and regional man-
tle tomography) confirm the presence of relatively high melt
volumes beneath the CMER compared with the SMER and
INMER [Bastow et al. 2008; Hammond et al. 2014]. The CMER
also has a younger rifting history than elsewhere in the MER
[WoldeGabriel et al. 1990; Bonini et al. 2005; Abebe et al.
2010]: younger plate stretching could contribute to increased
magma generation since the thermal anomaly created by as-
thenospheric upwelling is more prominent than in the sur-
rounding areas [Bastow et al. 2008; Keir et al. 2015].

The mantle-derived magmas are transported to the upper
lithosphere and mostly stored for a while before eruption [e.g.
Iddon et al. 2019; Tadesse et al. 2023]. Magma storage condi-
tions (e.g. temperature, pressure, volatile content) at shallow
level have a great impact on the magma eruptibility [e.g. An-
nen et al. 2008; Gelman et al. 2013]. Previous work suggests
some difference in shallow level storage conditions of the (sili-
cic) magmas at Aluto (718-765 °C, 5.4 km [Gleeson et al. 2017))
and the BBTM (700-900 °C, 4 km [Tadesse et al. 2023]). The
higher magma temperature in the BBTM volcanic system rel-
ative to those in Aluto volcano may explain the contrast in
the eruptive flux between the two volcanoes in combination
with the faulting (as discussed in Section 6.2). There is no
comparative information for the other volcanoes (Corbetti and
Fentale) to identify any systematic contrast or gradient along
the MER. Moreover, the interplay of faulting and gravitational
unloading associated with far-field tectonic forces and crustal
thinning also plays a great role on the magma supply within
the lithosphere [Maccaferri et al. 2015; Chambers et al. 2021].
As a consequence, the dominance of WFB and the thinner
crust in the CMER and NMER relative to the SMER may fa-
cilitate magma eruption in those first two sectors of the MER
relative to the latter [Mackenzie et al. 2005; Maguire et al. 2006;
Keranen et al. 2009; Agostini et al. 2011].

7 CONCLUSION

Morphometric, structural, and vent spatial analyses provide
new insights into the relationship of tectonics and volcanism
in the MER. The structural analysis of the BBTM volcanic
system reveals evidence of various tectonic structures in the
complex. The NNE-SSW (Wonji faults), NE-SW (border
faults), and NW-SE (cross-rift faults) faults are the major tec-
tonic structures and each have different fault orientation, fault
length, vertical displacement and fault density. The tempo-
ral relationships in the field suggest that the border faults are
younger than the cross-rift faults. The observed caldera rim
remnants on the high-resolution DEM are explained by at least
two coalescing elliptical calderas with a size of 26 x 20 km?
and 17 x 10 km?. The common BBTM volcanic system
post-caldera landforms are lava domes, pumice cones, scoria
cones, maars, obsidian coulees, and lava flows, which have
distinct morphological characteristics. Vent elongation and
alignment analysis suggests that the post-caldera landforms
are highly associated with the caldera(s) and tectonic struc-
tures, highlighting that these structures have acted as magma
pathways during the recent eruptions at the BBTM volcanic
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Table 3: Post-caldera erupted volume and post-caldera magma flux estimate for selected MER volcanic complexes. Caldera ages
and post-caldera eruptive volume estimates from previous studies are presented. The volume of post-caldera volcanic products
at Boset volcano (Boset-Bericha Volcanic Complex) is calculated based on the estimate of Siegburg et al. [2018] subtracting the
pre-caldera phases (A0, A1, A2, B; ~11 km?®) from the total Boset-Bericha Volcanic Complex (~65 km?®) volume.

Volume (km?)

Volcano Caldera age (ka) DRE (km®) Magma flux (km? ky~?)
Literature This study

Fentale 76 + 18* <18 01 + 0.03 0.1 0.002 =+ 0.0004
Boset <119.8 + 6.1%* ~54** 483 + 85 48.2 04 + 0.07
Gedemsa 251 + 47* 1F, <18 04 =+ 0.05 0.3 0.001 + 0.0004
BBTM 107.7  + 8.8" 109 + 04 5.6 0.05 =+ 0.02
Aluto 306 +12 — 316 + 19* 27% 266 + 0.8 6.7 0.02 =+ 0.01
Corbetti 182 i 28% 15%, 1458 143 + 0.9 8.7 0.05 =+ 0.02

*Vidal et al. [2022]

** Siegburg et al. [2018]
T Tadesse et al. [2022]

# Hutchison et al. [2016]
$ Hunt et al. [2019)

system. The Wonji and border faults (focused in the east-
ern BBTM volcanic system) promote recent, small and effu-
sive to mildly explosive eruptions of basaltic and comenditic
magma sources from a great depth (4-29 km), while the ring
and cross-rift faults act as pathways for explosive eruptions
of highly evolved pantelleritic magmas sourced from shallow
depth (~4 km) in the western and central sectors of the BBTM
volcanic system. During the BBTM post-caldera phase, a to-
tal volume of 10.9 km? (i.e. DRE = 5.6 km?®) of mostly silicic
magma was erupted, at an average rate of 0.05 km? ky~!.
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