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Abstract

The East African Rift (EAR) is dominated by peralkaline volcanism, making it an ideal
location to study such typically rift-related volcanism and the processes behind the evolution
of these enigmatic magmas. Over 120 million people live within a 100 km radius of
a volcano within the EAR, and with the ongoing development of geothermal projects
associated with large silicic centres, investigating the nature of past volcanism becomes
vital for understanding these systems and informing future hazard assessments. The Main
Ethiopian Rift (MER) forms part of the EAR and hosts 59 Holocene volcanoes exhibiting
diverse eruptive products. This thesis focuses on one of these centres, a restless caldera in
the southern section of the MER: Corbetti caldera.

Through fieldwork, and geochemical and petrological investigations of peralkaline erup-
tive products, this thesis sheds light on Corbetti’s eruptive history, magmatic processes, and,
by comparison with literature data, the variation in peralkaline magmas originating across
the MER. This thesis shows that Corbetti has followed a similar evolutionary pattern to other
calderas in the MER. It provides a comprehensive account of Corbetti’s eruptive history,
presents a relative chronology of activity, constrains the age of the Biftu Tuff cone to <
7375 + 54 cal BP and delimits several new distinct lava flows from Chabbi. This work
shows that over the last 2.3 ka Corbetti has experienced at least one eruption every 300-400
years. These eruptions have almost exclusively been peralkaline rhyolites, with only a single
basaltic eruption found (reported and documented here for the first time). Detailed geo-
chemical investigation reveals the monotony of erupted compositions and elucidates how
peralkaline magmas are derived from alkali basalts through progressive fractional crystalli-
sation. Water content in the alkali basalts (~0.5-1.2 wt.%) and peralkaline magmas (~ 7
wt.%) are estimated, and storage depths constrained using barometry (50-190 MPa) and
RhyoliteMELTS modelling (150-250 MPa). The distinct lack of geochemical and petro-
logical diversity of peralkaline magmas at Corbetti is in stark contrast to the rest of the rift.
This thesis reviews the geochemical variation in peralkaline products across the MER and
investigates the mineralogical controls on observed liquid lines of descent, with a focus on
the Qz-Or-Ab-Ns-Ac residua system. Distinct trends at the alkali-feldspar quartz cotectic
are identified, influenced by the proportion and composition of the fractionating feldspar

phase and the presence or absence of Na-rich clinopyroxene. This thesis also presents



evidence from some MER centres showing a shift in the location of the quartz-feldspar co-
tectic, which may be in response to variations in storage depth or concentration of halogens,
particularly F, in the melt.

This work presents new insights into Corbetti’s past eruptions, underlining potential
hazards associated within this actively uplifting caldera. It also enhances our understanding
of the generation and storage of peralkaline magmas and highlights the homogeneity of
Corbetti’s magmas compared to the diverse range of peralkaline compositions observed
across the rift. These findings contribute to hazard assessments and further our knowledge

of rift-related volcanism.
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Chapter 1

Introduction

1.1 Motivation and scope of research

The Main Ethiopian Rift (MER) forms part of the wider East African Rift (EAR), connecting
the Afar depression in the North to the Turkana and the Kenyan Rift to the South (Figure
1.1). Rifting in the MER started ~30 Ma and developed asynchronously across the northern,
central and southern sections and is the classic example of an active continental rift system
(Mohr et al., 1980; WoldeGabriel et al., 1990; Ebinger and Casey, 2001; Ebinger, 2005;
Kendall et al., 2005; Casey et al., 2006; Pizzi et al., 2006; Kurz et al., 2007; Corti, 2009;
Purcell, 2018; Boone et al., 2019). The development of the Wonji Fault Belt (WFB) ~2 Ma, a
region within the northern section of the rift containing short, right-stepping echelon faults,
resulted in the migration of strain away from the boundary faults and towards the centre
of the rift (Casey et al., 2006). This fault belt and the development of magmatic segments
marked a transition towards magma-assisted rifting (Kendall et al., 2005). The Wonji
fault belt and cross-rift structures have significant control over the style and distribution
of volcanism across the rift (Mohr et al., 1980; Robertson et al., 2016; Corti et al., 2022;
Maestrelli et al., 2022). Over the period of rift development to the present day, the Ethiopian
Rift has experienced a diverse range of eruptive styles, from the eruption of flood basalt
during the early stages of rift development (Corti, 2009) to large-scale caldera-forming
eruptions, the most recent of which occurred during the Pleistocene ~76-320 ka (Hutchison
et al., 2016b; Vidal et al., 2022a).

The Main Ethiopian Rift (MER) provides a unique environment to study the various

stages of continental rifting and associated volcanism. Ethiopia is home to 59 Holocene-



40°0'E 45°0'E
4Sanna
A
39°0.0'E 39°30.0'E 40°0.0'E 40°30.0'E
s i B AZE Ars 7 ——
- ©-Addis Ababa -
z - ™ [ S Fentale pwash <
o /\baba ; “ Afar o 7z e
~ I i Depression ” % 5 Basaka ©
f Mam 4 b
s ',‘Ethiopian ; Boset- Kone 1/
i il BerlchaAA /’ -
Z ; ; 5 S
og Turkana Ko’;fa? Koka /i N =]
Depression 4 { AGedemsa 5 %
Bora- =
LY ( — Baricha AA' TulluMoye 025 50km
_l A :
oA /g/ 7 Z/yvay i 38°18'E/ 38°30'E 3/8°42'E %
x CepitaiGity g @ % Z’Way = (} !\ ﬁ/@alj oe
m  Settlements /Bulbula A Aluto : { V\Sha’aKCaldera
A Volcano Abijata . ﬁLangano Aew {/ H/ /
B Lakes Z Shala 4 S?hala Bekoji_ . /B o z
g/F B dary Fault 8 “caldera W; c°'bet{t}’”: Shash ene 8
—— Boundary Fault N Ajey Bura y /// ~
A. % 7 3 h Ha&sa /
Corbetti ShaShemene “lo wkm(”Hawa\ssa gende Genet
Hawassam Hawassa e —
38°30.0'E 39°0.0'E 39°30.0'E 40°0.0'E 40°30.0'E

Figure 1.1: A) Overview map of the East African Rift, highlighting the location of the Main
Ethiopian Rift (Black Box). B) Detailed view of the Main Ethiopian Rift (MER) showing the
location of major volcanic centres and Corbetti caldera highlighted by the black rectangle.
C) Close-up view of Corbetti Caldera (ramparts indicated by black triangles after Hunt et al.
2019) and the Wonji fault belt (WFB; Agostini et al. 2011.



active volcanoes and has the 5™ highest risk to human life from a volcanic source of any
country in the world (Aspinall et al., 2011; Loughlin et al., 2015; Biggs et al., 2021). This
is primarily due to two factors, firstly, the exposure of the population and lack of direct
monitoring, and secondly, due to our limited understanding of the nature of volcanism
within the rift. In recent years, several large-scale research projects have sought to address
gaps in our understanding of the volcanic systems in the MER and have explored the physical
volcanology and geophysical observations, including seismic surveys at several centres in
the MER (e.g. EAGLE; Maguire et al. 2003, Maguire et al. 2006, Bastow et al. 2011,
RiftVolc 2014-2021; Hutchison et al. 2016a, Siegburg et al. 2017, Fontijn et al. 2018,
Hunt et al. 2019, Tadesse et al. 2019, Biggs et al. 2021, Albino and Biggs 2021, Tadesse
et al. 2023). This thesis seeks to build upon that work by investigating the eruptive history
and magmatic evolution of one of these large caldera systems: Corbetti Caldera.

Corbetti is a large silicic caldera in the southern part of the MER (Figure 1.1). It has
undergone at least one caldera-forming eruption, dated to ~182 ka (Hutchison et al., 2016b;
Vidal et al., 2022b). This eruption was one of several large-scale caldera-forming eruptions
that appear to form part of a wider flare-up of high-magnitude volcanic eruptions in the
MER during the Pleistocene (Hutchison et al., 2016b). The caldera is around ~20 km
from the towns of Hawassa (population 422,000) and 25 km from Shashemene (population:
208,000) (Figure 1.2; Ethiopian Statistics Agency 2022). The caldera rim has an irregular
elliptical shape, approximately 15.6 X 10.9 km along the long (E-W) and short (N-S)
axes, respectively (Hunt et al., 2019). Within the caldera, three post-caldera edifices have
developed (Figure 1.2). Artu, to the north, is the oldest and most heavily eroded, with
little known about its eruptive history. Urji is found to the west and is dominated by
pumice cones and has been the source of some of the largest eruptions within the caldera.
Chabbi lies to the east and is dominated by the eruption of obsidian lava flows (Mohr,
1966; Macdonald and Gibson, 1969; Rapprich et al., 2016; Fontijn et al., 2018). The
contrasting styles of volcanism between Urji and Chabbi present very different hazards to
the surrounding populations. Similarly, the mechanisms that control these two very differing
styles of volcanism are currently poorly understood. Before this work, our understanding
of the physical volcanology of Corbetti was limited, with the focus being on the most recent
Plinian eruptions (VEI 4-5) known to have occurred at the centre (Rapprich et al., 2016;
Martin-Jones et al., 2017; Fontijn et al., 2018). Two major Plinian/sub-Plinian eruptions,
thought to have originated from Urji, have previously been identified: (i) the Bedded Pumice
eruption and (ii) the Wendo Koshe Younger Pumice (WKYP). These two eruptions have



produced extensive pumice fall-out deposits, with the WKYP depositing up to 0.5 m of
material in the town of Shashemene (Rapprich et al., 2016; Fontijn et al., 2018).

As with many of the large caldera systems in the MER, Corbetti predominantly erupts
peralkaline rhyolite magmas (Rapprich et al., 2016; Fontijn et al., 2018). Peralkaline
magmas have a molar excess of sodium and potassium oxide with respect to aluminium
oxide (molar Na,O+K,O/Al,0O3 > 1; Shand 1927) and generally have a lower viscosity
compared to their calc-alkaline counterparts (Di Genova et al., 2013; Hughes et al., 2017).
Peralkaline products can broadly fit into one of three different types (1) SiO, undersaturated,
where evolution tends towards phonolites and foidites, (2) SiO; saturated, trending towards
trachytic compositions and (3) SiO, oversaturated, which evolves towards comendite and
pantellerite compositions (Frost and Frost, 2008; Jeffery and Gertisser, 2018). Classification
into comendite or pantellerite compositions is based upon the respective concentration of
Al,O3 and FeOt; however, the boundary, as defined by Macdonald (1974), is arbitrary.
Extreme peralkaline compositions with FeOt > 15 wt.% and Al,O3 < 4 wt.% have been
reported at Boset in the MER (Macdonald et al., 2012) and Pantelleria, Sicily (White
et al., 2023). These reflect the effective "endpoint’ composition of peralkaline products
(Macdonald et al., 2012, 2021; White et al., 2023). Whilst more extreme compositions can
evolve, they are likely to be rheologically locked and therefore do not erupt (Macdonald
etal.,2021; White et al., 2023). In generating these extreme compositions, the fractionation
of alkali-feldspar is key. Alkali-feldspar fractionation can be traced by projecting data
onto the Qz-Or-Ab-Ac-Ns residua system using CIPW normative components (Figure 1.3;
Carmichael and MacKenzie 1963, Bailey and Schairer 1964,White et al. 2023). As a
peralkaline magma cools and fractionates feldspar, it will track along the ’thermal valley’
towards the feldspar-quartz cotectic. This progressive fractionation of alkali feldspars

causes the residual melt to become enriched in Na and increases its peralkalinity.

The processes governing the petrogenesis of peralkaline magmas is a point of debate,
with two main theories proposed: extreme fractional crystallisation (Scaillet and Macdon-
ald, 2006; Di Carlo et al., 2010; Gleeson et al., 2017) or partial melting of the crust (Davies
and Macdonald, 1987; Mahood and Stimac, 1990). A hybrid hypothesis has also been
proposed, which suggests a two-stage process where fractional crystallisation dominates,
followed by some degree of crustal assimilation (Peccerillo et al., 2003, 2007; Hutchison
et al., 2018). Available evidence from various volcanic settings supports these hypothe-
ses to differing degrees, indicating the complexity of these processes and that peralkaline
compositions are a common but not inevitable result of magma evolution under certain

conditions.
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For several reasons, it is important to understand past activity at Corbetti and the nature
of its magmatic system. Recent geophysical observations have shown Corbetti is restless
and uplifting at a rate of around 4 cm/yr between 2007-2020 (Biggs et al., 2011; Lloyd et al.,
2018a; Biggs etal., 2021; Albino and Biggs, 2021), having previously been thought not to be
active. In addition, investigation of some of the most recent deposits has demonstrated that
Corbetti has produced Plinian eruptions during the Holocene that have deposited widespread
tephra fallout units across areas that are currently densely populated. This demonstrates
the risk posed to the over 400,000 people who live within 30 km of Corbetti from future
eruptions (Lloyd et al., 2018b). Corbetti is currently a target for geothermal exploration,
with potential identified initially for generating 10 MW of electricity but potentially up to
1000 MW by 2030 with sufficient investment (InfraCo Africa, 2023). The development
of geothermal projects is a fantastic opportunity for the local economy providing jobs
and investment, but it provides a pull factor for people to live within the already densely
populated caldera. Therefore, consideration of the volcanic risk that Corbetti poses is

particularly timely.

1.2 Research objectives

This study aims to provide a greater understanding of peralkaline volcanism within the
MER by focusing on Corbetti and a better understanding of Corbetti’s past activity. This

will be achieved through several objectives:

1. Undertake a comprehensive field study of Corbetti’s eruptive deposits providing
detailed descriptions of major eruptive units and, where possible, correlating them

across multiple localities.

2. Develop a detailed composite stratigraphy encompassing the exposed units at Corbetti

and incorporating previous observations.

3. Offer interpretations for the eruptive processes, which resulted in the emplacement

of units observed at Corbetti.
4. Provide absolute or relative constraints on the timing of eruptions across the calderas.

5. Outline the geochemical characteristics of eruptive products at Corbetti caldera, in-

vestigating variation in major and trace element geochemistry.



6. Investigate the magma storage conditions at Corbetti caldera through a combination

of thermodynamic modelling and petrological techniques.

7. Undertake analysis of crystal phases and glass for thermometry, barometry and hy-

grometry.

8. Compare the results of RhyoliteMELTS modelling with independent thermometry
and hygrometry.

9. Investigate a rare basaltic eruption recorded within the caldera to constrain its com-

position and variation in composition through the deposit.

10. Provide an overview of the compositional variation in peralkaline magmas that erupted
across the MER.

11. Present a review of the mineralogy of peralkaline products found within the MER.

12. Identify trends in major element data of peralkaline products from Corbetti and
compare these to other systems in the MER. Investigate the mineralogical control
on the observed trends using mass balance modelling and compare with observed

mineral assemblages.

13. Track the fractionation of alkali-feldspar through the Quartz-Orthoclase-Albite-Acmite-
Na silicate residua system, identify differences in the location of the quartz-alkali-

feldspar cotectic and investigate the mineralogical controls on these features.

1.3 Thesis Outline

This thesis comprises 5 chapters, including this introduction (Chapter 1) and a conclusions
chapter (Chapter 5). Chapter 2 has been published in the Journal of Volcanology and
Geothermal Research (Colby et al., 2022) and is identical to the published versions except
for minor spelling corrections and changes to the figure referencing to keep it consistent
with the formatting of this thesis. Chapter 3 has been submitted for publication to the
Journal of Volcanology and Geothermal Research and is currently in review. Chapter 4 will

be submitted to a journal at a later stage. Below is an outline of each chapter.



1.3.1 Stratigraphy and Eruptive History

Chapter 2 explores the physical volcanology of Corbetti Caldera. In this chapter, I present
the outcomes from a 3-week field campaign undertaken from Jan-Feb 2020, give detailed
descriptions of the observed units, and correlate these units across multiple localities. I
present evidence for these correlations and interpretations of the emplacement mechanism
of the units. I also provide an overview of the geochemical variation at Corbetti caldera
and compile a comprehensive composite stratigraphy incorporating observations from this

study and previous work.

This work has been published in the Journal of Volcanology: David J. Colby, David M.
Pyle, Karen Fontijn, Tamsin A. Mather, Abate A. Melaku, Million A. Mengesha, Gezahegn
Yirgu, Stratigraphy and eruptive history of Corbetti Caldera in the Main Ethiopian Rift,
Journal of Volcanology and Geothermal Research, Volume 428, 2022, https://doi.org/
10.1016/j.jvolgeores.2022.107580.

1.3.2 Magma Storage Conditions

Chapter 3 investigates the magma storage conditions at Corbetti caldera. Here I present
geochemical and petrological data on the only basaltic eruption known from Corbetti,
and use RhyoliteMELTS modelling to determine the likely pressure and fO, conditions
under which the magmas at Corbetti evolved and the initial H,O content of the parental
alkali basalt. I compare these results with a petrological investigation of two end-member
compositions, using a range of mineral-liquid thermometers and hygrometers to constrain
storage temperatures, pressures and water contents. These findings are then compared with

geophysical observations at Corbetti and data from across the MER.

This work has been submitted to the Journal of Volcanology and Geothermal Research
and is currently in review: David J. Colby, David M. Pyle, Karen Fontijn, Tamsin A. Mather,
Abate A. Melaku, Million A. Mengesha and Gezahegn Yirgu, (in review), Magma storage

conditions beneath a peralkaline caldera in the Main Ethiopian Rift.


https://doi.org/10.1016/j.jvolgeores.2022.107580
https://doi.org/10.1016/j.jvolgeores.2022.107580

1.3.3 Diversity in Peralkaline Magmas across the Main Ethiopian Rift

Chapter 4 explores the geochemical variation in peralkaline magmas across several silicic
centres within the Main Ethiopian Rift. In this chapter, I explore the similarities and
differences observed across the MER and highlight the lack of diversity observed at Corbetti.
I outline the varying mineralogical controls on the development of peralkaline magmas and
explore the data through the lens of the Qz-Or-Ab-Ac-Ns residua system. Iidentify evidence
for multiple liquid lines of descent and mineralogical controls for generating observed

peralkaline compositions within the MER.

1.3.4 Conclusions and further work

In the conclusions (Chapter 5), I highlight the key findings from this work, provide an
overview of areas that require further research, and highlight the unresolved questions that

can offer the basis for future studies.
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Abstract

The East African Rift (EAR) hosts the highest density of peralkaline volca-
noes of any region globally, making it an ideal location to study the subaerial
and magmatic processes of peralkaline volcanism. Corbetti caldera is one
such peralkaline centre found within the southern part of the Main Ethiopian
Rift (MER), a segment of the EAR. Corbetti is actively deforming and has
previously undergone large-scale Plinian eruptions. However, our broader un-
derstanding of Corbetti’s evolution is limited. Here we present a detailed study
of the pre-, syn-and post-caldera eruptive deposits and compile them into a
composite stratigraphy of the volcanic sequence. We find evidence for multi-
ple previously undocumented large-scale eruptions, including the deposition of
two pre-caldera lithic lag breccias, and we identify three additional post-caldera
obsidian lavas. We constrain the age of a young Tuff Cone, Biftu, which sits
outside the caldera walls, to < 7375 + 54 cal BP through '“C dating of shells
within an associated PDC deposit. The Wendo Koshe Cone, the most recent
cone within the complex, is interpreted as the remains of two cones that opened
in close proximity to each other and formed the vents for two pyroclastic erup-
tions: Bedded Pumice and Wendo Koshe Younger Pumice (WKYP). There is
abundant evidence for the occurrence of pyroclastic density currents (PDC)
within the caldera, usually associated with pumice cone-forming eruptions.
These flow deposits rarely extend beyond the caldera walls. From our compiled
stratigraphy, we estimate a recurrence rate of one eruption per 300-400 years
over the last 2.3 ky.

These findings are especially significant as Corbetti is earmarked for potential
geothermal exploration, and an understanding of eruptive frequency and style
provides vital context to assess the potential hazards associated with this future

infrastructure.



2.1 Introduction

Quaternary volcanism within the Main Ethiopian Rift (MER) has been characterised by a
diverse range of volcanic activity (Fontijn et al., 2018), from large scale caldera-forming
eruptions (Hutchison et al., 2016b,c; Rampey et al., 2010; Tadesse et al., 2022) to pumice
cone eruptions (Clarke et al., 2019, 2020) and the eruption of basaltic scoria cones (Hunt
et al., 2019; Mazzarini et al., 2004). There have been no confirmed eruptions within the
MER since the 19 century, therefore, our understanding of the past dynamics of volcanism
and potential future activity can only be gained through investigations of the geological
record. The products of peralkaline volcanism dominate within the rift (Peccerillo et al.,
2003); however, this type of eruption has not been observed directly, making the MER a
vital place to study the properties of peralkaline magmas and their deposits (Gleeson et al.,
2017; Iddon et al., 2019; Iddon and Edmonds, 2020; Macdonald and Gibson, 1969; Rooney
et al., 2012; Tadesse et al., 2019, and references therein). Many of the large silicic calderas
of the rift lie close to large population centres and densely populated rural communities.
Over 10 million people live within 30 km of one of Ethiopia’s 59 Holocene volcanoes, and
Ethiopia is ranked as having the 5™ highest risk to human life from volcanic hazards of any
country in the world (Aspinall et al., 2011; Loughlin et al., 2015; Vye-Brown et al., 2015).

Ethiopia is increasingly looking to exploit the geothermal potential of several of the large
silicic centres within the rift. Aluto has hosted a geothermal plant since 1998, and plans
are in place to develop sites at Tullu Moye and Corbetti (Altaye, 1984; Biggs et al., 2011;
Gislason et al., 2015; Hutchison et al., 2015). These projects could be hugely beneficial to
Ethiopia’s economic and energy security; however, we know little about the volcanic history

or the volcanic hazards for many of the planned sites.

2.1.1 Regional Setting

The MER forms the northernmost segment of the East African Rift (EAR), a 4000 long
km zone of extensional deformation caused by the divergence of the Arabian and Somalian
plates from the Nubian Plate (Ebinger, 2005). The MER developed asynchronously across
three main sectors: the northern (< 30 Ma), southern (18 Ma), and Central rift (6-11 Ma)
(Boone et al., 2019; Purcell, 2018; WoldeGabriel et al., 1992) and is the classic example of
an oblique continental rift, connecting the Afar Depression to the north, and the Turkana
depression and Kenyan Rift to the south (Figure 2.1); (Ebinger, 2005). At ~ 2 Ma the
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Figure 2.1: A) Overview map of the East African Rift (EAR) showing major fault structures
and location of silicic volcanoes. B) Overview map of the Main Ethiopian Rift (MER)
showing the location of central silicic volcanoes and major settlements. Corbetti, the focus
of this study, is in the southern part of the MER. C) Map showing location of Corbetti
Caldera and a section of the Wonji Fault Belt (WFB). Faults after Agostini et al. 2011

development of the Wonji Fault Belt (WFB), a region within the NMER (and incipient
in the C-MER) containing numerous short, right-stepping echelon faults, resulted in the
migration of strain away from the boundary faults and towards the centre of the rift (Mohr
et al., 1980; Ebinger and Casey, 2001; Casey et al., 2006; Pizzi et al., 2006; Kurz et al.,
2007; Corti, 2009; Corti et al., 2022). This fault belt, and the subsequent development
of magmatic segments, marked a transition toward magma-dominated deformation/ rifting
(Kendall et al., 2005). This transition to magma-assisted deformation and rifting is key for
enabling the style and distribution of volcanism seen across the rift today. The cross rift
faults within the MER and those linked to early stages of rift development play a critical role
in determining the location, shape, and orientation of calderas, as well as controlling the
position of post-caldera vents (Mohr et al., 1980; Robertson et al., 2016; Maestrelli et al.,
2022; Corti et al., 2022).
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2.1.2 Corbetti Caldera

Corbetti is located within the southernmost part of the rift (Figure 2.1) and is one of the
largest calderas within the MER. It has followed an evolutionary pattern similar to other
caldera volcanoes within the MER, beginning with a shield-building phase of peralkaline
rhyolite lava flows, followed by at least one caldera-forming eruption, the inferred deposits
of which are dated to ca. 182 + 28 ka (Hutchison et al., 2016b). Subsequent volcanism
focused around three post-caldera edifices (Artu, Urji, and Chabbi) and a rhyolitic cone
(Biftu Tuff Cone), situated outside the south-eastern caldera wall (Figure 2.2)(Clarke, 2020;
Fontijnetal., 2018; Huntet al., 2019; Rapprich et al., 2016). The caldera rim has an irregular
elliptical shape, approximately 15.6 x 10.9 km along the long and short axis respectively
(Hunt et al., 2019), with steep cliffs on the northern and southern rim and broader, heavily
incised slopes on the western side. The eroded remains of Artu cone partly cover the
north-eastern section of the caldera (Figure 2.2), and younger products from Chabbi shield

entirely cover the eastern portion of the caldera wall.

Previous studies have highlighted the variety of deposits associated with the post-
caldera edifices. Both Urji and Chabbi have experienced explosive and effusive eruptions
from numerous vents (Di Paola, 1972; Fontijn et al., 2018; Hunt et al., 2019; Rapprich et al.,
2016) however, the youngest eruptions from Urji were predominantly explosive (Fontijn
et al., 2018; Rapprich et al., 2016) whilst the eruption of obsidian lava flows occurred most
frequently on Chabbi (Di Paola, 1972; Fontijn et al., 2018; Macdonald and Gibson, 1969;
Rapprichetal., 2016). Across both edifices the erupted products are typically geochemically
homogenous, crystal-poor peralkaline rhyolites (Fontijn et al., 2018; Rapprich et al., 2016).

Previous studies have identified two major explosive eruptions, the Bedded Pumice
eruption and Wendo Koshe Younger Pumice (WKYP) (Fontijn et al., 2018; Rapprich et al.,
2016). Deposits of these two eruptions have been correlated across multiple intra-caldera
localities and at locations outside the caldera walls (Fontijn et al., 2018), including lake
sediment cores (Martin-Jones et al., 2017). The Bedded Pumice unit is a rhythmically
bedded pumice fall deposit containing thin cm-thick ash-rich flow packages and obsidian
lithics. It is attributed to the products of a pulsating eruption that gradually built a conical
deposit and is best preserved and exposed within the caldera (Fontijn et al., 2018). The
Bedded Pumice is inferred to have had an approximate eruption magnitude of 4 (Fontijn
et al., 2018) and is capped by a paleosol that stains the upper 30 cm of the unit. At distal
locations, the Bedded Pumice unit is overlain by the geochemically-similar deposits of the

WKYP eruption, a massive pumice fall deposit that lacks obsidian clasts (Fontijn et al., 2018;
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Rapprich et al., 2016). Mapping the spatial distribution of this unit yielded an estimated
minimum deposit volume of 1.3 km® and an approximate magnitude of 5 (Fontijn et al.,
2018; Rapprich et al., 2016). Based on this mapping and observed field deposits, the source
of this eruption is inferred to be the Wendo Koshe Cone (Figure 2.2F), the most recent cone
on the flanks of Urji. Soil-carbon from the paleosol beneath WKYP is radiocarbon dated
to < 2301 + 120 cal a BP (Rapprich et al., 2016). Based on the observations of volcanic
deposits from Corbetti, Fontijn et al. (2018) and Martin-Jones et al. (2017) estimated the
recurrence interval of explosive eruptions to be around one eruption per 700-1000 years.
However, as noted by McNamara et al. (2018), this is likely an underestimate, as deposits
from smaller pumice cone forming eruptions, may be quickly eroded and therefore not

recorded in the wider rock record.

Remote-sensing studies demonstrate the presence of an active geothermal system at
Corbetti and provide evidence for a shallow magma plumbing system influenced by pre-
existing E-W trending faults (Gislason et al., 2015; Lavayssiere et al., 2019; Lloyd et al.,
2018b). Complementary InSAR studies show Corbetti has been actively deforming since at
least 2009, uplifting at 6.6 + 1.2 cm yr'! (Biggs et al., 2011; Gottsmann et al., 2020; Lloyd
etal., 2018a,b). This is attributed to the intrusion of ~ 10'! kg yr'! mafic magma at ~ 7 km
depth (Gottsmann et al., 2020). This demonstrates that Corbetti still has an active magma
system and, therefore, still has eruptive potential. Despite this, considerable uncertainty
surrounds the details of the eruptive history of Corbetti, its pre-caldera activity, and the

controls on eruptive style.

The purpose of this study is to present a revised interpretation of the pre-and post-caldera
eruptive activity of Corbetti, based on a new investigation of the eruptive deposits and their
processes of emplacement and to document their compositions (whole rock and glass, major
and trace element analysis), building on the work of previous studies (Fontijn et al., 2018;
Martin-Jones et al., 2017; Rapprich et al., 2016). These data are compiled into a composite
stratigraphy identifying discrete phases of activity and presented as a relative chronology

for activity at Corbetti.
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2.2 Samples and Methods

2.2.1 Field Campaign

A 3.5-week field campaign was undertaken in January 2020, focusing on five main regions
within the caldera (Figure 2.2). These regions are a portion of the northern caldera wall
(Figure 2.2B), the southern caldera wall (Figure 2.2C), road cuts through the central caldera
(Figure 2.2D), exposures in a central gully Figure 2.2E), and exposures on the slopes of
Urji (Figure 2.2F). These regions were selected as they were relatively accessible and
encompassed the main periods of pre-and post-caldera activity, enabling the lateral tracing
of units across multiple localities. This allowed for the establishment of correlations within
the field. Several locations, such as portions of the western caldera and flanks of Chabbi,
could not be visited due to challenges surrounding access and time constraints. However,
investigation at several locations outside of the caldera (around the Biftu Tuff Cone (Figure
2.2G) and in drainage gullies near Lake Hawassa [Figure 2.2H]) were studied and yielded
information on the explosive eruptions at Corbetti and the eruption of the extra-caldera,
Biftu Tuff Cone (Figure 2.2G).

At each location units were systematically logged and sampled to capture any changes
in texture and compositions. Figure 2.2 highlights the sample locations, and field photos

show the stratigraphic location of the collected samples.

2.2.2 Stratigraphic Framework

Previous studies of Corbetti have highlighted the challenge of clearly distinguishing between
eruptive units due to laterally discontinuous, highly variable lithofacies and geochemical
similarities (Fontijn et al., 2018). Here we present stratigraphies from multiple sections of
the caldera, highlighting correlations based upon the lateral continuity of marker horizons
(e.g., paleosols, fall deposits, etc.), and outcrops of similar lithofacies, before compiling
them into a wider composite stratigraphy. Not all units within a given region could be
correlated accurately due to high spatial variability and low confidence in their stratigraphic
position. These units are excluded from the composite stratigraphy; however, we highlight
them in the relevant sections. Once compiled, the complete composite stratigraphy was
separated into pre-, syn-, and post-caldera phases of activity and incorporated with a
relative chronology established for Chabbi and the Biftu Tuff Cone (Clarke, 2020; Hunt
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Table 2.1: Definitions of lithofacies (LF) notations used in this study (Branney and

Kokelaar, 2002)

Notation Definition Description
T Massive tuff An ash-rich tuff whe?re the structure is
massive
L Massive lapilli A unit domlna‘ted by lap%lh size (2-64
mm) clasts with a massive structure
Massive lapilli A tuff with lapilli sized clasts and a
mLT .
tuff massive structure
Diffusely An ash-rich tuff with poorly defined
dsT . . .
stratified tuff stratification
Diffusely A tuff with poorly defined stratification
dsLT stratified lapilli containing lapilli sized clasts. Clasts
tuff occasionally follow stratification
An ash-rich tuff which shows clear
sT Stratified tuff stratification caused by slight changes in
grain size and/or colour of ash
Massive ash A massive ash-rich tuff containing ash
maccT aggregate Avoreoates
bearing tuff £ETeE
A lapilli-bearing tuff which displays a
«SLT Cross stratified cross-stratified fabric. These may be
lapilli tuff cross beds (> 10 mm) or cross
laminations (< 10 mm)
Difusely o opostional dverse block
dsIBr stratified lithic containing cOMpOSIHONAT GIVETSE HIoCks

rich breccia

<64 mm. Shows poorly defined
stratification

et al., 2019; Rapprich et al., 2016). Units are referred to in terms of their lithofacies to
highlight distinguishing features using the approach of Branney and Kokelaar (2002) (for
abbreviations and definitions, see Table 2.1).

2.2.3 Geochemistry and C dating

Tephra and lava samples were selected to provide broad coverage of pre-and post-caldera
activity at Corbetti and aimed to complement existing sample sets (Fontijn et al., 2018;
Rapprich et al., 2016). Samples were cleaned, oven-dried, crushed, and powdered in an

agate ball mill before being sent to Activation Labs (Ontario, Canada) in two batches for
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major and trace element analysis. Samples were fused into beads and digested in a 5%
nitric acid solution until dissolved (around 45 minutes). Major elements were determined
through ICP-OES and trace elements through ICP-MS. Measured in house standard values
for major and trace elements are within 10 % of reference values with the exception of
Be and U which are within 15%. Values for duplicate analysis of samples were within 2
standard deviations. Detection limits are better than 0.01% for major elements and better

than 30 ppm for trace elements (see supplementary information for details).

Several outcrops in drainage gullies close to the shore of Lake Hawassa (Figure 2.2H)
contained abundant reworked shells of multiple gastropod species. Two shells of Melanoides
tuberculata from two horizons underwent '“C dating at Beta Analytic to provide a maximum
age for the deposits. Samples were pre-treated using an acid etch. They were washed in
deionised water to remove debris and then crushed and repeatedly subjected to HCI etches
to eliminate secondary carbonate components. Samples were analysed by accelerator mass
spectrometry (AMS), and the data were corrected for isotopic fractionation and calibrated
using INTCAL20 (Reimer et al., 2020). Samples were also analysed for 6'30 and ¢'3C to
provide some information on the climatic conditions and compare with lake records from
Hawassa (Lamb et al., 2002). 613C was measured on pre-treated samples acidified in a gas

bench to produce CO; and then analysed in an isotope ratio mass spectrometer.

2.3 Results:Stratigraphy

2.3.1 Northern Caldera Wall (NCW)

The northern caldera wall (NCW; See Figure 2.2B for sample locations) records some of
the oldest activity at Corbetti, however, exposures are limited due to heavy erosion, burial
by younger deposits and inaccessible outcrops. At the base of the North Caldera wall, a
> 15 m thick rhyolite lava (NCW_A; Figure 2.3A, Figure 2.4A, Table 2.2) is overlain at
Sites 24 and 25 (Figure 2.2B) by a large bedded tephra succession (NCW_B; Figure 2.3A)
dipping 17° to the east. The sequence at Site 24 is covered by a 3.8 m thick rhyolite lava
(NCW_C) and capped by a second sequence of bedded tephra horizons (NCW_D; Figure
2.3B). To the east, at Sites 3 and 4 (Figure 2.2B), this lava and tephra succession is absent.
Instead, a poorly consolidated red ignimbrite (NCW_E; Figure 2.3C) outcrops at the base
of the sequence (this unit is also observed outside the caldera walls at Site 2 Figure 2.2A).

This red ignimbrite is overlain by a eutaxitic welded ignimbrite (NCW_F; Figure 2.3C &
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D) and a poorly consolidated reworked pumice horizon (NCW_G; Figure 2.3C). Slightly
north of this exposure, moving up the caldera wall to Site 4, a sequence of ash aggregate
bearing tuff horizons is observed (NCW_H; Figure 2.3E). A similar sequence of sintered
and loosely consolidated ash horizons is also seen at Site 23 (Figure 2.2B, Figure 2.3F and
A.1). Based upon the similarities in lithofacies and stratigraphic positions, units at Site 4
and Site 23 are correlated as the same unit (NCW_H).

In our compiled stratigraphy for this section (Figure 2.4A) of the caldera, we propose that
units NCW_A - NCW_D were deposited before the caldera-forming eruption. The abrupt
change in lithofacies between Sites 24 and 23 makes it difficult to draw clear correlations
between these two sections of the caldera wall. A fault, seen as a marked drop in the height
of the caldera wall, divides these two sections (Figure 2.2B;[(Hunt et al., 2017)]). This may

explain the abrupt change in lithofacies observed between these locations.

Hutchison et al. (2016b) describe the ignimbrite associated with the caldera-forming
eruption as a red, welded ignimbrite containing obsidian fiamme. Whilst NCW_E is not
welded, we infer it to be an unwelded facies of the deposit. However, a detailed description
of the dated ignimbrite is unavailable, and a lack of location and stratigraphic information
makes this correlation tentative. The unconformity between NCW_E and F indicates the
green welded ignimbrite is from a separate eruption. It is inferred that the emplacement
of NCW_E - G occurred after the deposition of NCW_A - D due to the absence of units
observed in the western portion of the caldera wall outcropping above the green welded
ignimbrite. We proposed the ignimbrite was deposited in a paleovalley thus explaining its
absence at the top of the succession at Site 25 (Figure 2.2B).
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Figure 2.2: A) Geological setting of Corbetti Caldera, highlighting the major features,
geological facies within the caldera and the sampling locations for this study [after Rapprich
etal. (2016); Hunt et al. (2019); Clarke (2020)] B) Detail of sample locations in the Northern
Caldera wall. C) Detail of sample locations in Southern caldera wall. D) Detail of Central
Caldera sample locations E) Detail of Central Gully section sample locations. F) Detail of
sample locations around the slopes of Urji. G) Detail of sample locations around the Biftu
Tuff Cone and older pre-caldera deposits. H) Detail of sample locations of drainage gullies.
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N8 Flow ;8

A. Site 25, . B. Site 24

Figure 2.3: Field photos highlight outcrops in the Northern Caldera wall. Symbols denote
location of collected samples and site localities are marked in Figure 2.2. A) Site 25
showing a jointed rhyolite lava (NCW_A) and the contact between an overlying pyroclastic
succession, inferred to be NCW_D. B) Site 24 showing the pyroclastic succession (NCW_B)
capped with a thin lava (NCW_C) and further pyroclastic succession (NCW_D). C) Welded
ignimbrite at Site 3, showing the contact between the underlying red ignimbrite. D) Detail
of the welded ignimbrite (NCW_F). E) Laminated ash-rich horizons (NCW_H) at Site
4. Horizons vary between loose unconsolidated ash and sintered ash. F) Ash aggregate
(Accretionary Lapilli) bearing horizon at Site 23 (NCW_H).
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Table 2.2: Descriptions and interpretations of units exposed in sections of the northern caldera walls (Figures 2.2B for samples
locations, Figures 2.3 for field photos and 2.4 for stratigraphic log. Units presented youngest to oldest. Table 2.1 outlines the
descriptions of lithofacies. LF = lithofacies.

Type

Thickness

Unit Locality LF (m) Description Interpretation
Multiple dilute, ash-rich PDC

0.3 A stratified ash-rich unit dep os.its. Ash agg.regates (likely

containing sparse 5-10 mm ash accre‘tlonary' laplll'l) may sugge'st
NCW_H . ' agaregates, most likely some 1nter‘act10n with water during

Site 4/ Site . s . the eruption (Brown et al., 2012,

(Top of maccT 0.3 accretionary lapilli. Ashy horizons .
. 23 . 2010), potentially
succession) varied between cemented and hreat tic. Stratificati
poorly consolidated and are 50-100 phreafomagmatic. Straitication
mm thick (Figure 2.3E-G). suggests' pulsating nature of
eruption with numerous waves of
PDCs being generated.
Poorly sorted pumice deposit
NCW G Site 3 ml 0.37 comprises of clast-supported, Locally eroded pumice deposit that
- ' angular pumice ranging in size is incorporated with paleosol
between 5-50 mm (Figure 2.3C).
Green, massive, eutaxitic
lapilli-tuff with fiamme ~50 mm .
NCW_F Site 3 eumLT 1.7 long. Sparse lithics. Welded ignimbrite may be related

Unconformably overlies NCW_E
(Figure 2.3C & D)

to underlying ignimbrite.

Continued on next page
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Table 2.2 — continued from previous page

Type

Thickness

Unit Locality LF (m) Description Interpretation
GBI CHRITOY, Dilute PDC deposit likely
matrix-supported deposit with associated with the 182 + 28 ka
NCW_E Site 3 mLT 2.5 sparse pumice clasts and lithics e . s
G200 i), Wit s pwerly ignimbrite identified by (Hutchison
somallchiee (Fame 280, et al., 2016b; Vidal et al., 2022b).
A succession of matrix-supported Dilute PDC deposits. Multiple
NCW D Site 24 /mLT 15.4 ash-rich h(.)rlzons. .EV'1denc.e of horizons indicate the passage of
sparse pumice and lithics (Figure several flows, may indicate
2.3B) sustained eruption.
. Blocky lava deposit, some jointing ~ Small lava deposit, lack of access
NEw_C Site 24 Lava 38 observed (Figure 2.3B). prevented further investigation.
Large .pyroclas.tlc sccession Deposition of multiple PDCs.
containing multiple horizons of . .
matrix-supported. ash-rich Variation in bedding structures
NCW_B Site 24 s/mLT ~70 ) PP R indicates varying conditions at the
horizons. Horizon’s dipping . .
o . . vent and in the flow during
~17°E. Some m scale stratification deposition
was observed (Figure 2.3B). P '
NCW_A Jointed rhyolitic lava with some 25 .O S0t rhy0.1’1 te lz.wa emplaf: ed
. > 15 (base . . . during Corbetti’s shield building
(Base of Site 25 Lava localised flow banding (Figure .
. not seen) phase. Jointing indicates slow
succession) 2.3A).

cooling
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Figure 2.4: A) Stratigraphic log of units exposed in the northern caldera wall (Figure. 2.2B) and described in Table 2.2. B) Stratigraphic
logs of exposures in the Southern Caldera wall (Fig. 2.2C) highlighting lateral correlations between outcrops. Units described in Table
2.2. Symbols denote the location of samples which underwent geochemical analysis (See Section 2.4).



2.3.2 Southern Caldera Wall (SCW)

Four localities in the southern portion of the caldera wall, which encompass the pre-and post-
caldera activity, were studied in detail (Sites 6, 7, 8 and 27; Figure 2.2C), and observations
of the stratigraphy are presented in Table 3 and Figure 2.4B. The base of the Southern
Caldera wall is comprises of thick (>10 m) lavas (Figure 2.5 & Supplementary information
(SI) A.1), similar to those observed in the Northern Caldera Wall. Two distinct lava units
have been identified by lateral tracing of the units in the field, the distance between the two
outcrops and a lack of exposures between the two localities. SCW_A1 outcrops at Site 8
and 27 (SI A.2), and SCW_AZ2 outcrops at Site 7 (Figure 2.5). The relative ages of these
two deposits could not be constrained due to an absence of clear contact between them.

Correlating units overlying these two rhyolitic lavas (SCW_A1 & SCW_A?2) is chal-
lenging due to a wide variation in lithofacies and spatial variability of outcropping units. At
Site 6, lava deposits (SCW_A1) are absent and the base of the exposure comprises of two
large lithic-rich breccias (SCW_B & SCW_D) inter-bedded with massive, ash-rich horizons
(SCW_C & SCW_E). This sequence is capped by a paleosol (SCW_SoilA; Figure 2.4 &
2.6). Units SCW_B-E are not observed at other localities and are inferred to be deposited
in a paleovalley created, in part, by the deposition of SCW_AT1, which is seen to dip away
to the east. A lithic breccia is also seen above SCW_AL at Site 27 (SI A.2), however it is

unclear if this is the same unit as the lithic breccias outcropping at Site 6.

Further to the west at Site 7, a succession of pumice-fall and ash-fall deposits (SCW_F
- I; Table 2.3; SI A.2) is observed overlying the jointed lava (SCW_A?2). These units are
only observed at this location and therefore the relative timing of their eruption is difficult
to establish. The sequence is capped by a diffusely stratified tuff stained by an overlying
paleosol. The paleosol (Figure 2.4B, 2.5) is tentatively correlated to SCW_SoilB and the
underlying tuff with SCW_J, based upon the overlying succession sharing similarities to
the lithofacies observed at Site 6 (Figure 2.6).
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A.Site 7: Southern Caldera Wall

Crystgline

ﬁ:iian r

JUSCW F @SCW G [SCW H [SCW.| [SCW J ESCW_SoilB
SCW_K [l Bedded Pumice

Figure 2.5: A) Shows overview of outcrop at Site 7 (Figure 2.2C) and location of panels B
and C. B and C show details of the outcrop with C highlighting the major lithofacies observed
(see Table 2.3). D) Outcrop at Site 29 (Figure 2.2C) showing presence of Bedded Pumice

and WKYP units capping the succession. Symbols denote units sampled for geochemical
analysis and presented in Figures 2.14 and 2.15
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Figure 2.6: A) Panoramic image of quarry in the southern caldera wall (Site 6, Figure 2.2C)
highlighting the identified units outline in Table 2.3 and Figure 2.4. C) Detail of the upper
portion of the exposure which outcrops to the west of the panorama in A. Symbols denote
location of samples.
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Table 2.3: Description and interpretation of units exposed in the Southern caldera wall (Figure 2.2C). Stratigraphic log outlined in
Figure2.4B. Field photos of outcrops are found in figures 2.5 and 2.6

. Type Thickness .. .
Unit Locality LF (m) Description Interpretation
SCW_SoilC - Soil 0.43 Organic 1 ayer Wlth reworked Topsoil
pumice (Figure 2.5).
Massive to diffusely stratified, clast Distal p umice _faﬂ d.epos'lt of the”
. . . WKYP deposit identified in Fontijn
supported pumice deposit. Pumice et al. (2018) and Rapprich et al
WKYP Site 6 dsL 243 ranges in size between 10-50 mm. ' . p P i
. (2016). Slight bedding suggests
Well sorted with sparse larger . . .
. minor changes in conditions at the
clasts (Figure 2.5, 2.6). .
eruptive vent.
Diffusely stratlﬁeq, pn the order of Distal pumice fall deposit
~ 10-200 mm, lapilli horizon. Clast .
supported, angular pumice ranges interpreted as the Bedded Pumice
Bedded . L i of Rapprich et al. (2016) and
Pumice Site 6 dsL 1.18 in size between 5-30 mm. Top Fontijn et al. (2018). Bedding

0.4 m are stained by an overlying
paleosol. However, paleosol is not
visible as a distinct horizon

patterns suggest varying conditions
at the eruptive vent.

Continued on next page
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Table 2.3 — continued from previous page

Type

Thickness

Unit Locality LF (m) Description Interpretation
Dilute, ash-rich PDC, likely
phreatomagmatic in origin, with
lenses of coarse pumice.
Cross-stratified to stratified Sedimentary structures indicate
LT/ ash-rich tuff with lenses of pumice  changes in conditions at the lower
SCW_K Site 6 XS T 6.51 on the lee side of dune structures.  flow boundary (LFB) (Branney and
; Pumice ranges in size from 10-60 Kokelaar, 2002) and varying
mm (Figure 2.6). depositional regimes through space
and time. The thickness of the
deposit indicates a significant,
sustained event
SCW_SoilB Site 6 Soil 0.1 Dark organic layer (Figure 2.6) Paleosol
Records passage of a PDC that
Deposit varies between stratified transitioned between dilute and
tuff and stratified lapilli tuff. granular flow, possibly
. Lenses of coarse-grained pumice hreatomagmatic. Varyin
SCW._J Bl ALEIEL e (~30-60 mm) an(gi ﬁner—grr)ained c?onditions it the lower};iofv
pumice (~5-10 mm) occur boundary resulted in the deposition
throughout the deposit (Figure 2.6). of coarser and finer-grained
material at different intervals.
Similar to SCW_G. Massive lapilli
horizons comprises of well sorted
SCW_I Site 7 mL 0.37 angular pumice which do not Pumice fall deposit

exhibit any bedding features or
contain lithics. Pumice ranges in
size from 5-10 mm

Continued on next page
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Table 2.3 — continued from previous page

Unit

Type
Locality

LF

Thickness

(m)

Description

Interpretation

SCW_H

SCW_G

SCW_F

SCW_SoilA

Site 7

Site 7

Site 7

Site 6

mT

mL

mT

Soil

0.44

2.07

0.54

0.43

Similar to SCW_F. Massive tuff
horizon comprising fine-grained
ash appears to be lithic-free. No
clear signs of changes in grain size;
bedding features are absent (Figure
2.5).

Massive lapilli horizon comprises
of well-sorted angular pumice.
Pumice ranges in size from 5-40
mm; no lithic fragments were
observed (Figure 2.5)
Massive tuff horizon comprises of
fine-grained well-sorted ash. Unit
inaccessible but appears to be
lithic-free. No clear signs of
changes in grain size or presence of
pumice lapilli. Bedding features
are absent. Unit is laterally
extensive across exposure and does
not display any erosive contacts
(Figure 2.5)

Dark organic rich layer (Figure 2.6)

Ash fall deposit

Pumice fall deposit

Ash fall deposit.

Paleosol

Continued on next page
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Table 2.3 — continued from previous page

. Type Thickness . .
Unit Locality LF (m) Description Interpretation
Records deposition of a dilute
ash-rich PDC. The gradational to
erosional boundary between the
Fine-grained ash horizon u'nder.lylng deposit COUld. suggest
. I this unit records the wanning phase
containing sparse lithic clasts. .
; . . of the PDC. The massive nature of
Contact with underlying breccia e 1 .
. . the deposit indicates a fluid escape
varies between gradational and .
erosional. Some lenses of pumice regime at the LFB (Branney and
SCW_E Site 6 mLT 24 ’ p Kokelaar, 2002) with the

and lithics present. Pumice clasts
range between 10-30 mm and
lithics between 10-40 mm. A
paleosol horizon has developed
above this layer (Figure 2.6)

deposition of coarser-grained
lenses indicative of a spatially and
temporally limited transition to a
traction dominated flow regime
(Branney and Kokelaar, 2002). The
presence of soil indicates a
sustained period of quiescence
after this eruptive event.

Continued on next page
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Table 2.3 — continued from previous page

Type Thickness

Unit Locality LF (m) Description Interpretation
Diffusively stratified, clast Lithic lag breccia recording the
e " . deposition of a large granular PDC.
supported, lithic-rich breccia which . - e
displays a moderate degree of The high concentration of lithics
sortiE and containine aneular to and remobilised ignimbrite suggest
sugb rounded lithif clagsts considerable remobilisation of
Comprised of fragments o f're d previously erupted material. The
SCW_D Site 6 dslBr 8.66 ignimbrite, flow-banded rhyolites, eruﬁ;ﬁno?ili:;ég;l;e:dmlctz a
and sparse obsidian fragments. P p
S ter-sized block collapse as is observed at other
ome‘ meter-size ] OCKs are MER volcanoes (Tadesse et al.,
present in the deposits. The upper 2022) and laree scale caldera
portion of the unit grades up into i
) . systems (Druitt, 1985). The large
matrix-supported fine ash (Figure . .
2.6) scale of this deposit suggests a
e sustained event.
Pinch and swell structures suggest
Unconsolidated ash with lenses of deposition via a current with a
angular 20 - 100 mm lithics. Unit spatially variable depositional
pinches and swells. Pumice is regime. Ash rich, massive nature
SCW C Site 6 miT 10 present in thicker sections and the suggests a dilute PDC dominated

concentration of pumice increases
towards the top of the horizon.
Unconformably overlies SCW_C
(Figure 2.6).

by tractional forces. The presence
of angular lithics suggests limited
transport time in the current
reducing the degree of clast
interaction.

Continued on next page
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Table 2.3 — continued from previous page

Unit

Type
Locality

LF

Thickness
(m)

Description

Interpretation

SCW_B

Site 6

dslBr

~2.86
(base not
seen)

Diffusively stratified lithic-rich
breccia displaying poor to
moderate sorting. Unit
predominantly clast-supported but
grades to matrix-supported at the
top of the unit, the upper ~0.3 m of
which is cemented. The unit
contains a diverse population of
lithic clasts that making up >50%
of the deposit. Lithics are primarily
obsidian chips, banded rhyolite,
and fragments of a red ignimbrite.
Lithics are angular to sub-rounded.
Lenses of coarser-grained lithic
material are also seen. Pumice
lapilli are present throughout,
although it increases in abundance
towards the top of the unit. Clasts
range in size from 10 - 400 mm. A
portion of the deposit displays
diffuse stratification whilst the
central part of the exposure displays
signs of reworking (Figure 2.6).

Records depositional regime of a
granular PDC. The presence of
ignimbrite fragments suggests

remobilisation and reworking of
previously deposited material

indicating the eruption from which
the ignimbrite fragments are
sourced must have occurred before
the deposition of this unit. The
lithic-rich nature of the deposit
could suggest a large-scale
eruption. The depositing current
was likely a granular flow which
was strongly controlled by
paleotopography created in part by
the emplacement of SCW_AI. The
event could be linked to a phase of
edifice collapse. A portion of the
deposit shows signs of reworking

Continued on next page
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Table 2.3 — continued from previous page

Type

Thickness

Unit Locality LF (m) Description Interpretation
Jomted rhy01.1t§ la.va outcrops at Pre-caldera lavas associated with
multiple localities in the Southern . o
the shield-building phase of
Caldera Wall. The top of the flow Corbetti’s evolution. Two flows
SCW_A Site 27 Lava ~25 transitions towards glassy obsidian )

in places (SI A.2). SCW_A1 dips
away to the east, under outcrop at
Site 6 creating a paleo valley.

have been identified in the southern
caldera wall. SCW_A1 at Site 8
and 27 and SCW_A2 at Site 7.




The upper portion of the South Caldera Wall is dominated by a large ash-rich succession
which at Site 6 comprises multiple units of ash-rich, matrix-supported tuffs containing
sparse lithics and lenses of pumice (SWC_J & K Figure 2.6C) separated by a paleosol
(SCW_SoilB). Two pumice horizons cap the succession and are seen to outcrop at several
locations across the SCW (Figure 2.6C). The lower pumice horizon shows diffuse to massive
bedding and sparse obsidian lithics are observed at the Site 7 outcrops (Figure 2.5C, D).
The upper 0.3 m of the horizon are reverse graded and stained by an overlying paleosol.
This unit shares features with and is correlated to the Bedded Pumice unit identified by
Fontijn et al. (2018). The upper pumice horizon is massive and obsidian lithics are absent.
This has been correlated to the WKYP deposits, as described in Fontijn et al. (2018) and
Rapprich et al. (2016). These units are significant as they are the most widely dispersed
and easily recognisable within the caldera making them an important stratigraphic marker
horizon. The deposits of the Bedded Pumice unit and WKYP are seen in the upper parts
of the succession at Site 7, as is the underlying matrix-supported PDC deposit (SCW_K;
Figure 2.5C). This ash-rich PDC deposit is also seen in the upper section of the outcrop
at Site 27 (Figure 2.2C and SI A.2). Here the unit is matrix-supported and stratified and

contains abundant lithic clasts.

Units that outcrop at Site 8 have different lithofacies to other observed units in the
Southern Caldera Wall (Figure 2.2C & SI A.3). The exposure occurs above SCW_AI
and comprise of a sequence of matrix-supported lithic-bearing pumice horizons and tuffs,
capped with glassy obsidian which transitions into a jointed rhyolite flow (Figure 2.4B).
The obsidian and rhyolite show some flow banding and spatter textures (Figure SI A.3).
The relative timing of this sequence and its relationship with the other units in the Southern
Caldera Wall is difficult to delimit due to the absence of other recognised units. An

interpretation of this sequence is outlined in Section 2.5.1.

2.3.3 Central Caldera Section (CC)

Systematic study of exposed sections (Site 15, 17, 18, 20 and 21) along the central caldera
road (Figure 2.2D) reveal multiple, laterally persistent units (Table 2.4 & Figure 2.7 &
2.8). Outcrops are commonly characterised by the presence of a large, diffusely bedded
pumice deposit which occasionally grades into fine-grained ash (Figure 2.7A, B). This unit
is correlated to the Bedded Pumice unit outlined in (Fontijn et al., 2018). A key feature of
this unit is the reverse grading and staining from an overlying paleosol seen in the upper 0.3

m of the deposits. The consistency with which this lithofacies is observed made it a key
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A. Site 15
CC_H

C. Site 17

Figure 2.7: Selected outcrops in the Central Caldera (Figure 2.2D) highlighting the presence
of key units outlined in Figure 2.10 & Table 2.4. A-B) Site 15 (MEROO1 of Fontijn et al.
(2018)) overview and detail of major units. C) Site 17 showing the Bedded Pumice horizon
and the consistent staining of the upper portion of the unit. Symbols denote the location of
samples analysed in later sections.

marker for further correlations throughout the central caldera (Figure 2.8 A). The correlation
of the Bedded Pumice Unit made here agrees well with previous authors (Fontijn et al.,
2018; Rapprich et al., 2016), although Site 15 (MEROO1 of Fontijn et al. 2018) has been
updated after reassessment of the outcrop and its similarities with others in the stratigraphy.
Overlying the Bedded Pumice Unit at multiple locations throughout the central caldera is
a thin, obsidian-bearing, coarse-grained pumice horizon (CC_B). This latter unit and the
Bedded Pumice provided the main stratigraphic makers for correlating units through the
different sections within the central caldera and further correlation of deposits on the slopes
of Urji.

Overlying CC_B is an ash-rich, lithic bearing PDC deposit containing a wide variety
of clasts, including crystalline and flow banded rhyolite, obsidian, and pumice. At some
localities, sparse ash aggregates are seen at the base of the outcrop. Units CC_D to CC
(Figure2.7B & 2.8) are tentatively correlated with this deposit; however, they are described
separately due to the difference in lithofacies. This sequence is subsequently overlain by
a massive, well-sorted, obsidian-free pumice fall deposit attributed to the WKYP eruption

(Fontijn et al., 2018). The succession is capped by massive, obsidian bearing pumice fall
deposits (CC_H).
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Table 2.4: Description and interpretation of units exposed within the Central Caldera section as shown in Figure 2.8. (See Figure 2.2C

for sample locations and Figure 2.7 for field photos).

Unit LoTZzﬁ‘iaty LF Thl(cli(ll)less Description Interpretation
CC_Soil A i Soil 055 Topsoil conta;rs;gics:me reworked Topsoil
Pumice fall deposit only found at a
Minssfive 6 s sugperied pres single location, may be related to
CC_H Site 15 mL 0.46 deposit containing obsidian lithics later eruptions of Chabbi and
(Eiene o) eroded from rest of caldera.
& o Distinct from WKYP as unit is
obsidian bearing
COs5 Site 17 Obsidian  8.43 Aphyric glassy obsidian Lava flow from Chabbi
Massive clast-supported pumice . . .
G e 7 Welsoned P s belng
WKYP Site 15 mL 1.87 with some rare diffuse stratification . . .
observed at some localities. Lithics proximal location to vent and slight
absent ’ variations in eruptive intensity.
Coarse grained, poorly sorted,
. obsidian bearing, ashy matrix.
CC_G Site 15 dsLT 0.4 Diffusely-stratified lapilli tuff Granular PDC
(Figure 2.7B)
Diffusely stratified G with Fall deposit recording variation in
CC_F Site 15 dsL/m’] 0.7 horizons of stratified lapilli (Figure eruptive activity at the vent

2.7B).

allowing the generation of both
pumice and ash.

Continued on next page
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Table 2.4 — continued from previous page

. Type Thickness . .
Unit Locality LF (m) Description Interpretation
Unit varies between stratified lapilli ~ Either fall deposit with variation
and massive tuff. Stratified lapilli ~ between pumice and ash reflective
CC_E Site 15 L/mT 11 afe clast—suppgrted which gre}des of changes in eruptive COHdltl(?I’{S at
into finer-grained tuff. Pumice the vent, or records the deposition
varied between 10-40 mm (Figure  of several dilute PDC interbedded
2.7B). with pumice fall deposits.
Matrix-supported containing large
pumnice 'and_ hth.lc clasts.' L1th1'c Dilute PDC. Eruption entrained
composition is highly varied, with . .
. . material from the conduit.
maccB) banded and crystalline rhyolite Accretionary lapilli sugeest some
CC_C Site 17/18 / 2.75 present ranging in size between Y ap 58 .
L. degree of water interaction during
mlIBr 10-400 mm. The base of the unit is . . .
. . the eruption. Uncertain if pumice
ash-rich and contains sparse ash .. . 1
. is juvenile or remobilised.
aggregates, most likely
accretionary lapilli (Figure 2.7C).
Coarse-grained pumice lapilli, clast
supported containing obsidian
ht},llcs' Sparse highly vesicular Thin pumice fall deposit commonly
pumice clasts were found, however .
CC_B Site 21 mL 0.88 they do not appear to have any clear observed above the Bedded Pumice
- ) y pp Y deposit throughout the central

stratigraphic placement. Pumice
clasts range in size between 10 -50
mm. Relatively poorly sorted
(Figure 2.7C).

caldera.

Continued on next page
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Table 2.4 — continued from previous page

Type

Thickness

Unit Locality LF (m) Description Interpretation
Diffusely stratified (on the order of
~ 0.1 m) pumice deposit. . Pumice fall deposit correlated with
Clast-supported angular pumice . . .
the Bedded Pumice units of Fontijn
ranges between 5-20 mm. The . .
. . L. et al. (2018). Diffuse bedding
deposit contains sparse obsidian o .
lithics dispersed throughout. The reflects variation in eruptive
Bedded Site dsL 6.6 (00 ~0.3 m shows reverse r.a din conditions at the vent. Reverse
Pumice 15/17/18/20 ' p L. £ £ grading in-upper 0.3 m reflects

and is stained by an overlying
paleosol. Some outcrops have
ash-rich horizons before
transitioning to fine-grained
reversely graded pumice (Figure
2.7B & C).

changing eruptive conditions at the
vent (Duffield et al., 1979).
Displays features of pumice cone
eruption (Clarke et al., 2020).
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A) Central Caldera Section
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Figure 2.8: A) Selected stratigraphic logs for outcrops in the Central Caldera (Figure 2.2D) highlighting the major correlations (Table
2.4). B) Stratigraphic logs of outcrops in the north-eastern gully (Figure 2.2E) with highlighted correlations based upon lateral tracing
of units (Table 2.5). Symbols denote location of analysed samples.



2.3.4 Central Gully (CG)

Outcrops in a gully off the main road through the caldera (Sites 40-44, 46; Figure 2.2D)
provide clear exposures of a succession of some of Corbetti’s recent activity (Table 2.5,
Figure 2.8 & 2.9). At the base is an ash-rich tuff containing stratified pumice horizons
(CG_A; Figure 2.9A& C). Overlying this are tw<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>