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ABSTRACT

Pumice cones are volcanic landforms that exist worldwide, but whose eruption has never been observed. Interpretations of
these eruptions vary significantly in style, intensity, and magnitude, pertinent for volcanic hazard assessment. Aluto volcano
(Ethiopia) provides an unprecedented insight into the hazardous nature of these enigmatic eruptions. We investigate nine such
pumice cones, and find that they are the product of moderate-intensity explosive eruptions that develop a sustained but unsteady
eruption column, deposit lapilli- to block-sized tephra close to the vent forming pumice cones, can deposit distal tephra from
an umbrella cloud, produce pyroclastic density currents by repeated partial column-collapse, and end with the emplacement
of silicic lava. Like basaltic pyroclastic cones, pumice cones can also undergo collapse by lava flow emplacement. Alongside
recent evaluation of distal tephras, we suggest that these eruptions, at least at Aluto, vary in intensity and magnitude from
violent-Strombolian to sub-Plinian, and each follow a remarkably similar sequence of eruptive processes.

My oU&

P4 FMM NEANFF NODAD RATP 92T NAATIPG §€18F ?9%dMG (ARG PPLEGR PCPF AT S&€7&FTD hhTt
Y NPGA 7L+ KeFOP: CAIHY §78FPF TCATRPF NALMMETD HEN (WAFLA) = MING (RYTYLt) Ae (MY
(97ERL) NTAU LALEAT LU ARAT NP ALD ATPI9F MPOLIT AAD:: NATTRE 92T PRt AT 19P& NARTHY
AYSPAR ALY €78FPF ANTVE NHU Nt LATYT R8N ATHNLY SAANMA: RYEH U $A HM P, FMM NN+ 2MEy
ALY AFFFI° RTLNTAD: 10<: PLPE DNNAT MYNE SAQ PULAT AT NP6 €783 DMLAT AP+ €725 09° fATRM
A7 LATEDD €78 AIPE DL M998 NOD&MCE NADNNAZT AN +AAP (DMY LATD OCOC PAMAAT £7DTF NAAVTIPG
@D P NOFHIN AMM NCANFTF £4MEA P&7&F D AIPL ML NEA HYMA (DAL $11-19P¢ £0DE HCOF NIdN
APMEB, CP+ NTAH NAA @L (D&t AN NADHIN $NINPE APPFY (B8¢)T ALMC £FAAT 0L NI9L $HI°HIHN(O>
NEA SANTIPED: AP NTLIDTY TLCIPH STAL? MDMY AT SPAMAAT &CAAT NLPP NI DNM FPL.D WYL
dAN NANY ULA P9279APN NC&K (B¢T) £4MEAT NTINNTATP NG BU-E (AAND) TPEH& $PAMAAT &N DMLFTY
NOD&EMC $NPA: AR AYL SPATP OU-L (MHALH) PPAMAAT &CANT: PP FMM NCNFFP A¥& U MPE-T& &Mt
T4 MEHY ALCMN ALCANTD &FAA: NPCN LH NAD@EBRLM NCP*t (distal) TN IPE $PAMAAT &CANT JPCIPCT VIANT
AYRHU AL VY €78 FPF NN NAAFE ARFTD NYLAT-ATCIPNALY ANN TON-TALEY NAG«(DUA 10N MY A6 NADMY
BALEAL KEYRYLT M NILNLYP UF TADAAL PP PLI° TNta 9678 Le+AT B NTAA 9924 UAN AEPCNAT:RA&-PAT:
P4 FMM NPT  UBAT €787  $PAMAAT &CANT &IAL I70NAT SAAF AT YPPG  AFTRY

KEYwoRDS: Pumice cone; Explosive eruption; Pyroclastic density current; Aluto volcano; Ethiopia.

1 INTRODUCTION et al. 2017], Tuhua (Mayor Island), New Zealand [Houghton et

. ) . . al. 1985], Lipari, Italy [Davi et al. 2011], Pu'u Wa'awa'a, Hawaii,
Pumice cones are primary volcanic landforms comprising de-

posits of pumiceous tephra that rapidly thin away from the
vent; developing a cone or rampart. They are found at sili-
cic volcanoes worldwide, and have often been associated with
peralkaline rhyolite compositions [Houghton et al. 1985; Ma-
hood and Hildreth 1986; Orsi et al. 1989]. The eruption and
construction of a pumice cone has never been observed and
recorded; as such, the dynamics and styles of such eruption
are largely unknown. Studies focusing on the eruption style
and dynamics of pumice cone eruptions are relatively rare,
and so far limited to Pantelleria, Italy [Orsi et al. 1989; Hughes
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USA [Shea et al. 2017], Montafa Blanca, Tenerife, Spain [Ablay
et al. 1995], Newberry caldera, USA [Higgins 1969; 1973,
Paydn Matrd caldera, Argentina [Hernando et al. 2019], and
recent work in Ethiopia [Hutchison et al. 2016b; Fontijn et
al. 2018; McNamara et al. 2018; Clarke et al. 2019]. Peralka-
line rhyolite pumice cones on Tuhua have been interpreted
to erupt in a Strombolian fashion; namely that pumice cones
are formed by the accumulation of pumice around the vent
by ballistic deposition during relatively low-magnitude and
low-intensity eruptions [Houghton et al. 1985]. By contrast,
the rhyolitic Lami succession pumice cone on Lipari, and the
central pumice cone at Newberry are thought to have formed
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during more explosive pyroclastic eruptions depositing rela-
tively widespread tephra fall deposits, and in the case of Lipari,
generating pyroclastic density currents (PDCs) [Higgins 1969;
Davi et al. 2011]. Similarly, recent work in the Main Ethiopian
Rift (MER), where pumice cones comprise the most recent vol-
canism at many peralkaline rhyolite calderas [Hutchison et al.
2016b; Fontijn et al. 2018; McNamara et al. 2018; Clarke et al.
2019], has indicated that eruptions are intense (vulcanian to
sub-Plinian) and unsteady. These differences in interpretation
demonstrate that the intensity, magnitude, and processes that
occur during pumice cone eruptions are somewhat ambiguous
and perhaps diverse. This presents a challenge when assess-
ing the hazard and risk around the many volcanoes world-
wide which produce pumice cones. Here, we investigate the
deposits of numerous pumice cone eruptions from Aluto; a
populated caldera volcano in the Main Ethiopian Rift. By in-
vestigating the proximal and medial deposits, in conjunction
with existing work on distal tephra fall deposits from Aluto,
we attempt to understand the nature of these eruptions in
terms of their eruptive and depositional processes. The ulti-
mate aim is to characterise pumice cone eruptions more gen-
erally, and to inform volcanic hazard assessments for pumice
cone-producing volcanoes.

1.1 Aluto volcano

Aluto volcano is situated in the central section of the Main
Ethiopian Rift, between Lake Ziway to the north and Lake
Langano to the south (Figure 1). The towns of Ziway (Batu),
Adami Tulu, and Bulbulla lie ~7-10 km from Aluto’s west-
ern flank, but many smaller settlements are scattered across
Aluto’s edifice and surrounding plains, including a school and
a geothermal power facility within the margins of the caldera.
The Aluto volcanic complex evolved as a trachytic shield vol-
cano, and at around 310 ka, it underwent one or two major
rhyolitic eruptive episodes that developed a 42 km? elliptical
caldera [Hutchison et al. 2016b]. Post-caldera eruptive activity
since at least 60 ka has been dominated by the development
of numerous overlapping peralkaline rhyolite pumice cones
which, along with obsidian lava flows and PDC deposits, ob-
scure much of the older edifice [Hutchison et al. 2016b; Fontijn
et al. 2018; Clarke et al. 2019; Clarke 2020; Clarke et al. 2020;
Tierz et al. 2020]. These pumice cones are spatially clustered
[Clarke et al. 2020]. The patterns of clustering, and elonga-
tion orientations of their craters, indicate the presence of two
underlying fault sets at Aluto (NE/SW and NNE/SSW) and
an elliptical caldera fault [Hutchison et al. 2015]. These struc-
tures have provided the pathways for magma and hydrother-
mal fluids since caldera collapse [Hutchison et al. 2015; Hunt
et al. 2017 The youngest dated pumice cone at Aluto is
around 400 years old (0.4 + 0.05 cal. ka BP) [Hutchison et al.
2016b], but material for radiometric dating is sparse [Fontijn
et al. 2018] meaning that Aluto’s chronostratigraphy [alongside
many other volcanoes in the Main Ethiopian Rift] is relatively
poorly constrained. The distal deposits of Aluto’s Holocene
post-caldera activity can be found in the lacustrine tephra
record. The Central Main Ethiopian Rift (CMER) currently
hosts four separate major lakes (Figure 1): Ziway, Langano,
Abijata, and Shala, which have a complex history of water-
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level fluctuation, interconnection, and separation since the
early Pleistocene [Benvenuti et al. 2002; 2009]. These basins
have collected the distal tephra fallout of several CMER vol-
canoes, including Aluto; providing ages for a selection of
Holocene eruptions [Fontijn et al. 2018; McNamara et al. 2018].
From the Langano and Abijata lake cores, McNamara et al.
[2018] found that the time-averaged recurrence rate of erup-
tions from Aluto (that are sufficiently intense to deposit tephras
in the surrounding lakes) is around once every 250 years.
However, over the last 12 ka, these events are concentrated
in temporal clusters (at 3, 6.5, and 11 ka), where eruptions
occur roughly once every 100 years [McNamara et al. 2018].
Based on distance-thickness relationships of lake tephras, Mc-
Namara et al. [2018] also tentatively describe the Aluto erup-
tions to range in intensity, magnitude, and style from vulca-
nian to sub-Plinian [McNamara et al. 2018].

2 METHODS

2.1 Fieldwork and stratigraphic framework

Fieldwork was conducted over two field seasons at Aluto
in 2015 and 2017, totalling seven weeks. Sites were cho-
sen according to exposure, to ensure coverage of the full
range of pumice cone morphologies visible by remote sens-
ing, and to cover a wide geographic range around Aluto. Sites
were logged, and individual stratigraphic units were described
and traced laterally. Stratigraphically adjacent eruption units
are distinguished by the presence of intermediate palaeosols.
The rate of historical and modern soil formation in the Main
Ethiopian Rift, as in many locations globally, is poorly con-
strained. Consequently, it is possible temporally close erup-
tions may not be distinguishable. However, where a palaeosol
does not exist, and where there is no further evidence of a time
gap, it is simplest to assume pyroclastic units are associated
with the same eruption. We employ the lithofacies scheme
for describing pyroclastic deposits recommended by Branney
and Rokelaar [2002], a relevant subset of which is summarised
in Table 1. Following Branney and Kokelaar [2002], we also
use the term ‘ignimbrite’ to refer to any deposit from a PDC,
irrespective of a particular deposit volume or PDC generation
mechanism. Pyroclastic units from pumice cones at Aluto
often have a small lateral distribution (100s of meters to a
few kilometers), and the geochemistry of peralkaline rhyolite
glasses from different eruptions is remarkably homogeneous
and often indistinguishable [Fontijn et al. 2018; McNamara et
al. 2018]. This permits only localised stratigraphies; where lat-
eral documentation of pyroclastic units is limited to physical
tracing, and tracing of geomorphological features visible in the
available 2 m resolution LiDAR topographic data set of Aluto
[Hutchison et al. 2014]. This precludes most correlation across
the edifice as a whole, and between terrestrial tephras and lake
tephras, for which there is a better-developed chronostrati-
graphic framework [Fontijn et al. 2018; McNamara et al. 2018].
For terrestrial deposits in the arid MER, there is a paucity of
material suitable for *C dating [Fontijn et al. 2018], though
there are some Ar-Ar dates from K-feldspar bearing pumices
and lavas at Aluto [Hutchison et al. 2016a]. Collectively, these
provide a temporal bracket for the post-caldera eruption de-
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Figure 1: Overview of Aluto volcano, showing the regional and local context [after, Clarke et al. 2020; Tierz et al. 2020]. This
includes the field sites investigated here, pumice cone vents at the surface identified around Aluto, and the inferred (and partially
exposed) caldera ring fault from [Hutchison et al. 2016b]. Aluto topography is a 2m LiDAR dataset [Hutchison et al. 2014],
regional topography is 1 arc second (approx. 30 m) SRTM [NASA 2014].

posits at Aluto of between 306 + 12 ka (Ar-Ar) and 0.4 + 0.05
ka (14C) [Hutchison et al. 2016a. Where more precise age
constraints for particular deposits or sequences are available,
they are provided in this work. As we present here, the history
of post-caldera volcanism at Aluto is one of discrete eruption
centres that spatially overlap to a greater or lesser extent. Due
to these constraints, we do not attempt to develop a compre-
hensive chronostratigraphy of post-caldera volcanism at Aluto.
However, by exploring the nature of eruptions at Aluto in a
series of eruption case studies, and comparing them with find-
ings from lake-tephra investigations, we attempt to evaluate
the nature of pumice-cone-forming eruptions at Aluto.

2.2 Granulometry

Bulk samples of loose pyroclastic deposits, free of soil and
surface-wash were sampled, and ensuring a representative
mass was sampled (so that no single pyroclast exceeded
5 wt.% of the total sample mass [Mosley and Tindale 1985]).
Deposits were first sieved in the field for fractions coarser than
-2 ¢ (> 4 mm) at 1 ¢ intervals, and sorted by their compo-
nentry (pumice, obsidian, volcanic lithic, sedimentary lithic).
Pumice was defined as pale, qualitatively low-density and mi-
crovesicular material. The remaining fine fraction was coned
and quartered one or two times for laboratory sieving. The
fine fractions were dried at 100 °C for at least 24 hours, and
hand-sieved at 1 ¢ increments up to 5 ¢ (>0.031 mm). The
pumice to lithic ratio was quantified for size fractions coarser
than 1 ¢ (> 0.5 mm) by complete manual assessment of coned-
and-quartered sub-samples. The mass of the remaining fines
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(>5 ¢,<0.031 mm) was taken for each sample, and in all
cases comprised < 5 % of the total sample mass. Granulome-
try statistics (Inman parameters [[nman 1952]) were calculated
from empirical cumulative grain size distributions using a cus-
tom Python script without normalisation to 100 wt.%. As In-
man parameters only assess the central (161-84") cumulative
percentiles, the open-ended fine-tail of the distribution does
not influence comparative grain size statistics. Granulometry
and componentry data can be found in Supplementary Mate-
rial 1.

Table 1: A selected overview of the pyroclastic lithofacies
scheme of Branney and Kokelaar [2002] used throughout this
work, including the facies abbreviations used in the text.

Abbreviation Lithofacies

Prefix

m massive

s stratified

XS cross stratified

dxs diffusely cross stratified

ds diffusely stratified

Suffix

T tuff (clasts <2mm)

LT lapilli tuff (2 mm >clasts <64 mm)
BT block/bomb tuff (clasts >64 mm)
Br breccia
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3 REesuLTs
3.1

Pumice cones at Aluto display a variety of pyroclastic deposits
which can be broadly categorised into the following facies.
Here we describe and interpret these facies, and sets of facies,
which form the basis of eruption stratigraphies explored later.

Facies descriptions and interpretations

3.1.1

Description Common to every pumice cone investigated
at Aluto is the cone-forming, massive pumice breccia facies
(Figure 2A). They form shallow cones with outer slopes be-
low the angle of repose. These are characteristically coarse
(Mdy, = —1.5 to =5), very well to poorly sorted (o4 =~ 1-
3), clast-supported, open-work angular lapilli to block brec-
cias (Figure 3). The primary juvenile phase is pumice, which
is sometimes in a fjigsaw’ form (ie. fractured, but com-
plete clasts) [e.g. Wilson and Hildreth 1998), forming approx-
imately <10 vol.% of the deposits. Deposits sometimes con-
tain juvenile flight quenched and deposit quenched pumiceous
achneliths (FQAs and DQAs) [sensu Clarke et al. 2019]), which
are fluidal pyroclasts with a thin skin and a pumiceous in-
terior that variously indicate post-fragmentation (FQA and
DQA) and post-deposition (DQA) ductile deformation above
the glass transition [Clarke et al. 2019]. As the proportion of
pumiceous achneliths increases, the deposit may become in-
cipiently welded, but in general, welding is absent in these
deposits. Deposits sometimes contain rare obsidian bread-
crust bombs and angular, dense, coarse-ash to block-sized
glassy obsidian fragments. It is uncertain whether they are
juvenile to the deposit-forming eruption, or are an accidental
component. Lithics (excluding dense glassy obsidian) gen-
erally form a small volume fraction of the deposit (absent
to <10 vol.%), but where they are present comprise green
welded ignimbrite, dense undifferentiated oxidised lavas, and
fine grained sedimentary rocks. Apart from occasional out-
sized blocks, dense components are generally smaller than
adjacent low-density pumice clasts. Systematic vertical and
lateral grading patterns are common in these deposits. Lat-
erally, grain size decreases monotonically from the inferred
vent. Vertically, grading can be continuous and gradational
(normal, inverse, or combinations), or discontinuous over a
short length-scale (cm to meters). Commonly, grain size de-
creases towards the top of the deposit. In some cases, they
develop diffuse slope-parallel bedding structures with a gra-
dational transition into the lensoid bedded inversely graded
pumice breccia facies (bLBr, described later). The deposits
are coniform, often forming the main body of pumice cones.
Typically, maximum deposit thicknesses are 10s of meters,
but some cones are tall (<150 m) and comprise only this fa-
cies. In some cases, this facies grades laterally into widespread
sheet-like massive lapilli (mL) or massive tuff (mT) facies.

Cone-forming massive pumice breccias: mLBr

Interpretation The angularity, clast support, presence of
Yjigsaw’ pumices, and the hydraulic equivalence of clasts [Bur-
gisser and Gardner 2006] within these deposits, as well as their
draping of underlying topography, indicates that they are fall
deposits. While jigsaw-fit breccias are characteristic of block
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facies in debris avalanche deposits, where tessellating clast
fragments remain adjacent despite flowing considerable dis-
tances by acoustic fluidisation [Melosh 1987; Glicken 1991,
jigsaw pumices are a distinct phenomenon. They are small
individual clasts, rather than larger deposit domains, do not
display fluidal domain margins, and the overall deposit archi-
tecture is inconsistent with debris avalanches. Instead, they
indicate a lack of transport after they have fractured on im-
pact. mLBr is very similar to early facies of shallow scoria
cones globally [e.g. Valentine et al. 2007], and massive facies
within some maar deposits (e.g. Figure 2B, Meerfeld maar -
Eifel), which develop around eruption vents by a multitude
of concurrent fall-processes [McGetchin et al. 1974; Riedel et
al. 2003; Houghton et al. 2004]. Where present at Aluto, low-
density (0.2-0.8 g cm~3), lapilli-sized DQAs show that at least a
subset of their clasts are deposited from the edge of an eruption
column [Clarke et al. 2019]. However, at proximal locations,
it is likely that outsized blocks and coarse breadcrust bombs
represent a ballistic component. The lateral-grading of some
of these deposits to widespread sheet-like fall deposits implies
that these breccias contain tephra that has fallen from an um-
brella cloud. This diversity of emplacement mechanisms close
to the vent is likely to be the origin of their often relatively poor
sorting, atypical of medial to distal tephra falls deposited from
an umbrella cloud only [e.q. Walker 1971]. Highly variable,
and often poor sorting has been recognised more generally
in proximal cone or rampart-building fall deposits from in-
tense eruptions [e.g. Walker et al. 1984; Hildreth and Drake
1992; Fierstein et al. 1997; Houghton et al. 2004], and poorer
sorting is expected closer to volcanic vents in general [Sparks
et al. 1992]. We cannot rule-out hydrovolcanic interactions
during pumice cone eruptions at Aluto, indeed some mLBrs
resemble coarse grained, hydrovolcanic maar deposits (Fig-
ure 2A, 2B), and the presence of lahar deposits (see section on
volcaniclastic facies) implies a humid environment. However,
there is little positive evidence for any prolonged phreatomag-
matic behaviour, such as rhythmic fine bedding/lamination,
slumping, induration, abundant ash aggregates, dense juve-
nile population, or the generally (though not ubiquitously [e.g.
Pedrazzi et al. 2014)) fine grained nature typical of near-vent
phreatomagmatic deposits [e.g. Self and Sparks 1978; Kokelaar
1983; White and Valentine 2016]. Vertical grading patterns at
a given locality in fall deposits are a function of total grain
size distribution, eruption intensity and wind direction(s) [Pyle
1989]. Without robust isopachs and isopleths it is impossible
to disentangle these features, but the frequent reduction in av-
erage grain size towards the top of these units, followed strati-
graphically by mLTs (deposited by PDCs, discussed later), im-
plies that a waning eruption intensity was common towards
the end of fall deposition.

3.1.2 Lensoid bedded, inversely graded pumice breccias:
bLBr

Description In many pumice cones at Aluto, where they
are deposited on a steep slope or develop a steeper and taller
cone morphology, massive pumice breccias transform verti-
cally into lensoid bedded inversely graded pumice breccias
(bLBr) (Figure 2C). These breccias are angular, clast-supported
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Figure 2: The most common primary pyroclastic facies at Aluto pumice cones, and comparisons with cone-building facies in
similar volcanic systems. [A-B] massive, clast-supported, open-work angular juvenile-rich lapilli to block breccias at [A] Quarry
pumice cone, Aluto, and [B] Meerfelder maar, Eifel (Germany). [C-D] Lensoid bedded, inversely graded pumice lapilli breccias at
[C] Aluto, and [D] Megalo Vuono scoria cone, Santorini. [E] Matrix-supported massive lapilli tuff showing antithetical grading of
pumice (white triangle) and lithics (black triangle) (unit H7, Humo 1 eruption) Aluto. Here indicating deposition from a waxing
density current. [F] Matrix-poor massive lapilli/block tuff with a inversely graded fine grained base and rounded pumices (unit
A12, Awariftu 2 eruption) Aluto.
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and open-work. They are characterised by their steep bedding
surfaces which are generally close to angles of repose (= 25—
30°) that dip away from the cone center, inverse grading nor-
mal to bedding, and discontinuous lensoid bedding structure.
Lensoid beds are typically on the scale of cm to 10s of cm
vertically, with a lateral span of 10s of cm to meters. ‘Jigsaw’
pumices are absent, and the deposits are qualitatively less rich
in dense components than underlying massive pumice breccia
facies.

Interpretation An identical facies to bLBr is commonly ob-
served in the upper stratigraphy of basaltic scoria cones (Fig-
ure 2C versus 2D) where the repose angle of the constituent
material is reached, leading to small grain flows down the
cone slopes [e.g. McGetchin et al. 1974; Sohn and Chough
1993; Riedel et al. 2003]. This process sorts tephra by size and
density, creating the characteristic inverse grading. Denser
lithic material also flows further downslope, therefore deplet-
ing the upper deposits in lithic material [Sohn and Chough
1993]. This facies is not always restricted to the later stages
of cone growth, for example if cones accumulate on surfaces
close to the repose angle. This facies indicates that pumice
cones grow in a very similar fashion to most basaltic scoria
cones: by lateral grainflow with simulataneous column-edge
and ballistic deposition [Riedel et al. 2003; Valentine et al. 2005;
Martin and Németh 2006; Pioli et al. 2008].
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Figure 3: Median-grain size versus sorting of pyroclas-

tic pumice cone-forming deposits from Aluto: massive
lapilli/block breccias (mLBr), lensoid bedded lapilli breccia
(bLBr), matrix-rich and matrix-poor massive lapilli tuffs (mLTs).
Including fall/flow fields established by Walker [1971]. mLBrs
and bLBrs are characteristically coarse, and more poorly sorted
than common pyroclastic fall deposits. Matrix poor mLTs are
coarser than typical mLTs due to their lack of matrix. Sorting
is calculated as the Inman sorting parameter [Inman 1952].
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3.1.3 Massive to parallel-stratified tuff and lapilli

Description Much of the rift floor around Aluto comprises
massive tuff and massive lapilli (mT, mL) and parallel strat-
ified tuff and bedded lapilli (sT, bL). These facies are occa-
sionally found within proximal pumice cone stratigraphies at
Aluto. They are clast-supported, juvenile pumice/ash rich de-
posits, that may also contain various proportions of angular
dense lithic fragments, that tend to be finer grained than the
lower density pumice component. mL facies are well to very-
well sorted open-work angular pumice breccias that mantle
topography. They may also display planar bedding, where
they are described as bL. These facies are gradational into
mT and sT according to grain size. Grain size variations are
laterally systematic, and sometimes exhibit normal or reverse
vertical grading. Such deposits are often sheet like, showing
little thickness variation over the exposure-scale, but have oc-
casionally been found to thicken and grade into cone-forming
mLBr over a scale of 100s of meters. As with many facies at
Aluto, transitional diffusely bedded or stratified facies (dbL,
dbT) have also been identified.

Interpretation In most cases, the well-sorted, angular
pumices, and mantling of topography indicates that these fa-
cies are pyroclastic fall deposits derived from a plume. Where
they are lapilli sized (mL, bL), and sheet-like in form, they are
likely to have fallen from an umbrella cloud, centred on a com-
paratively proximal vent. Where they are ash sized (mT, sT)
they may be more distal deposits of an umbrella cloud (from
Aluto, or perhaps another nearby volcano), or co-ignimbrite
fall deposits from Aluto. In such cases, contextual evidence
(such as underlying ignimbrites) must be used to distinguish
origin. The presence or absence of planar stratification is in-
dicative of eruption column steadiness, and vertical grading
indicates changes in eruption intensity, changes in wind direc-
tion during the eruption or changes in fragmentation efficiency
at the vent (modifying the total grain size distribution) [Sparks
et al. 1997; Bonadonna and Houghton 2005]. The mT facies
may be pyroclastic fall or flow in origin, potentially represent-
ing the deposit of a steady ash fall, a concentrated but fine-
grained PDC [Branney and Kokelaar 2002], or even a water-
lain volcaniclastic deposit. Further evidence, such as lateral
or vertical grading into other facies, diffuse cross stratification,
evidence of water during deposition, presence of accretionary
lapilli, and relationship to topography must be taken holisti-
cally to determine an origin.

3.1.4 Massive lapilli tuff (matrix-supported)

Description Massive lapilli tuffs at Aluto are most com-
monly matrix-supported (Figure 2E). These are poorly to very
poorly sorted (o, = 2-4) mLTs (and mBTs) with sub-rounded
to well-rounded pumices, a variety of angular lithic compo-
nents (obsidian, and older pyroclastic and epiclastic rocks),
set in an ashy matrix. Pumice and lithic populations are
commonly, but not always, antithetically graded (e.g. Fig-
ure 2E). Some mLTs at Aluto display a thin (<10 cm), inversely
graded fine-grained base. Neither elutriation pipes nor clast
imbrication have been observed in mLTs at Aluto. Matrix-
supported mLTs are most often found in medial and distal
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drainages/gorges around the volcano. Where deposits are lat-
erally confined, deposits may reach over 20 m thick, but are
more typically on a scale of 10s of cm to meters. The most
distal mLTs have been found 5 km from their inferred source,
where they reach the edge of palaeolake Langano (thus rep-
resenting a minimum distance). So far, all mLTs from post-
caldera eruptions that have been found at Aluto are loosely
consolidated or lightly indurated; welding is entirely absent.

Interpretation The poor sorting, rounded pumices, topo-
graphic confinement, fine-grained bases, antithetical grading
of pumice, and lithic populations indicate these are the de-
posits of pyroclastic density currents [Branney and Kokelaar
2002]. Massive lapilli tuffs are typically ascribed to a granu-
lar fluid—based PDCs, where clast concentration in the lower
flow boundary zone is high, suppressing turbulence and pro-
ducing massive deposits, or where the lower flow boundary
zone is dominated by fluid escape [Sparks 1976; Branney and
Kokelaar 2002; Smith et al. 2020]. The apparent lack of im-
brication in these mLTs implies that shear is relatively low,
and so a fluid escape—dominated, rather than granular flow—
dominated lower flow boundary zone is likely to be the typical
dynamic mode for such PDCs at Aluto [Branney and Kokelaar
2002]. The lack of elutriation pipes, which are often found
in systems with a fluid-escape dominated lower flow bound-
ary zone, might indicate a generally low sedimentation rate
[Branney and Kokelaar 2002]. Their close association with
underlying fall deposits, the juvenile phase mostly comprising
vesicular pumice, and the lack of evidence for steep sided lava
domes, indicates that PDCs at Aluto are generated by column-
collapse.

3.1.5 Massive lapilli tuff (matrix-poor)

Description Some proximal mLTs at Aluto are matrix-
poor (Figure 2F), such that they are, or approach, a clast-
supported structure. They contain sub-rounded to well-
rounded pumices. Like some matrix-supported examples,
they also display a fine-grained base, contain an ashy matrix,
are poorly sorted, and thicken into topographic lows. These
deposits are better sorted (o4 = 2) and often coarser than
matrix-supported mLTs owing to their paucity of matrix (Fig-
ure 3). These deposits are often lithic-rich, where dense and
lithic components exceed the volume fraction of low density
juvenile pumices. At Aluto, matrix-poor mLTs are generally
found on proximal cone slopes, and thicken into drainages
where they sometimes transform into matrix-rich mLTs.

Interpretation Similar to matrix-supported mLTs, matrix-
poor mLTs at Aluto possess typical features of flow deposits,
apart from their (near) clast-supported structure. They lack
the ‘block facies’ generally associated with debris-avalanche
deposits [Glicken 1991], and sometimes grade into matrix-
supported mLTs. The paucity of matrix, as well as the
coarseness and lack of elutriation pipes in some of these de-
posits is similar to ‘hybrid’ proximal deposits described at a
number of plinian vents [Dowey and Williams 2022]. How-
ever, at Aluto these grade laterally and vertically into matrix-
supported mLTs, rather than fall deposits as described for
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‘hybrid’ deposits. In other volcanic systems, lithic-rich and
fines-poor breccias have been recognised close to their source
vent, and are thought to result from the compression of gas
and expulsion of low-density and fine material at the ‘impact
site’ of a collapsing eruption column [Valentine and Sweeney
2018]. This is effectively a broad scale elutriation process, and
may explain the lack of discrete pipes, and the common en-
richment of dense lithic clasts in the clast-supported mLTs.
Similar matrix-poor proximal ignimbrites have been recog-
nised at Novarupta [facies C; Houghton et al. 2004]. At No-
varupta, the lack of matrix is thought to reflect either limited
comminution of pumice over a short flow distance, or that
the PDCs are derived from gravitationally unstable, unconsol-
idated fall deposits. Either situation is plausible at proximal
locations on steep-sided pumice cones. However, at Aluto, the
pumices are sub- to well-rounded, indicating that significant
comminution has already taken place, which is hard to rec-
oncile with the remobilisation of recently deposited angular
pumice fall deposits. We therefore attribute proximal matrix-
poor mLTs to a proximal column-collapse ignimbrite facies,
where fines have been expelled due to high fluid pressures
in an ‘impact zone’ of a collapsing column. At greater flow
distances, increased comminution of pumice in these density
currents generates more fine ash forming the matrix of medial
to distal matrix-supported mLTs.

3.1.6  Cross stratified tuffs and cross stratified lapilli tuffs

Description Pumice cones at Aluto occasionally exhibit
cross stratified tuffs (xsT) and cross stratified lapilli tuffs
(xsLT). These are finer grained and better sorted than mLTs,
possess low-angle forsets often marked by discontinuous
strings of coarse ash and rounded pumice lapilli. Only one
such deposit has found to contain accretionary lapilli, and are
rare in this deposit, with only a few individual aggregates vis-
ible in meters of lateral exposure. The main juvenile compo-
nent is fine ash, and small pumice lapilli. These deposits are
generally lithic poor, but contain medium- to coarse ash—sized
angular fragments of glassy obsidian. Such deposits often
pinch and swell in thickness, where the maximum thickness
observed is 1.5 m. Cross stratified tuffs often gradationally
transform into or from matrix-supported mLT. Occasionally,
an intermediate diffusely bedded or diffusely cross stratified
lapilli tuff (dbLT/dxsLT) facies is found, with poorly devel-
oped stratification or cross stratification.

Interpretation The gradational transition between
xsTs/xsL.Ts and mLTs, as well as rounded pumices, poor-
sorting (compared to fall deposits), topographic pinching and
swelling, and cross bedding indicate they are flow deposits.
Cross bedding and stringers of larger clasts imply a turbulent,
tractional-dominated lower flow boundary zone, considered
to be typical of PDCs with lower particle concentrations and
higher shear rates [Branney and Kokelaar 2002; Smith et al.
2020} Their gradational relationship with mLTs indicates
fluctuations in density-current particle concentration in space
and time. The rare presence of accretionary lapilli does not
alone indicate a hydrovolcanic origin, particularly considering
their paucity. dbLTs and dxsLTs indicate intermediate
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conditions of particle concentration within the lower flow
boundary zone between mLT and fully developed xsT/xsLT.

3.1.7 Silicic lavas

Description Silicic lavas are commonly the final product of
pumice cone eruptions at Aluto, and are a conspicuous fea-
ture of Aluto’s landscape. They occur at six out of the nine
pumice cones investigated here, but many more lavas can be
observed in satellite imagery and in the DSM of Hutchison
et al. [2014]. They range in form from coulees (showing lit-
tle asymmetry and down-slope movement), to elongate multi-
lobed lava flows with a maximum flow distance of 2.3 km
from source. Surface folds (ogives) are present on all silicic
flows at Aluto. Where lower contacts are exposed, they are
sharp, onlap underlying stratigraphy, and entrain local under-
lying clasts within the bottom meter, locally with an auto-
breccia. Flow fronts are often steep (near vertical) and com-
prise blocky rubble. The flows comprise discontinuous and
somewhat irregular domains of microvesicular lava and glassy
obsidian. Obsidian lavas are occasionally flow banded. Petro-
graphically, silicic lavas at Aluto are generally crystal rich, con-
taining quartz, R-feldspar, aegirine, and aenigmatite in a glassy
groundmass. Most crystals comprise a core of K-feldspar with
a rim of granophyric quartz and K-feldspar that overgrows
nearby phenocrysts of aegirine and aenigmatite. Lavas from
Aluto pumice cones are strongly peralkaline rhyolites on a
whole-rock geochemical basis [sensu Mahood 1984] [Hutchi-
son et al. 2016b].

Interpretation  Globally, silicic lavas are typically emplaced
during the later stages of silicic eruptions, and sometimes si-
multaneously with explosive eruptive activity [Schipper et al.
2013; Castro et al. 2014]. Recent work suggests such lavas
form by the viscous sintering of explosively fragmented pyro-
clasts that block the conduit, and flow from the vent driven
by pressure from the ash-gas mixture below [Wadsworth et
al. 2020; Foster et al. 2024]. Investigations of ogives on sim-
ilar Ethiopian peralkaline rhyolite lavas at Corbetti and Fan-
tale volcanoes indicate emplacement viscosities similar to calc-
alkaline rhyolites [Hunt et al. 2019]. Granophyric crystals at
Aluto have been previously interpreted as xenocrysts of un-
dercooled granitic wall-rock [Lowenstern et al. 1997; Hutchi-
son et al. 2016b]. While this work primarily focusses on the
explosive pyroclastic processes involved in Aluto pumice cone
eruptions, the occurrence of silicic lavas at the end of pumice
cone eruptions is consistent with a late-stage fragmentation,
sintering and flow from the vent.

3.1.8 Debris flow, hyperconcentrated flow, and normal
streamflow facies

Description Volcaniclastic deposits are found within Aluto
pumice cone stratigraphies and modern drainages around the
volcano. The distinction of volcaniclastic from pyroclastic de-
posits can be challenging, and is often a holistic interpretation
based on sedimentological and broader contextual evidence
[Cowlyn et al. 2020} Central to the distinction of volcani-
clastic deposits is evidence of aqueous deposition. Here, we
use several (variously concurrent) features to distinguish this:
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the presence of bubbles in matrix, load and flame structures,
well developed cross bedding or climbing ripples, and clasts
that are strongly density-segregated into laminations. Such
deposits may also appear anomalously muddy, indurated, or
contain an anomalous componentry to stratigraphically adja-
cent deposits. They may also fill rills, or V- or box-shaped
gullies (that are typical of water-induced incision [Collins and
Dunne 1986]) rather than wider u-shaped gullies that are as-
sociated with PDCs [Kieffer et al. 2021]. We distinguish three
main volcaniclastic facies at Aluto: debris flow facies, hyper-
concentrated flow facies and normal streamflow facies. De-
bris flow facies at Aluto are usually mLTs; very poorly sorted
matrix-supported massive deposits, but tend to have a higher
proportion of clay-sized material than pyroclastic mLTs and
are commonly normally graded, and sometimes contain bub-
bles in their matrix. In some cases, they may instead be better
sorted (lacking a the coarse-tail of an mLT) and massive. Hy-
perconcentrated flow deposits share many of the same char-
acteristics, but are finer grained with occasional pumice lapilli
sized clasts, are usually better sorted than debris flow deposits,
often massive or parallel laminated. Dewatering structures,
commonly associated with hyperconcentrated flow and debris
flow deposits [Druitt 1995], have not been observed at Aluto.
Normal streamflow deposits are sands and conglomerates that
may display the range of common fluvial sedimentary struc-
tures formed through turbulent suspension and tractional flow
processes, such as cross bedding, climbing ripples and low an-
gle cross bedding [e.g. Smith 2000]. They are usually better
sorted than pyroclastic flow facies, and can be distinguished
by their clast-support and lack of fine ash. At Aluto all these
facies are channel-filling, but hyperconcentrated flow deposits
are also found as an overbank-facies associated with channel
filling debris flow deposits [e.g. Vallance and Iverson 2015].

Interpretation Debris flow, hyperconcentrated flow and
normal streamflow deposits are the product of sediment-laden
aqueous flows, with a spectrum of high to low volumetric ra-
tios of sediment to water respectively [Pierson and Scott 1985;
Pierson and Costa 1987]. The presence of bubbles in the ma-
trix of some deposits at Aluto is not a definitive character
of volcaniclastic sediments, as they have been described in
‘vesiculated tuffs” associated with wet PDCs from Surtseyan
style eruptions [Lorenz 1974] Bubbles instead indicate the
presence of water on deposition. The presence of volcani-
clastic deposits at Aluto is indicative of a humid environment
and the re-mobilisation of loose pyroclastic material during
and after eruptions. Volcaniclastic facies that fill rills on cone-
slopes represent incision and re-mobilistation of loose tephra
by rainfall, with high rates of erosion enabling sufficiently high
sediment to water ratio to suppress turbulence during flow
[Pierson and Costa 1987; Vallance and Iverson 2015]. Larger
volume, gully-filling volcaniclastic deposits that tend to oc-
cur in larger drainages on Aluto’s outer flanks also represent
the aqueous remobilisation of tephra sourced from a larger
catchment area. Where present, normal streamflow facies are
found alone or above hyperconcentrated flow deposits, where
they represent flows with more dilute sediment concentra-
tions at waning stages of erosion and flow, or where erosion
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rates were insufficient to generate more sediment rich flows.
The source of water is likely to be rainfall over a caldera-
scale catchment during eruption or volcanically quiescent pe-
riods, but some authors have tentatively suggested the pres-
ence of a caldera lake at Aluto during particularly humid pe-
riods [Hutchison et al. 2016b).

3.2 Eruption case studies

A high-resolution topographic data set (2 m resolution LiDAR
digital surface model—DSM) [Hutchison et al. 2014] has al-
lowed 86 eruptive vents to be identified across Aluto’s edifice.
These are identified as craters set into a topographic high (a
cone or rampart), often with a silicic lava dome, couleé, or flow
emanating from the vent. Each of these structures is defined
here as a pumice cone. Exposures of these pumice cone de-
posits were investigated across a series of sites around Aluto,
each providing a record of one or more pumice-cone-forming
eruptions. These sites are the Kertefa Pumice Cone Complex
(KPCC), Humo Gorge, Awariftu valley, and the Quarry, Cen-
tral, and Gabiben pumice cones (Figure 1). Eruption stratigra-
phies from of the sites are described and eruptions individually
reconstructed in the following sections.

3.3 Kertefa Pumice Cone Complex

The Kertefa Pumice Cone Complex (KPCC), is a series of
overlapping pumice cones and ramparts on the NW edge of
Aluto’s edifice (Figure 1). The main sites investigated here are
Kertefa gorge and South Kertefa Wadi (Figure 4), which col-
lectively comprise deposits of at least three eruptions from the
KPCC. Near the top of the exposed succession is a tephra
fall deposit from the ‘Qup’ eruption (as defined in Fontijn
et al. [2018]), identified by its rhythmic planar bedding and
known stratigraphic position and thickness in this region of
Aluto [Fontijn et al. 2018]. Deposits directly below the ‘Qup’,
which are correlated with lacustrine and terrestrial sections,
are dated to 7.3 ka [McNamara et al., unpublished data, Fontijn
et al. 2018], indicating the deposits of the KPCC are older than
this.

KPCC 1 eruption The oldest pyroclastic units from the
KPCC identified at Kertefa gorge are a series of dm-scale
matrix-poor massive lapilli tuffs (mLTs), the upper most of
which (K7) is shown in Figure 5. An underlying palaeosol to
these deposits is not exposed. Above these is a silicic lava flow
(K8) capped by a thin palaeosol, representing the end of the
eruption. The limited exposure makes finding the source of
these units challenging, but the presence of PDCs and a silicic
lava implies the source is nearby; and is possibly ‘vent 1’ of the
KPCC (Figure 4), where the partial burial by the pumice ram-
part from the KPPC 2 eruption indicates it is one of the oldest
structures exposed at the KRPCC. Above the palaeosol is a 1 m
thick normally graded, framework-supported lithic-poor mL,
containing lapilli-sized pumices with smaller obsidian lithics
(R9). The unit can be traced along the length of Kertefa gorge
(~500 m) and displays little change in overall thickness. Up-
wards, it transforms into a thick, patchy palaeosol. This is
interpreted as a soilified fall deposit from an unknown source,
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and the presence of a palaeosol above and below indicates it
represents a distinct eruption.

KPCC 2: The Diima eruption The second KPCC erup-
tion, the ‘Diima’ eruption, named after the characteristic pink
pumice that forms the bulk of the Diima pumice cone and
rampart (Diima means ‘pink’ in the Oromo language), is ex-
posed in Kertefa gorge and South Rertefa Wadi; represented
by units K10 to K12 (Figure 5A). The first Diima deposit is
a mLBr (K10) which forms the bulk of the pumice cone and
the N-S aligned rampart visible in Figure 4. The outer slopes
of the rampart are shallow (3°), but steepen towards the vent
(20°). The inner crater slope of the rampart reaches around
30-35°. K10 thickens proximally from the western end of
Kertefa gorge (0.5 m thick), towards the edge of the vent 2
pumice rampart (40 m thick) to the East (Figure 5B). At prox-
imal locations (log K,, Figure 5A, 460 m from vent) pumices
are block sized, but grade to lapilli >750 m from vent. Ver-
tically, the deposit grades inversely then normally, which is
also reflected in a colour change of pumices from grey, to
yellow to pink and back again (Figure 5B, 5C). This colour
change reflects pumice size, and so distally exhibits a grey-
yellow-grey sequence, and at greater distances, only grey. The
K10 mLBr is followed by K11: a mLT that transforms verti-
cally and laterally into a finer grained dxsT. The boundary
between the mLBr and mLT varies laterally from very sharp
(Figure 5C), to gradational (Figure 5B). The lower boundary
undulates, with the the mLT filling topographic lows in the
slopes of the mLBr. Distally, at the western end of the gorge,
the mLT becomes less massive, and displays discrete internal
discontinous lobate bedding. Assuming down-slope flow, the
3D architecture of these deposits implies this ignimbrite was
deposited on a northward dipping slope, and so is thought to
originate from the southern end of the pumice rampart (vent
2). The final exposed product of the Diima eruption is a sili-
cic lava flow (K12), emanating from a small prominence (vent
4) at the southern end of the pumice rampart. The base of
the silicic lava is auto-brecciated, and contains entrained and
sometimes deformed characteristically pink pumices from unit
K10. With height, the lava becomes dense and glassy, with oc-
casional discontinuous microvesicular domains. At locations
where the lava did not reach (SK,, K.), a palacosol separates
the K11 mLTs and dxsTs from those of the following KPCC
eruption. The K10 mLBr represents a deposition from a steady
pyroclastic eruption column. The grading of this deposit in-
dicates a steady waxing then waning of eruption intensity.
The generation of the K11 mLT following the waning of the
eruption column, and the locally gradational contact between
the two facies suggests that a PDC was generated by the col-
lapse of the eruption column. The variably gradiational/sharp
nature of this boundary indicates spatially variable sedimenta-
tion versus over-passing conditions within the density current
[e.g. Branney and Kokelaar 2002; Brown et al. 2003; Doronzo
et al. 2010]. The vertical and lateral grading of the mLT into
a dxST implies deposition from a sustained but increasingly
dilute PDC with time, and the lobate bedding structures with
distance implies an increased flow unsteadiness distally. The
eruption ended with the emplacement of a silicic lava, gen-
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Figure 4: Overview of the Kertefa Pumice Cone Complex, showing the main features of the complex and the locations of field
sites discussed here. Silicic lava (K12) is highlighted in pink. Topographic data is 2 m LiDAR from [Hutchison et al. 2014]. The
KPCC is located on the NW flank of Aluto’s edifice (see Figure 1). The 200 m scale bar is calibrated to the foreground.

erating a lower autobreccia, with a more ductile glassy and
microvesicular core. The presence of pink pumices from the
mLBr in the base of the lava implies that the intervening PDC
did not deposit further upslope, and indicates that there was
no palaeosol between the PDC deposits and the lava.

KPCC 3: The ‘Qup’ eruption The ‘Qup’ eruption, as de-
scribed by Fontijn et al. [2018], comprises a decimeter-scale
bL fall deposit, high in the stratigraphy in the NW region of
Aluto. We are unable to definitively attribute the Qup erup-
tion to a particular pumice cone. However, it is likely to be
from the vicinity of the KPCC, consistent with the isopachs of
the Qup fall deposit [Fontijn et al. 2018]. The Qup fall deposit
(K14) is found at the top of the Kertefa Gorge section, and near
the top of the South Rertefa Wadi section which cuts into the
flank of a the main pumice rampart (Figure 5A SK,,d). Below
the Qup fall deposit is a xsL.T (K13) and above is a dsLT (K15).
These are the final proximally exposed primary products of
the eruption. The sequence is incised by narrow (< 1 m), shal-
low (< 0.5 m) steep-sided rills and box-shapped gullies filled
by cross stratified, granule-sized, pumice and lithic-bearing
deposits (K16). This transforms upwards into a regolith and
modern soil (K17). The xsLT and dsLT are interpreted as
deposits of PDCs which possessed high and lower concentra-
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tions of particles within their respective lower flow boundary
zones. The presence of two flow deposits, with an interven-
ing decimeter-scale bedded, regional-scale fall deposit implies
an unsteady eruption that generated an eruption column that
repeatedly collapsed to generate PDCs. The K16 deposits are
thought to be volcaniclastic, representing the remobilisation
of pyroclastic sediment by water as hyperconcentrated flows
and normal streamflows.

3.3.1  Humo Gorge

Humo gorge and the surrounding regions record at least three
eruptions within the SW corner of the interior of Aluto caldera
(Figure 1). The first and third are well exposed, with identifi-
able pumice cones. The second is less well constrained, and
comprises gorge-filling pyroclastic deposits from an unknown
source. The deposits are all stratigraphically below a lava flow
dated to 61 + 8 ka [Hutchison et al. 2016b]. An overview of
the structure of Humo gorge, and the locations of the products
of each eruption are shown in Figure 6.

Humo 1 eruption The stratigraphically lowest units ex-
posed around Humo gorge are not separated by palaeosols,
and so are considered to be produced by a single pumice cone
eruption, which has developed a largely eroded and partially
buried shallow pumice cone. Humo gorge cuts across the
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Figure 5: Pyroclastic logs and images of the KPCC deposits. [A] Pyroclastic logs and correlations of the KPCC from Kertefa
gorge and South Kertefa Wadi. Key indicates symbology. Degree of rounding, clast support, bedding structure and grain size are
communicated qualitatively by modification of these symbols. The symbology is reflective of all logs in this work. Log locations
are in Figure 4. Logs from left to right represent distal to proximal pumice cone deposits. Note the expanded vertical scale of
log SK,. [B] Overview of Kertefa gorge showing the field relations of the Diima eruption deposits; from the base marked by an
palaeosol (upper K9), to the emplacement of the Diima silicic lava (K12). [C] The deposit transitions from mLBr (K10), to xsLT
(upper K11), to the emplacement of an autobrecciated silicic lava (K12) representing the waning phase of the Diima eruption.
[D] Upper deposits from South Kertefa Wadi showing the transition from the bL ‘Qup’ fall deposit (K14), to dsLT ignimbrite (K15),
rillilling volcaniclastic deposits (K16), and finally a regolith and modern soil (K17). The scale is 30 cm long.
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Figure 6: Overview of the Humo gorge region and field sites. The deposits and structures from the three main eruptions are
shown. Humo 1 and 3 pumice cones, and their crater rims, are visible. The source of the KPPC 2 eruptive products is uncertain,
but is likely to be somewhere further south and uphill from Humo gorge where the deposits are currently preserved. The scale

bar is calibrated to the foreground.

pumice cone, providing a cross-section of the deposit stratig-
raphy (Figure 6). A subset of the pyroclastic logs is shown in
Figure 7A. The remains of the cone are broad and short (ap-
parent crater diameter ~450 m, height ~40 m), though highly
eroded, making it challenging to assert an original morphol-
ogy. The Humo 1 pumice cone is built from two mLBrs at
the base (H2 and H5), and towards the top bLBr (H6) that
dip between 28 and 32° away from the cone centre at and
become qualitatively more lithic poor with height (Figure 7).
Stratigraphically above this, and away from the cone slopes,
more distal exposures comprise matrix-rich mLTs that onlap
the cone slopes (H7 and H8). The sequence is topped by a
modern soil. There is no exposed silicic lava from the Humo
1 eruption, though the cone has apparently undergone exten-
sive erosion and burial which may erase or obscure such a
feature. The cone itself is interpreted as the accumulation of
tephra fall around the vent. The presence of two sharp bed-
ding surfaces within the mLBr facies implies discontinuities in
fall deposition, perhaps by pauses in the eruption. However,
this separates only three multi-meter scale massive beds and
so each phase is considered to be steady, rather than pulsatory.
With time, the cone became sufficiently steep to develop the
bLBr facies. This was followed by the generation of PDCs,
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which in stratigraphic context, and by their componentry, is
most commensurate with column-collapse.

Humo 2 eruption The Humo 2 eruption is recorded as a se-
ries of gorge-filling pyroclastic deposits (H9 to H16, Figure 7B).
The first deposit is a mLBr (H9) containing out-sized pumice
blocks. This is followed by a dxsLT (H10), and a further
mLBr (H11), better sorted than H9 without outsized blocks.
This is followed by thick (<20 m), gorge-filling ignimbrites
and co-ignimbrite sTs (H12 to H16). H12 and H13 are mLTs,
with an overlying fine co-ignimbrite sT (H14), followed by
a dxsLT (H15) with a further co-ignimbrite sT (H16). The
mLBrs are fall deposits, with the presence of outsized pumice
blocks suggesting either that they are close to source, or con-
sidering they are filling gorges, may have fallen in from the
gorge walls. These deposits are not themselves cone-forming
(as they fill a gorge) but may or may not be associated with
the cone-forming phase of a pumice cone eruption. The in-
tervening mLT (H10), indicates the eruption column that gen-
erated the fall deposits was unsteady, generating a PDC. The
following ignimbrites and co-ignimbrite ash falls indicate fur-
ther PDC forming episodes with intervening quiescent peri-
ods allowing ash to settle. This is consistent with either an

Page 796



VOLCANICA

7(2): 785-811.

https://doi.org/10.30909/vol.07.02.785811

Humo 1 eruption

Q7@
AR
SPITY

00

Humo 2 eruption

Figure 7: Logs and images of the Humo gorge deposits. [A] Logs of Humo 1 eruption deposits. The location of the logs are cross
referenced in Figure 6. [B] Logs of Humo 2 eruption deposits. [C] Logs of Humo 3 eruption deposits. [D] The transition between
lower massive pumice breccia forming a shallow cone, and inversely graded, lensoid beds of pumice breccia; representing
granular flow-modified fall on the outer repose slope of the Humo 3 pumice cone. Taken at the location of log H. [E] Deposits
at the end Humo 3 eruption, filling the Humo 1 crater. Showing clear indications of water laden density currents and sediments
(bubbles in ash, load and flame structures), followed by the settling out of fines through still water (planar laminations). Taken
at the location of log H,. [F] Typical massive pumice breccia forming a short and wide pumice cone, including [fractured, but
intact] ‘jigsaw’ pumices; indicating no post-depositional transport. There is a notable lack of such pumices in the lenticular
bedded pumice breccias in the upper portions of the cone. Taken near the location of log H.

unsteady, pulsatory eruption, without the formation of stable
eruption columns between PDC generation events (i.e. vulca-
nian blasts), or the generation of deposit-derived PDCs from
unstable pyroclastic deposits after the main eruption event [e.g.
Risica et al. 2022]. Due to a lack of exposure, further details of
this eruption, including the location of the vent, are unknown.
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Humo 3 eruption The Humo 3 eruption comprises a tall
pumice cone (139 m minimum), outflow facies, and a (now
buried) silicic lava flow (Figures 6 and 7C). Small remnants
of crater-rim can be identified in the DSM, with an in-filled
crater forming a plateau to the south, and an outer flank of
the cone forming the main slope into the caldera. The cone
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is now deeply incised by deep v-shaped gullies, and an ex-
tensive road-cut; providing excellent exposure of the bulk of
the pumice cone. The main body of the cone comprises mLBr
(H17, and H19) with a thin mLT (H18), which grades upwards
into a series of steeply bedded bLBrs (H20 to H21). Towards
the top of the cone, there is a massive fine ash (H22) and a
normally graded mLBr (H23). Stratigraphically above these
deposits, on the lower flanks of the cone (and filling the crater
of the Humo 1 cone), is a mLT (H24) and a series of deposits
(H25 to H28) (Figure 7E), including an mT with matrix bub-
bles (H25), an mT with a loaded base that grades upwards
into a planar sT (H26), followed by two thin indurated brec-
cias (H27 and H28). The final primary product of the erup-
tion is a now-buried silicic lava, identifiable in the DSM, and
with poor and sporadic exposure, but appears to have flowed
through a breached flank of the cone. The main cone was built
by the accumulation of tephra fall around the vent, forming a
thick massive deposit, with the occasional intervening collapse
event generating PDCs. As the eruption progressed, the cone-
slopes steepened to the angle of repose. The presence of more
extensive planar bedding surfaces in the succession implies
the eruption was not entirely continuous, and towards the
end was unsteady and waning, depositing finer-grained fall
deposits. The later stages of the eruption were marked by the
generation of another PDC, which by-passed the cone slopes
depositing beyond the break in slope at the base of the cone,
and finally by the emplacement of a silicic lava. The series of
deposits filling the Humo 1 crater, stratigraphically above the
lava flow, were evidently deposited with a high proportion
of water accounting for soft sediment deformation structures
and matrix bubbles. It is possible that H25 is a vesiculated
tuff emplaced by a PDC generated by phreatomagmatic ex-
plosions, or alternatively that the package represents a series
of volcaniclastic sediments emplaced by or through a body
of water. In either case, these deposits indicate the Humo 3
eruption occurred in a humid environment, with potential for
hydrovolcanic actvity.

3.3.2  Awariftu valley

Awariftu valley, on the northern outer flank of Aluto, pro-
vides lateral exposure of at least two eruptions separated by a
palaeosol (Figure 8). The Awariftu 1 and Awariftu 2 deposits
(Figure 9), forming the southern end and eastern side of the
valley onlap the dated pumice cone on the western side of the
valley, indicating that these are the youngest eruptions from
Awariftu valley, and are < 18 + 8 ka [Hutchison et al. 2016b].

Awariftu 1 eruption The first eruption produced a short
(=45 m), wide (apparent crater diameter ~400 m) pumice cone
at the head of Awariftu valley (Figure 8). The cone comprises a
mLBr (A1), with a a high proportion (20—40 vol.%) of deposit-
quenched pumiceous achneliths (DQAs, Figure 9b), with an
overlying matrix-poor mLT/mBT with a fine grained base,
and becomes more matrix rich distally (A2). The mLT/mBT
has an undulating upper surface, which is filled in proxi-
mal locations by a lithic-rich angular breccia with a muddy
matrix (A4), and at distal locations by a low-angle cross-
bedded, muddy, indurated deposit with laminations of lithics
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and pumices (A3) followed by A4. Above this is a mLT (A5)
capped by a palaeosol. There is no known obsidian lava as-
sociated with this eruption. Typical of many cones at Aluto,
the first deposits of the pumice cone are proximal mLBr fall
deposits around the vent which form the main body of the
cone. The lapilli-sized DQAs represent fluidal juvenile ma-
terial falling from the turbulent edge of an ascending erup-
tion column, without sufficient time to cool through their glass
transition, but too small and low density to be deposited ballis-
tically [Clarke et al. 2019]. The following mLT/mBT indicates
this column then collapsed, generating a coarse-grained PDC
with elutriated fines, and little opportunity to generate fines
through comminution of pumice. This was followed by the
generation of a lahar, first depositing A3 by a hyperconcen-
trated flow, then a coarser debris flow deposit (A4); a com-
mon sequence generated by progressive aggradation of lahar
deposits [Pierson and Scott 1985; Vallance and Iverson 2015].

Awariftu 2 eruption The Awariftu 2 eruption began with
the deposition of a tall pumice cone (> 200 m), which forms
the eastern side of Awariftu valley (Figure 8). The bulk of
the pumice cone comprises mLBr (A6), with <10 vol.% DQAs.
This is followed by a complex stratigraphy of several matrix-
poor and matrix-rich mLTs, dbLTs and xsTs which can be
traced along a road cut through the slopes of the pumice
cone, and into the valley itself. A particularly lithic-rich
clast-supported mLT (A10) followed by a mT to dbT with
sparse accretionary lapilli (Figure 9C, 9D) provides a marker
sequence to permit correlation. Small discontinuous beds
of clast-supported open-work angular pumice lapilli, with
eroded upper surfaces (e.g. A19, A17) can be found within
the sequence of matrix-bearing deposits. The sequence ends
with a series of matrix-supported mLTs, the last with a coarse
lithic-rich base containing DQAs. There is a crystal rich silicic
lava flow from the main vent of the Awariftu 2 cone visible
in the DSM that flows over the stratigraphy (Figure 8). Fol-
lowing the sequence of events at other Aluto pumice cones,
the cone develops first as an accumulation of mLBr tephra fall
around the vent. The Awariftu 2 cone did not reach suffi-
cient steepness for repose-slope grainflow, so the bLBr facies
has not been observed. The following series of matrix bear-
ing deposits indicate the collapse of the pyroclastic eruption
column to generate PDCs. The sections investigated here are
very close to the vent (=300 m) and on the outer cone slope,
and the presence of particularly matrix-poor and lithic-rich
PDC deposits might represent the impact zone of descending
tephra. The presence of beds of sparsely preserved open-work
angular pumice lapilli indicate occasional resumption of de-
posit accumulation by tephra fall. While open-work pumice-
rich ignimbrite facies do exist (marking the levees of flow-
lobes [Branney and Kokelaar 2002]), the pumice lapilli in the
Awariftu 2 beds are distinctly angular compared to the sur-
rounding flow deposits, indicating a lack of comminution, and
so are interpreted as fall deposits. This repeated intercalation
of tephra fall and PDC deposits indicates either a sustained
eruption column with repeated partial collapses (generating
PDCs that variably erode accumulated tephra fall), or repeated
explosive phases that temporarily form a stable column, fol-
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Figure 8: Overview of the Awariftu valley and field sites, facing SSW into the caldera. The deposits and structures from the
two studied Awariftu eruptions are shown. Onlapping relations indicate that the cones and lavas visible on the western side of
Awariftu valley (right of image) are older than the Awariftu 1 and 2 deposits. The Awariftu 2 lava is highlighted in pink. The scale

is calibrated to the foreground. Regular squares in the topography are artefacts from repairs to the LiDAR data set.

lowed by wholesale column collapse. The sparse accretionary
lapilli (as opposed to pellets) in the mT/dbT indicate a flow
origin, the presence of moisture to nucleate pellet formation in
a co-ignimbrite plume, and the growth of accretionary lapilli
in a fine grained density current [Brown et al. 2010]. This and
the syn-eruptive presence of lahars, indicates a humid envi-
ronment. While it is possible the fine grained accretionary
lapilli-bearing deposit might represent a hydrovolcanic phase,
there is little evidence for any prolonged magma-water inter-
action in the rest of the Awariftu 2 deposits. The eruption
ended with the emplacement of a silicic lava.

3.3.3 Central, Quarry and Gabiben Pumice Cones

The Quarry and Central pumice cones are connected eruptive
centres along the Artu Jawe fault zone within Aluto’s caldera
(Figure 10). Superposition indicates that the Central pumice
cone erupted first, followed by the Quarry cone, though the
length of time between these eruptions is uncertain. The
Gabiben pumice cone in the NW of the caldera floor is the
youngest primary volcanic feature in the local area, but there
are no absolute age constraints.

Central pumice cone The deposits of the Central pumice
cone are relatively poorly exposed, but comprise a mLBr with
abundant DQAs, forming an asymmetrical ring approximately
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30 m tall with an apparent crater diameter of 500 m. These are
the only pyroclastic deposits from the central cone exposed;
and any further deposits are likely to form flat farmland to the
West. The end of the Central Cone eruption is marked by a
comparatively small silicic lava sitting in a small breached sad-
dle on the southern rim of the pumice cone, with visible sur-
face ogives that converge on the centre of the saddle (Figure 10,
Central Cone lava). The eastern rim of the Central pumice
cone crater is incised by a box-shaped gorge filled with a sili-
cic lava (Figure 9, Quarry Cone lava) that emanates from a
vent associated with the Quarry pumice cone. The Quarry
Cone lava stops abruptly, forming a shear face concordant
with the interior slope of the central pumice cone. The floor
of the cone is partially covered by a debris fan (observable in
the elevation model and sparsely exposed) which thickens to-
wards the gorge at the inner eastern wall of the cone toward
the breach. A steeper, inactive talus slope comprising obsidian
blocks sits at the base of the Quarry Cone lava, partially bury-
ing the debris fan. The structure of this cone is unusual, but
highlights important processes that evidently occur at Aluto
pumice cones. Firstly, the asymmetry of the cone might indi-
cate a relatively weak eruption plume (bent over by wind to
the NE) [e.g. Dawson and Powell 1969; Valentine et al. 2007,
Mattsson and Tripoli 2011}, or a directed eruption from an in-
clined conduit [e.g. Zanon et al. 2009; Graettinger et al. 2015].
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Figure 9: Correlated logs and images of the Awariftu 1 and 2 pumice cone eruption deposits. [A] Logs of the Awariftu 1 (A1 to A5)
and Awariftu 2 (A6 to A21) deposits exposed along Awartiftu valley. An obsidian lava from the Awariftu 2 eruption can be found
on the western flank of the Awariftu 2 pumice cone, set back from the exposures described here (Figure 8). Height scale is in
meters above the base of the exposure. [B] Image of the A1, Awariftu 1, pumice cone building fall deposit containing numerous
fused DQAs (deposit quenched achneliths). These pyroclasts display in-situ inflation within the deposit. Their plastic behaviour
indicates their short flight-time to the deposit, ultimately indicating their source from the edge of an ascending eruption column
[Clarke et al. 2019]. [C] Overview of the stratigraphic marker units: lithic-rich A8, ash rich and accretionary lapilli bearing A11,
and large pumice-rich ignimbrite A12. [D] Inset of an accretionary lapillus within unit A11.
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Figure 10: An overview of the Central and Quarry pumice cones. [A] Showing the key relationships between, and features of the
Central pumice cone and silicic lava, followed by the Quarry pumice cone and lava. The scale is calibrated to the foreground.
[B] Photograph showing the massive pumice breccia forming the lower stratigraphy of the Quarry pumice cone, including a DQA
pyroclast [Clarke et al. 2019]. [C] Photograph showing the steeply bedded, inversely graded lensoid beds of pumice breccia that

form the upper stratigraphy of the Quarry pumice cone.

Secondly, the emplacement of lava from the crater rim, and
not from the central eruption vent is unusual. The presence
of surface ogives indicates that the present day lava surface is
original, and not an erosional remnant of a flow sourced from
elsewhere. The high point of the lava and converging ogives
indicate the location of the vent, which is SW of the main
central cone vent. This is consistent with the strike of faults
and pumice ramparts at Aluto, suggesting the eruption was
dyke-fed, with a small secondary vent developing along strike
close to the main vent. Moreover, the location of this lava
challenges, at least in this case, formation by the extrusion of
accumulated sintered pyroclastic material against the wall of
a vent, as there is no pyroclastic cone centred on the saddle. If
the obsidian lava is the product of viscous sintering, this must
have taken place immediately upon vent opening, with little
or no surface explosive activity. Finally, the arrested Quarry
Cone lava indicates that similar to basaltic scoria cones [Sum-
ner 1998; Németh et al. 2011], pumice cones are unstable and
can undergo lava-induced collapse. The inferred process of
collapse is shown in Figure 11; where the inflation or growth
of the Quarry Cone silicic lava against the outer wall of the
Central pumice cone continued until the wall failed, allowing
the silicic lava to partially advance and the lava flow front to
collapse forming a talus slope.
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Quarry pumice cone The Quarry pumice cone is an elon-
gate pumice rampart that is situated directly above, and fol-
lows the strike of the Artu Jawe fault zone; on an en-echelon
lineament to the Awartftu 2 cone. The rampart rises to a
height of ~100 m above the caldera floor. A series of quar-
ries in the outer western flank of the rampart expose a clear
stratigraphy of mLBr to bLBr facies (Figure 10). The base of
the quarry, marking the earliest deposits of the eruption, com-
prises a mLBr with abundant DQAs (Figure 10B). This grades
with stratigraphic height into a bLBr facies without DQAs,
best exposed in the upper quarry (Figure 10C). These are the
only known pyroclastic deposits of this cone, as there is no
traceable distal exposure. A shallow-buried silicic lava is ap-
parent in the DSM (Figure 10). The lava is tentatively associ-
ated with the Quarry Cone lava at the top of the pumice cone,
though the intervening exposure has been removed by earth-
works associated with the Aluto-Langano geothermal power
station. The temporal and eruptive relationship between the
Quarry Cone and Awariftu cone is unknown, and it is possi-
ble that they developed during the same eruption. The burial
of the Quarry Cone lava suggests it post-dates the exposed
Awariftu 2 lava.
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Gabiben pumice cone The Gabiben pumice cone (Fig-
ure 12) is a shallow (=50 m tall), wide (apparent crater di-
ameter ~550 m), asymmetric pumice cone, which lies along a
INE/SW striking fault [Hutchison et al. 2015], from which em-
anate a series of three crystal-rich obsidian lava flows along a
distance of 2.75 km. The pumice cone itself comprises mLBr,
though overall, exposure is poor. There are two subsidiary
craters, also along a NE/SW strike, which appear excavated,
rather than constructed. Eruption began at the SW end of the
lineament forming the main cone by tephra fall around the
vent, which was then partially excavated by phreatic explo-
sions to the NE forming the two subsidiary craters. The rela-
tive timings of the three silicic lavas is unknown, but consid-
ering the SW to NE progression at the main cone, this may be
mirrored in the temporal sequence of lavas along strike. The
linear series of vents, like many at Aluto, suggest the pumice
cone eruptions are dyke-fed.

4 DiscussIoN

4.1 A comparison with the distal tephra record

Terrestrial and lacustrine sediments exposed in gorges ca. 5—
10 km to the West of Aluto, as well as lake sediment cores
from Lakes Abijata and Langano (25 and 15 km to the South
of Aluto respectively) provide a record of distal tephras from
Aluto eruptions throughout the Late Pleistocene and Holocene
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Figure 11: Schematic diagram showing the process leading to
the partial collapse of Central pumice cone by the emplace-
ment of the Quarry cone silicic lava.
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[Fontijn et al. 2018; McNamara et al. 2018]. In the gorges, the
predominant facies is clast-supported mL pumice, typically up
to a few cm to a few dm in thickness, and which have been in-
terpreted as medial-distal fall deposits of explosive eruptions
at Aluto, as also confirmed by their glass chemical compo-
sition [Fontijn et al. 2018; McNamara et al. 2018} Sometimes
the fall deposits transform upwards into a more fines-enriched
mLT facies, occasionally displaying low-angle cross-bedding,
and this has been interpreted to either reflect distal PDCs, or
(syn-eruptive) remobilisation into a (palaeo)lake [Fontijn et al.
2018]. Consistent with our observation of cone-building rather
than sheet-forming fall deposits, is that the few fall deposits
that have been laterally correlated thin out relatively quickly,
with tentative half-distance thickness (b;) values Pyle [1989]
of <1 km [Fontijn et al. 2018]. Lake sediment cores contain
numerous (24 in Lake Abijata; 19 in Lake Langano) ash layers
geochemically correlated to Aluto. They are typically on the
order of 1-3 c¢m thick and fine grained (M, on the order of
2-3 ¢), with the exception of one 11 cm thick and coarser
tephra in Lake Abijata. These are interpreted as primary fall-
out from moderate-magnitude (M ~ 4) explosive eruptions at
Aluto [McNamara et al. 2018]. Important to note, is that Lake
Tilo sediments (ca. 110 km SSW of Aluto) contain two fine
ash layers (0.5—1 cm thick) that have a chemical composition
consistent with that of other Aluto tephras. McNamara et
al. [2018] tentatively suggested that one of these units could
correspond to the thickest tephra in Lake Abijata, and pos-
sibly represent an eruption of Plinian magnitude from Aluto.
Considering the near absence of absolute age constraints for
proximal deposits, the geochemical homogeneity of juvenile
compositions, and the selective recording of only moderate-
to-high-intensity explosive eruption deposits in lake cores, it
remains very challenging to integrate the terrestrial and lacus-
trine records at Aluto. Nonetheless, the record is consistent
with observations of the proximal deposits, that pumice cone
eruptions comprise a sustained but unstable eruption column
leading to (with important exceptions) rapidly thinning, mod-
erately widespread tephra deposition.

4.1.1 PDC generation mechanisms at Aluto pumice cones

PDC deposits from Aluto pumice cones lack the high propor-
tion of dense, low-vesicularity blocks of lava typical of block
and ash flows derived from dome and flow-front collapse [e.g.
Cole et al. 2002]. Their heterogeneous lithic population (in-
cluding many sub-volcanic sedimentary clasts, sourced from
deep in the conduit and below), and abundance of pumice,
is also inconsistent with PDCs derived from such generation
mechanisms [e.g. Cole et al. 2002]. This perhaps reflects the
tendency of peralkaline rhyolites to form more-stable shal-
low domes and flows [e.g. Hunt et al. 2019], rather than steep
domes or spines. However, piling of silicic lavas against un-
stable barriers, as seen at Central pumice cone, could conceiv-
ably provide a mechanism for block-and-ash flow generation
at Aluto. More generally, the PDC deposits at Aluto are most
consistent with generation by column-collapse events, either
as numerous distinct vulcanian blasts [e.g. Cole et al. 2014], or
repeated partial collapses of a sustained eruption column [e.g.
Taddeucci et al. 2004; Carazzo et al. 2020]. Vulcanian erup-
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Figure 12: Overview of asymmetrical Gabiben pumice cone and the surrounding area. Showing the Gabiben pumice cone,
delineated by a break in slope, the Gabiben lava, and associated lavas along strike (pink). By superposition, and lack of gullying,

Gabiben appears to be the youngest eruption in the area.

tive products often contain dense juveniles such as breadcrust
bombs, derived from dense conduit-blocking plugs [Woods
1995; Clarke et al. 2015]. Breadcrust bombs are present in
some mLBr fall deposits at Aluto but are near-absent in the
ignimbrites. However, glassy obsidian clasts are common, and
could conceivably represent plug material. Then again, con-
sidering the abundance of obsidian lavas in Aluto’s stratigra-
phy, they could alternatively be lithics derived from the con-
duit walls. Ignimbrite flow units at Aluto display strong strati-
graphic variation in their granulometry, componentry, and in-
ferred flow dynamics. Overall, this implies highly unsteady,
pulsatory PDC generation mechanisms, rather than sustained
column-collapse or boiling-over. The general lack of welding
also implies somewhat greater pre-depositional cooling than
would be expected from boil-over derived PDCs [e.g. Bran-
ney and Kokelaar 1992], especially considering the particu-
larly low glass transition temperatures of peralkaline rhyolites
[Dingwell et al. 1998; Di Genova et al. 2013], which should
enhance welding processes at comparatively lower temper-
atures. This is in contrast to the commonly welded nature
of peralkaline ignimbrites from larger-scale peralkaline rhy-
olite eruptions [Mahood 1984; Mahood et al. 1985; Mahood
and Hildreth 1986; Williams et al. 2014]. The underlying mL-
Brs and bLBrs, themselves derived from sustained (though of-
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ten unsteady) eruption columns, as well as the sometimes-
gradational contact between these fall deposits and the over-
lying PDC deposits, suggests that repeated partial collapse of
sustained but unsteady eruption columns are likely to be the
typical source of PDCs at Aluto.

4.2 Pumice cone eruption sequences at Aluto

Though there are important differences between the pumice
cone eruptions at Aluto, such as the degree of unsteadiness,
and the size and morphology of the pumice cone produced,
there are broad similarities between the sequence of events
that occurred during each eruption. This is summarised in
Figure 13, which compares the sequences of events for each
eruption investigated here, and develops a conceptual model
of a ‘generalised’ pumice cone eruption at Aluto. Though such
a generalised eruption model inevitably simplifies the process
of eruptions, it provides a useful conceptual framework on
which to develop hazard assessments [e.g. Clarke et al. 2020;
Tierz et al. 2020], and highlights the key events and processes
that characterise pumice cone eruptions.

All pumice cone eruptions studied at Aluto begin with the
deposition of a short pumice cone with a wide crater, and
to a variable degree, more-widespread fall deposits, around
the vent from a mixed-mode (ballistic, column-edge, umbrella
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Figure 13: A generalised pumice cone eruption sequence [after, Clarke 2020; Clarke et al. 2020; Tierz et al. 2020] generated from
the eruption sequences of Aluto pumice cones investigated here. KPCC 1, and Humo 2 are omitted as only the medial (non-cone

forming) deposits have been found.

cloud) depositional regime. Occasionally, if this phase per-
sists long enough for the cone slopes to steepen, small grain
flows develop down the cone slopes in a similar fashion to the
later stages of basaltic scoria cone eruptions [e.g. McGetchin
et al. 1974; Sohn and Chough 1993]. The presence of elongate
pumice ramparts, as well as aligned series of vents and lavas
at Aluto implies many of the pumice cone eruptions are dyke-
fed, and that a single eruption may produce multiple cones
or lavas along strike. Given a sufficiently sustained eruption,
these cones may merge to form ramparts. As the eruption
intensity wanes, the eruption column becomes increasingly
unstable, and likely partial-collapses of the eruption column
generate PDCs. These PDCs tend to be concentrated currents
with a fluid-escape or granular fluid—-dominated lower flow
boundary zones, and are often topographically constrained
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once they enter drainages. However, more dilute PDCs do oc-
cur, which may be less topographically confined. PDCs from
pumice cone eruptions present a significant hazard to proxi-
mal and medial regions around Aluto [Clarke et al. 2020]. The
final stage of the eruption is typically marked by the effusive
emplacement of a silicic lava flow, which may or may not be
accompanied by explosive activity.

Although lahars frequently occur during pumice cone erup-
tions at Aluto [this work, Clarke 2020], they are not included
in the conceptual model, as their formation here is a func-
tion of rainfall, and therefore not intrinsic to the eruption pro-
cess. However, they should be considered possible throughout
and after these eruptions, particularly during Ethiopia’s rainy
seasons (Belg and Kiremt), where frequent intense rainfall of-
ten exceeds 40-50 mm h~! near Aluto [Fazzini et al. 2015].
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to the highly asymmetric, wind-dispersed regional Plinian fall
deposit of the same eruption. Globally, peralkaline rhyolite
pumice cones are often associated with welded tephra fall fa-
cies, and display rapid vertical and lateral changes in welding
intensity, from entirely unwelded and loose, to glassy and lava-
like [e.g. Mahood and Hildreth 1986; Orsi et al. 1989; Houghton
et al. 1992; Stevenson and Wilson 1997; Gottsmann and Ding-
well 2002; Rotolo et al. 2017; Hernando et al. 2019]. Such
features are characteristic of ‘strongly peralkaline’ magmas,
where molar [NaO, + K,0 | Al,O3] (peralkalinity index) ex-
ceeds 1.1 [Mahood 1984]. Welding in peralkaline fall deposits
has been attributed to a combination of low glass transition
temperatures and little chance of pre-depositional cooling due
to short collapse-heights (Hawaiian-like emplacement), and
rapid accumulation rates [Mahood 1984; Gottsmann and Ding-
well 2002]. Post-caldera pumice cone fall deposits at Aluto are
conspicuously non-welded, despite a peralkalinity index of ju-
veniles from several eruptions of 1.6 + 0.12 (2 o) [Hutchison
et al. 2016b; Clarke et al. 2019], and high H,O and F concen-
trations [Clarke et al. 2019; Iddon and Edmonds 2020}, which
act to lower melt viscosities and glass transition temperatures
[Di Genova et al. 2013]. The ubiquitous lack of welding in
Aluto pumice cone fall deposits, despite their geochemical and
likely rheological similarity to other strongly peralkaline sys-
tems, implies somewhat more intense eruptions, generating
taller columns associated with lower fall deposit accumula-
tion rates, a greater opportunity for pre-depositional cooling
[Sparks and Wright 1979], and without Hawaiian-like foun-
taining phases. The cause of this disparity remains uncertain.

The conditions required for the accumulation of a pumice
cone, namely the proximal column-edge and ballistic deposi-
tion of pumiceous material, are not unusual, and so pumice
cones can be generated by a diverse range of eruption styles
and magnitudes globally, or at the same volcano. This has
important implications for volcanic hazard assessment at vol-
canoes where pumice cones are found; though they indicate
the existence of explosive, convective eruption plumes, care-
ful interpretation needs to be made based on both proximal
deposits and regional fall deposits to establish the particular in-
tensity, magnitude and style of events any given pumice cone
represents.

5 SUMMARY

We have investigated the proximal deposits of at least nine
pumice-cone-forming eruptions at Aluto volcano, Ethiopia.
We have found that eruptions of these pumice cones are mod-
erately intense explosive events that follow a similar erup-
tive sequence across a range of magnitudes. Importantly,
pumice cone eruptions at Aluto are characterised by unsteady
convective eruption columns that generate short and wide
pumice cones that steepen as they grow. As the eruption in-
tensity wanes, the eruption column undergoes repeated par-
tial column-collapse, intermittently generating concentrated
PDCs. The eruptions end with the emplacement of a sili-
cic lava, but there may be continued hazard from lahars and
small avalanches of pumice cone material well after the erup-
tion. More generally, we suggest that many of the tephra fall
deposits around the Main Ethiopian Rift may be the distal con-

Ss

Presses universitaires de Strasbourg

tinuation of pumice cones, but that not all pumice cones gen-
erate wide-spread tephra fall deposits. Pumice cones them-
selves are interpreted as the product of mixed-mode deposi-
tion; from ballistic tephra, column-edge and umbrella-cloud
deposition, that in some cases gives way to purely umbrella-
cloud deposition at greater distances, similar to ‘ultraproximal
cones’ described at Plinian eruption vents [Riedel et al. 2003].
The eruption case studies, and the generalised eruption se-
quence presented here provide important information to (1)
characterise the eruption style of these enigmatic volcanic fea-
tures, and (2) develop a conceptual model to inform qualita-
tive and/or quantitative hazard assessments. [e.g. Clarke et al.
2020; Tierz et al. 2020].
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