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Abstract. The Main Ethiopian Rift (MER) represents an area where volcanism and tectonics interact
to create closely linked volcano-tectonic features. This linkage is paramount in the axial portion of
the rift, where magmatic segments localize several large peralkaline eruptive centres. Many of them
evolved into caldera collapse (the best preserved of which are younger than ~ 1 Ma) generating large
ignimbrites and registering the interaction between magmatism and tectonics along the MER. In this
work we review the structure of the main collapsed calderas along the axial portion of the MER, to
summarize the relationships between volcanism and tectonics proposed in the literature explaining
their structural evolution. By doing this, we infer that tectonics had a strong influence in controlling
the elongation of the majority of examined calderas. This control was induced by reactivation of
inherited crustal fabrics or by stretching of the magma reservoirs under the MER regional stress field.
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1. Introduction

The collapse of calderas is a volcano-tectonic process
associated with the eruption/depletion or the lat-
eral migration of magma from a magmatic chamber
[e.g., Williams, 1941, Roche and Druitt, 2001, Druitt
and Sparks, 1984, Lipman, 1997, Gudmundsson et al.,
2016, Neal et al., 2019, Sigmundsson, 2019], causing
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ISSN (electronic) : 1778-7025

the volume of rock overlaying the latter to subside
and form circular to elliptical depressions that may
span from hundreds of meters to tens of kilometres
in diameter. This process implies the eruption up to
thousands of km® of magma, leading to a subsidence
of the topographic caldera floor up to few kilometres
[e.g., Druitt and Sparks, 1984, Lipman, 1984, 1997].
Caldera collapse is widely distributed in all the tec-
tonic contexts [e.g., Geyer and Marti, 2008] and is a
paramount process in continental rift settings, where
extension and thinning of the lithosphere is associ-

https://comptes-rendus.academie-sciences.fr/geoscience/


https://doi.org/10.5802/crgeos.63
https://orcid.org/0000-0002-3527-2394
https://orcid.org/0000-0001-7399-4438
https://orcid.org/0000-0003-4818-8076
https://orcid.org/0000-0003-1232-7230
https://orcid.org/0000-0001-8832-1471
mailto:daniele.maestrelli@gmail.com
mailto:daniele.maestrelli@igg.cnr.it
mailto:Giacomo.Corti@igg.cnr.it
mailto:marco.bonini27@gmail.com
mailto:domenico.montanari@igg.cnr.it
mailto:federico.sani@unifi.it
https://comptes-rendus.academie-sciences.fr/geoscience/

92 Daniele Maestrelli etal.

ated with the inlet and emplacement of magma bod-
ies at crustal levels. The Main Ethiopian Rift (MER),
in the East African Rift System, does not make ex-
ception, showing hundreds of major volcanic cen-
tres along its whole length (and surrounding areas).
Some of these volcanic systems eventually evolved
into caldera collapse, leading to the emplacement of
large ignimbritic sheets and plinian pumice fallout
deposits with a peralkaline composition that cover
the rift oor and a large part of the surrounding areas
[Peccerillo et al., 2003 and reference therein]. Indeed,
magmatism and tectonics in the MER are crucially
linked and their mutual relationships have been in-
vestigated since long time [e.g., Corti, 2009 and ref-
erences therein]. Nonetheless, the active and pas-
sive role of magma ascent on tectonic processes is
still widely debated [e.g., Bonini et al., 1997, 2001,
Boccaletti et al.,, 1999, Ebinger and Casey, 2001,
Kendall et al., 2005, Casey et al., 2006, Corti, 2008,
Bastow et al., 2010, Wadge et al., 2016], and simi-
larly is the role of pre-existing and rift-related tec-
tonic structures during caldera collapse [e.g., Aco-
cella et al., 2002, Rampey et al., 2010]. Calderas in
the MER have focused the interest of researchers
since the early stages of geological exploration of the
rift, and many studies contributed to document their
volcanic, petrological and structural evolution [e.g.,
Di Paola, 1971, 1972, Mohr and Wood, 1976, Mohr
et al.,, 1980, Spera and Crisp, 1981, WoldeGabriel
et al., 1992, Le Turdu et al., 1999, Acocella et al.,
2002, Peccerillo et al., 2003, Casey et al., 2006, Ram-
pey etal., 2010, Giordano et al., 2014, Hutchison et al.,
2016a,b, Corti et al., 2018, Lloyd et al., 2018]. Despite
caldera collapse is generally accommodated by a sys-
tem of outward-dipping reverse faults and inward-
dipping normal ring faults [e.g., Acocella, 2007], ex-
isting tectonic structures may interact with caldera-
related structures, and in uence the eccentricity of
the caldera system. Several researches claimed, in
fact, an important role of tectonic structures on the
evolution of such systems, indicating that both inher-
ited (older) and rift-related structures are key factors
controlling the collapse [e.g., Acocella et al., 2002,
2004, Holohan et al., 2005, 2008, Maestrelli et al.,
2020, 2021a,b, Bonini et al., 2021].

In this work, we aim to review the structural char-
acteristics of the main collapsed calderas occurring
along the magmatic segments of the MER, to discuss
their setting in the frame of the tectonic evolution of
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the area. We nally aim to summarise in which cases
tectonic structures may have in uenced the develop-
ment of the examined caldera collapse systems.

2. MER tectono-magmatic evolution

The MER represents the northernmost, » 1000 km-
long, sector of the East African Rift System (EARS),
and results from relative motion between the Nubia
and Somalia plates, which is occurring in a roughly
E-W direction at rates of »4—-6 mm/yr [e.g., Bilham
etal., 1999, Saria et al., 2014]. The MER is classically
subdivided in three main sectors re ecting di  Verent
stages of evolution [e.g., Hayward and Ebinger, 1996,
Agostini et al., 2011a]. The Northern MER (N-MER,;
Figure 1), extending from the Afar Depression to the
Lake Koka area, is the most evolved sector, and is
marked by magma-dominated processes. The South-
ern MER (S-MER) has its northern boundary in the
Lake Awasa area, and is nowadays experiencing fault-
dominated extensional processes, with limited vol-
canism, re ecting the youngest stage of evolution.
The Central MER (C-MER), located halfway through
the MER, shows intermediate features. Such di Verent
maturity stages, varying from N to S along the MER,
may suggest that this rift is propagating southward
toward the Turkana Depression, where it links with
the Kenya Rift [e.g., Corti et al., 2019], although the
timing of rift initiation and propagation is complex
and still not fully understood [Balestrieri et al., 2016].
The MER is marked by large boundary faults,
formed asynchronously along the rift and character-
ized by a vertical o Vset E1 km [e.g., Boccaletti et al.,
1998]; these fault systems show di Verent orientation
in the N-MER, C-MER, and S-MER sectors, ranging
from »N40° E in N-MER to N30° E in the C-MER
and varying between NO° E to N20° E in S-MER (Fig-
ure 1). Geological and geophysical data indicate that
the large boundary faults have been active between
11 and 2 Ma in the N-MER, whereas they are still
active in the C-MER and S-MER. The oor of the
present-day rift valley is characterized by a perva-
sive pattern of short, right-stepping en-echelon faults
with throws C100 m and trending obliquely to the rift
boundaries. Similarly to the boundary faults, these
axial structures, classically named Wonji Fault Belt
[WFB; Mohr, 1962h, 1967; Meyer et al., 1975], show
diVerent characteristics in the three MER sectors:
they are oriented » N20° E in the N-MER, »N12° E in
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Figure 1. The Main Ethiopian Rift. Black lines mark the major boundary faults, while blue lines show
the Wonji faults. Green triangles indicate the calderas described in this study. LK: Lake Koka. (1) Dofen
Volcanic Complex (DVC); (2) Fantale; (3) Kone Volcanic Complex (KVC); (4) Gedemsa; (5) Aluto; (6)
Gademotta; (7) Munesa; (8) Shala; (9) Corbetti; (10) Awasa; (11) Duguna; (12) Hobitcha. F-D: Fantale—
Dofen magmatic segment; Boset—Kone magmatic segment; Aluto—Gedemsa magmatic segment.

the C-MER and roughly N-S in the S-MER; in the N- tral), consistent with a roughly E-W trending Late
MER the WFB started forming at around 2 Ma, when Quaternary extension direction (N90°-95°; Agostini
the deformation shifted from the boundary faults to et al., 2011b). In the N-MER, the WFB are closely as-
the axial portion of the rift, whereas they are in an sociated with the Quaternary volcanic activity, with
incipient stage in the C-MER and almost absent in alignment of eruptive centres and volcano-tectonic
the S-MER [e.g., Agostini et al., 2011a]. Kinematics features de ning the so-called axial magmatic seg-
of WFB faults typically varies between pure dip-slip ments [e.g., Ebinger and Casey, 2001, Casey et al.,
to slight oblique-slip displacement (dextral or sinis- 2006; Figure 1]. Active faults at the WFB cross-cut
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several calderas and facilitate post-caldera basaltic
and silicic eruptions forming scoria cones and lava
ows [Fontijn et al., 2018]. The axial segmentation of
the volcano-tectonic activity is mimicked in a simi-
lar segmentation at depth. Tomographic analysis re-
vealed indeed segmented low velocities zones, in-
terpreted as the loci of enhanced melt production
from the mantle, suggesting that magma generation
and faulting at surface are intimately linked [Kera-
nen et al., 2004, Bastow et al., 2005]. The develop-
ment of the WFB in the N-MER has been interpreted
as re ecting a change in the deformation style from
»2 Ma [e.g., Meyer et al., 1975], with the deactiva-
tion of the large-throw boundary faults and migra-
tion of strain and volcanic activity to the centre of
the rift depression [Morton et al., 1979]. As outlined
above, transition from axial tectono-magmatic ac-
tivity and magma-dominated deformation in the N-
MER to marginal faulting with limited volcanism in
the S-MER has been interpreted to re ect a North
to South transition from more advanced to less ad-
vanced rifting stages.

Extension in the Ethiopian region was predated
by a complex pre-Tertiary tectonic history responsi-
ble of several heterogeneities that in uenced rift lo-
calization and evolution at both regional scale and
local scale [e.g., Mohr, 1962b, Keranen and Klem-

perer, 2008, Bastow et al., 2008, Keranen et al., 2009].

This phase was followed by an intense basaltic vol-
canic activity (since » 45 Ma) emplacing the so-called
Trap series, characterised by tholeiitic to alkaline lava
ows [e.g., Kie Ver et al., 2004, Rooney, 2017] interca-
lated with silicic volcanics to form an up to 3000 m
volcanic pile [e.g., Mohr and Zanettin, 1988]. This ac-
tivity continued during the Miocene with the build-
ing of large volcanic edices on the plateaus sur-
rounding the rift [e.g., Kie Ver et al., 2004], and with
a second phase of widespread basaltic activity be-
tween 12 and 8 Ma [e.g., Bonini et al., 2005]. Later
on, at »6-8 Ma, a major pulse in volcanic activity
was con ned within the developing rift valley; this
activity was characterized by the alternate eruption
of large ignimbrite deposits and basaltic magma-
tism [Boccaletti et al., 1999, Trua et al., 1999]. Dur-
ing the Quaternary, this typical bimodal magmatic
activity, mainly occurring as pulsed phases, local-
ized in the axial magmatic segments of the N-MER
[e.g., Casey et al., 2006, Hutchison et al., 2016a]
synchronously to WFB development, generating tra-
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chyte and rhyolite pyroclastites from central emis-
sion points (strato-cones and caldera complexes)
and subordinated basalts from ssural eruptions
[e.g., Chernet and Hart, 1999, Boccaletti et al., 1999,
WoldeGabriel et al., 1999, Casey et al., 2006].

The history of the MER, since pre-Tertiary times,
therefore shows how tectonics and volcanism are
interrelated, indicating that inherited structures
at places in uenced volcanic activity by localizing
eruptions, aligning volcanic centres and guiding dyke
orientation [e.g., Wadge et al., 2016]. It was proposed
that large silicic centres were emplaced at the tip of
magmatic segments, where reduced stress favoured
long residence time and consequent magma evolu-
tion [e.g., Le Turdu et al., 1999, Peccerillo et al., 2003;
Figure 1]. Alternatively, other works suggest that de-
formation at the centre of the segments is mainly
controlled by magmatism, while it is predominantly
brittle at the segment tips [e.g., Kurz et al., 2007].
Several volcanoes along the MER evolved as caldera
collapse structures, and many authors suggested a
role of inherited faults on the development of certain
caldera features [e.g., Acocella et al., 2002]. Besides,
other studies suggest that tectonic activity was sub-
ordinated to magmatism, and that collapsed calderas
were not controlled by inherited fabrics [e.g., Casey
et al., 2006]. In the following paragraphs, we re-
view the main (twelve) caldera collapses (Figure 1),
highlighting their structural setting and aiming to
disclose whether tectonic processes played a role
during their evolution.

3. Collapsed calderas along the MER

We describe collapsed calderas and their structural
setting from N to S, grouping them according to
the three main rift sectors (N-MER, Figure 2; C-
MER, Figure 3; S-MER, Figure 4). This choice re-
ects the di Verence in the evolutionary stage of the
three sectors, consequently in uencing the setting
in which caldera collapse occurred. Characteristics
of Ethiopian calderas have been reported in Table 1,
which has been compiled from the literature and new
data deriving from this study.
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Table 1. Summary of caldera features described in this work and compiled from literature

95

Name MER Lat. Long. Age Age Axial Long Rocks Caldera Area Strain
sector oldest youngest ratio axis features In(La/SA)®
(La/SA)®  trend
Trachy- Summit 1£1km,
basaltic lava calderaona consider-
Dofen N 935 40.13° 1.7Ma® Historic 2.560) ed N113°E ows, strained ing the 0.9403)
rhyolite ows magmatic summit
and domes () edice collapse
1562 Ignim?rite, Nested'inside 208 0.457
Famle N 895 3000 168838KdD 1g00aq® 167 NHZEY oo o 4akm@ 05139
. . .d. 1773 Nill-114° H3) ash f.aIAIout, caldera; 25£ 05713
Lei® N10784° £4) obsm!lan, Fault- 2.5km@ 0.476®3
Led® rhyollte_s, contro!led
basaltic margins
lavas(®
Kone Pumices and Nested; 5.0£
(3 main ash fallout, Fault- 7.5km@
cald.: N 8.84° 39.69° (0.32 Ma(®) 1810 a.d® 1.493) N94 § 1764 ignimbrites controlled 95 km2(5) 0.399
Kone or and rhyolitic margins
Gariboldi, lavas,
Korke, trachytes,
Birenti) basalt
ows )
0.29-0.2 Ma®) Trachytc, Fault-
088Mal® o oeva® 13159 N75°E@ hyoliicand - eq  7-3£96@ 0274
Gedemsa N 836° 39.17°  gMa® 0 | M- @ 1293 N86° E4) obsidian lavas, ) 7£9km@® 0.2073®
-1 Ma Ignimbrite, margins
surges and
fallout (47)
Trachytic,
0.27-0.15Ma®  21-9.42Ka(® Ignimbrites, 8.6£
Aluto C 774 3878 4o a0skd® 60 Ka® 1.72 N90° E®) pumices, 5.0km®© 0.542
obsidian
Ignimbrite,
Shala(O'a) C  7.47° 38.50° 0.24 Ma® 0.18Ma® 1,143 (0'a) N105-110°E pumices, Nested? ~ 16£14km (133
rhyolites, (O'a)
basalts8)
Nested?
Corbetti  C/S 7.20° 38.36° 0.24Ma®  0.18-0.1Ma®1) 1432 N4 B2 lgnimbrite, Fault- 2
) ’ ’ ' ’ ' N135° E(7:10) pumices () controlled 10 km(7:10) 0357
margins
Awasa  C/S 7.04° 3843 10Ma? » 1900 175 YE-W* Ignimbrite Nested?, 3£ 20 0.560
1.85-1.1Ma@D)  a.d.(1? 1.333 Strongly 302 0.288
eroded 40 km(12)
Pumices, ash
Duguna S 6.91° 38.01° 0.46-0.43 Ma(14) ? 1,333 N35° E fa113) 8£ 6 km 0.288
. . Strongly »10 km
Hobitcha S 6.79° 37.88° ? ? ? N110°E Rhyolites K ?
eroded diam.

Reference legend: (1) Chernet, 2005; (2) Hunt et al., 2019 and reference therein; (3) Casey et al., 2006; (4) Acocella et al., 2002 and reference therein; (5)
Rampey et al., 2010 and reference therein; (6) Peccerillo et al., 2003; (7) Di Paola, 1971; (8) Le Turdu et al., 1999; (9) Hutchison et al., 2016b and reference
therein; (10) Di Paola, 1972; (11) Hutchison et al., 2016a; (12) Newhall and Dzurisin, 1988; (13) Corti et al., 2013 and reference therein; (14) Bigazzi et al.,
1993. Where not speci ed the data here reported belong to this study. ed.: edi ce. The strain (or natural strain) is calculated, following Casey et al. [2006],

as the natural logarithm of the caldera long axis ( L a) and short axis ( Sa) ratio.

® The elongation of Awasa is roughly E-W, but the presence of erosional embayments does not allow for a clear de nition of the caldera major axis.
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Figure 2. (a) Dofen Volcanic Complex. This volcanic complex, de ning the northern tip of the Dofen
Fantale magmatic segments, shows a small collapsed caldera. Structures and emission points are mapped
after Casey et al. [2006]. (b) Fantale Caldera showing NW-SE elongation. Caldera and tectonic structures
are mapped after Acocella et al. [2002]. (c) Kone Volcanic Complex (KVC), which is composed of the
remnants of the Birenti Caldera (Bi), Kone Caldera (Ko) and the Korke Embayment (Kr). MtB: Mount
Birenti (black triangle). Caldera location is indicated in Figure 1. Caldera and tectonic structures are
mapped after Acocella et al. [2002] and Rampey et al. [2010]. (d) Gedemsa Caldera showing two major
rectilinear caldera walls. Caldera and tectonic structures are mapped after Korme et al. [1997], Acocella
et al. [2002] and Hutchison et al. [2016a]. Newly mapped tectonic structures are interpreted on 30 m
resolution ALOS DEMSs. Black thick lines indicate caldera structures (dashed black lines for uncertain
caldera structures), while blue lines indicate tectonic structures. Red stars indicate volcanic emission
points. Thick red dashed lines indicate fault-controlled caldera margin, as inferred by Acocella et al.
[2002] and Hunt et al. [2019].

3.1. N-MER calderas
3.1.1. Dofen volcanic complex (DVC)

The felsic Dofen volcanic complex (DVC; Fig-
ures 1b and 2a) is located at the northern tip of
the Dofen—Fantale magmatic segment and is repre-
sented by a NW-SE elongated relief (Figure 5). This
relief has been interpreted to be a strained volcanic
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edice ina »N110° E direction [Casey et al., 2006],
nowadays dissected by several NNE-SSW trending
faults and fractures (Figures 2a and 5). The volcanic
system lays, together with the Fantale Caldera more
to the south, within an east-dipping half-graben
bounded by a 60-80 m-high fault scarp [Casey et al.,
2006]. K/Ar dating ascribes the Dofen complex to
1.7 Ma but historical lava ows testify ongoing activ-
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