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Abstract
Peralkaline rhyolites are a rare magma type, typically associated with continental rift settings, and characterised by excess 
alkalis relative to alumina and a moderate-low viscosity compared to calc-alkaline equivalents. Despite their prevalence in 
extensional rift settings, such as the Main Ethiopian Rift, eruption dynamics of peralkaline magmas are poorly understood 
and have never been directly observed. To address the knowledge gap, this study investigates the style and dynamics of 
the ~ 87 ka explosive eruption at Baricha volcano as a case study. This eruption deposited widespread pumice lapilli fall 
and pyroclastic density currents, which provide valuable information on pre- and syn-eruptive magmatic processes. By 
examining the physical and textural features of the eruption products at different stratigraphic levels, we reconstruct eruption 
dynamics over time. Our analysis reveals that the eruption had three distinct phases, each characterised by different types 
of tephra fall deposits and associated with different plume and vent conditions. Specifically, deposits of phases 1 and 3 
were characterised by massive and well-sorted tephra falls indicative of sustained plume behaviour, while phase 2 deposits 
were bedded, lithic-rich (i.e. non-juvenile fragments) tephra falls, and pyroclastic density current deposit associated with 
an unsteady plume and vent-widening phase. The pumice (8–16 mm size fraction) from this eruption is microlite-free, with 
a bulk density of 400–700 kg m−3 and > 60% total vesicularity. The vesicle size distribution is polymodal, with the most 
frequent size ranging from 0.001 to 2.4 mm and an estimated vesicle number density of 0.07*107 to 1.6*107 mm−3. The 
textural observations suggest rapid nucleation occurred during the late phases of magma ascent. Calculated decompression 
rates of the ascending magma were 0.07–5.6 MPa/s and show a variation between the eruption phases. We conclude that the 
shift in eruption dynamics alternating between steady to unsteady plume behaviour during the eruption was likely driven 
by changes in conduit geometry, lithic abundance of the eruptive mixture, decompression rate, and fresh magma injection.

Keywords  Baricha · Explosive volcanism · Eruption dynamics · Peralkaline rhyolite · Rift volcanism

Introduction

Peralkaline rhyolites are mostly found in extensional tec-
tonic settings, such as the Main Ethiopian Rift (MER). The 
MER has more than a dozen Holocene active volcanoes, 
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including Baricha volcano, that have produced peralkaline 
lava flows, welded ignimbrites, and unwelded pyroclastic fall 
and density current deposits (PDCs; e.g. Bizouard and Di 
Paola 1978; Fontijn et al. 2018; Tadesse et al. 2019, 2022, 
2023a). These magmas have an excess of alkali elements 
((Na2O + K2O)/Al2O3) and high volatile contents (e.g. Iddon 
and Edmonds 2020; Tadesse et al. 2023a). The presence 
of alkaline and halogen elements depolymerizes the melt, 
resulting in lower viscosity for peralkaline magmas com-
pared to other rhyolites of equivalent temperature, and silica 
and water content (e.g. Dingwell et al. 1998; Di Genova 
et al. 2013). The geochemical and rheological properties of 
these magmas significantly influence degassing efficiency 
(e.g. Di Genova et al. 2013), which can, in turn, affect their 
rheology and eruption behaviour. Thus, a comprehensive 
analysis of volcanic products from past eruptions is essen-
tial to better understand the eruptive dynamics of peralka-
line magmas. Since no peralkaline eruption has ever been 
observed directly, the potential eruption dynamics associated 
with this peculiar magma composition are poorly understood 
(Hughes et al. 2017; Clarke et al. 2019).

Explosive volcanic eruptions are highly destructive 
events that often seemingly follow complex patterns. Some 
historically recorded eruptions have displayed complex 
variations in eruptive style (effusive-explosive) and column 
behaviour (steady-unsteady) during a single eruption (e.g. 
1991 Pinatubo, 79 CE Vesuvius, 2008 Chaitén, 2011 
Puyehue–Cordón Caulle; Polacci et  al. 2001; Gurioli 
et al. 2005; Shea et al. 2011, 2012, 2014; Alfano et al. 
2012; Castro et al. 2012; Pistolesi et al. 2015). Rhyolitic 
magmatic eruptions, in particular, occur infrequently, but 
their hazardous nature is evident from the widespread 
and voluminous deposits they produce (e.g. Fontijn et al. 
2018; Tadesse et al. 2022). Prior to the respective 2008 and 
2011 eruptions of Chaitén and Puyehue–Cordón Caulle 
volcanoes, explosive-effusive transitions during rhyolitic 
eruptions had not been directly observed yet (e.g. Castro 
and Dingwell 2009; Alfano et al. 2012; Pistolesi et al. 2015). 
Understanding of the processes that drive effusive-explosive 
eruption style and steady-unsteady plume transitions in 
rhyolitic or other magma compositions is essential to 
anticipate patterns of future large eruptions. Additionally, a 
shift in volcanic eruption styles represents different types of 
volcanic hazards (e.g. Gurioli et al. 2005; Pardo et al. 2014; 
Cioni et al. 2015; Houghton and Carey 2015).

Eruption behaviour fluctuations of a same volcano during 
multiple eruptions may be attributed to processes associated 
within magma reservoirs those play roles during eruption 
initiation (Cassidy et  al. 2018). Processes such as new 
magma injection are sometimes responsible for eruption 
behaviour transitions (Sparks et al. 1977; Ruprecht and 
Bachmann 2010; Degruyter et al. 2016; Kent et al. 2023). 
In eruptions where the magma shows a homogenous 

chemical composition and initial volatile content, complex 
changes in eruptive style within a single eruptive episode 
are often linked to variations in magma flow behaviour in 
the conduit. These changes can result from variation in 
magma rheology as a response to changing concentrations 
of dissolved volatiles, bubbles and crystals during magma 
ascent (e.g. Tait et al. 1989; Gurioli et al. 2005; Houghton 
et al. 2010; Castro et al. 2012; Pardo et al. 2014; Pistolesi 
et al. 2015), or to external environmental factors such as 
conduit widening (e.g. Wilson et al. 1980) or external water 
influx (e.g. Zimanowski et al. 2015).

In this study, we investigated the eruption style and 
dynamics of the peralkaline rhyolite ~ 87  ka Baricha 
eruption. We chose this eruption because it is spatially well 
dispersed and well preserved. Field characteristics of this 
eruption were documented in earlier studies (Tadesse et al. 
2022); here we add new detailed data on the stratigraphy 
and petrography of the deposit on samples collected from 
key proximal sites. The grain size, componentry and textural 
data are integrated to understand the magmatic processes 
taking place in the conduit and to reconstruct the eruption 
dynamics through time.

Geological background

The Bora-Baricha-Tullu Moye volcanic system is located in 
the central sector of the MER (Fig. 1). The system comprises 
both effusive and explosive eruptions that overlie Late Pleis-
tocene ignimbrites (1.58 ± 0.2 Ma; e.g. WoldeGabriel et al. 
1990). At least two caldera-forming eruptions are identified 
in the complex; the most recent one dated at 107.7 ± 8.8 ka 
(Tadesse et al. 2022). Since then, Bora-Baricha-Tullu Moye 
underwent at least one moderate-to-large explosive eruption 
per four thousand years (Tadesse et al. 2022). The volcanic 
system comprises post-caldera centres that can be grouped 
into pyroclastic centres, obsidian coulees, lava domes and 
maars. The major edifices are mainly silicic pyroclastic cen-
tres such as Bora, Baricha and Tullu Moye (Fig. 1; Tadesse 
et al. 2023a). These major edifices have experienced several 
explosive eruptions in the past as revealed by tephrostrati-
graphic reconstructions (Fontijn et al. 2018; Tadesse et al. 
2022). The chemical composition of the eruptive products 
generally varies from comendite at Tullu Moye to pantel-
lerite at Bora and Baricha (Bizouard and Di Paola 1978; 
Fontijn et al. 2018; Tadesse et al. 2022, 2023b).

The Baricha volcano is situated in the southwestern 
part of the Bora-Baricha-Tullu Moye volcanic system, near 
the southern shore of Lake Koka (Fig. 1). The volcano is 
covered by unwelded pumice and ash layers with subordinate 
silicic lava (Di Paola 1972; Fontijn et al. 2018; Tadesse et al. 
2022, 2023b). A tephrostratigraphic profile, located in a deep 
gully 3.5 km NW of the volcano, reveals at least 9 distinct 
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explosive eruptions sourced from the vent (Fig. 2; reference 
location MER147 as per Fontijn et al. 2018; Tadesse et al. 
2022). Those eruptions are preserved as a succession of 
tephra fall and PDC deposits that are separated by well-
developed 5 to > 20 cm thick palaeosols, revealing variable 
past eruption styles. The most widely dispersed and best 
preserved Baricha deposit is dated at 87 ± 16 ka (Tadesse 
et al. 2022). The ~ 87 ka Baricha deposits are dispersed to 
the west with a maximum thickness of 2.7 m (i.e. MER147) 
and are recorded up to 20 km away from the vent with 1 m 
thickness (Fig. 2; Fontijn et al. 2018; Tadesse et al. 2022). 
A minimum bulk deposit volume of 1.3 km3 was estimated 
from deposit thinning trends, equivalent to an eruption 
magnitude of 4.7 (Tadesse et al. 2022).

The ~ 87 ka Baricha deposit shows a stratigraphically 
complex sequence with variations in facies (Fig. 2; Tadesse 
et al. 2022). The deposit consists of three main horizons. 
The bottom horizon, up to 70 cm thickness, is composed 
of a well-sorted, massive pumice lapilli breccia. The mid-
dle horizon is 80 cm thick at the reference location (i.e. 
MER147), and characterised by generally well sorted and 
cm-to-dm-scale diffuse bedding. The middle subunit is asso-
ciated with matrix-supported and poorly sorted deposits at 
outcrops located NW of the source vent (e.g. MER205, 
MER301), and which are interpreted as PDC deposits 
(Tadesse et al. 2022). The thickness of the PDC deposits 
varies from 135 cm (at 4.5 km from the vent) to 50 cm (at 
8.5 km from the vent). The top 70 cm horizon of the deposit 

Fig. 1   Location map of the Bora-Baricha-Tullu Moye volcanic sys-
tem. The map is a hillshade of 12.5  m resolution ALOS PALSAR 
digital elevation model (DEM) accessed from Alaska Satellite Facil-
ity (https://​search.​asf.​alaska.​edu/#/). Rectangle on the inset map 
shows the location of the Bora-Baricha-Tullu Moye volcanic system 

along the MER. Raster data set with 50  m resolution from Natural 
Earth Data (https://​www.​natur​alear​thdata.​com/) is used on the inset 
map, and the MER faults (indicated by blue lines) are after Agostini 
et al. (2011)

https://search.asf.alaska.edu/
https://www.naturalearthdata.com/
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is a pumice lapilli breccia with similar facies characteristics 
(i.e. well sorted, massive) to the bottom subunit. The deposit 
also typically shows lithic content variations along the stra-
tigraphy, and becomes highly concentrated in lithics in the 
middle horizon.

At the reference location (i.e. MER147), the maximum 
pumice (MP) and maximum lithics (ML) clast sizes are 
measured in the bottom and top horizon of the deposit. The 
MP and ML were calculated as the geometric mean of the 
five largest clast dimensions measured along three perpen-
dicular axes (Bonadonna et al. 2013). The bottom and top 
horizons of the deposit are both characterised by values 
of 4 cm for MP and 1.6 cm for ML at 3.5 km NW of the 
volcano.

The pumice clasts are moderately porphyritic (< 10 vol% 
crystals) and have a rhyolitic composition (74.4 ± 0.4 wt% 
SiO2; Tadesse et al. 2022). The crystal population is mainly 
composed of alkali feldspar and aenigmatite, with rare 
Fe-Ti oxides, quartz, clinopyroxenes and amphibole. The 
phenocryst population is dispersed in a glassy and microlite-
free groundmass (Tadesse et al. 2022). The glass major ele-
ment composition is consistently pantelleritic throughout the 
deposit sequence, with very little to no variations in major 
and trace element concentrations (Figs. 3 and SI.1; Tadesse 
et al. 2022).

Similarly, all feldspar are sanidine and have almost the 
same composition at least in the bottom and top horizon 
of the deposit (Fig. SI.2). On the other hand, the mineral 

Fig. 2   A Isopach (thickness in 
meters) and pyroclastic density 
current (PDC) extent map 
of products from the ~ 87 ka 
Baricha eruptions (modified 
after Tadesse et al. 2022). The 
pumice clasts analysed for 
this study were collected at 
3.5 km (MER147) and 4.5 km 
(MER205) from the vent, along 
the dispersal axis. The PDC 
inundation area is traced based 
on field observation and by 
following gullies. B and C Field 
photo of MER147 and MER205 
outcrops; note that the PDC is 
only exposed in MER205. The 
section MER147 also exposes 
older and younger units that 
are separated from the ~ 87 ka 
Baricha tephra by palaeosols. 
The ~ 87 ka Baricha tephra 
deposit is a pumice lapilli brec-
cia that consists of a massive 
horizon at the bottom-third and 
top-third parts, and cm-to-
dm-scale diffuse bedding and 
associated PDC deposits in the 
middle part
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chemistry of amphibole and aenigmatite shows a slight 
variation in composition between the bottom and top 
horizon (Figs. SI.3 and SI.4). The amphibole minerals 
have two compositional clusters with Mg# (mol% (MgO)/
(MgO + FeO)) ranges between < 6% and 7–10%. The 
amphiboles predominantly plot in the lower Mg# cluster, 
and only a few (n = 11) have higher in Mg# values and 
these are predominantly (but not exclusively) found in 
amphibole rims from the top horizon (Fig. SI.3). The 
aenigmatite minerals from the top stratigraphic level are 
generally richer in Mg, Al, Ca, and to a lesser extent in 
Ti than those from the bottom horizon (Fig. SI.4). Pre-
eruptive water contents for the peralkaline melt as a 
whole was constrained to 5.1 ± 0.8 wt% from water by 
difference (Tadesse et  al. 2023b), and this is broadly 
consistent with Secondary Ion Mass Spectroscopy 
measurements of quartz-hosted melt inclusions for other 
peralkaline magmas along the MER (Iddon and Edmonds 
2020). Moreover, the pantelleritic magma was stored at 
100 MPa pressure (~ 4 km depth) and ~ 1003 K (= 730 °C) 
temperature before the eruption (Tadesse et al. 2023b).

Methods

The samples for this study were collected from a strati-
graphic location (i.e. MER 147) situated approximately 
3.5 km northwest of Baricha volcano. The MER147 sec-
tion exposes a well-preserved deposit of the ~ 87 ka Baricha 
eruption, which is the focus of this study. The deposit is 
also well-documented, supported by a robust stratigraphic 
reconstruction and correlation from preliminary field obser-
vations, suggesting spatial and stratigraphic variability in 
sedimentation behaviour and componentry (Tadesse et al. 
2022). To eliminate the spatial variability and effect of wind 
remobilisation, we restrict our sampling to a proximal out-
crop (i.e. MER147) that potentially preserves the primary 
variability of the juvenile components with a reduced effect 
from transport and depositional processes (Cioni et al. 2008; 
Gurioli et al. 2015). To capture stratigraphic variability, a 
total of ~ 6 kg tephra was collected, with ~ 2 kg channel 
sample from each stratigraphic horizon (i.e. base, middle, 
and top levels). Channel sampling is a technique usually 
applied to uniformly cover the overall vertical extent in the 

Fig. 3   Glass composition box 
plots of ~ 87 ka Baricha tephra 
at different stratigraphic level. 
The analytical uncertainty 
is indicated by dashed lines, 
and the presented data is from 
Tadesse et al. (2022). Please 
refer to the Appendix for the 
glass trace element and mineral 
major element composition 
binary plots (Figs. SI.1–4)
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stratigraphy during representative sample collection. This 
sampling strategy mainly aims to cover the entire vertical 
extent from top to bottom of the deposit and enables analy-
sis of eruption characteristics at the different stages of the 
eruption. This sampling approach allows studying the overall 
variation in style during the beginning, middle and last erup-
tion stage. Understanding the high resolution syn-eruptive 
temporal variations (changes at smaller time scales) would 
require sampling at intervals of a few cm (e.g. Gurioli et al. 
2015), and is beyond the scope of this work, but recom-
mended for future study.

The collected samples were dry-sieved at 1ɸ grain size 
intervals between 4ɸ (64 µm) and -5ɸ (32 mm). Each grain 
size fraction was weighed to construct the grain size dis-
tribution, but the finest fraction (< 64 µm), which accounts 
for ~ 0.07 kg of the total 2 kg sample, was excluded. Param-
eters such as median diameter (Mdɸ = ɸ50) and sorting 
(σɸ = (ɸ84—ɸ16)/2) were calculated as per Inman (1952). 
Individual clasts in the coarser fractions (-5ɸ to 1ɸ) were 
qualitatively assigned into classes and counted. The assigned 
classes are pumice (vesicular juvenile), obsidian (dense 
juvenile), lithics (non-juvenile) and free crystals (for more 
details, see Tadesse et al. 2022). Up to 1600 clasts within 
each size fraction were counted to perform the componentry 
analysis, and the pumice clasts were further classified in to 
four categories: expanded, microvesicular, dense and tube 
pumice, as per Polacci et al. (2003).

Density and vesicularity analyses were carried out 
on > 100 randomly picked pumice clasts in the 8—16 mm 
grain size fraction from each stratigraphic level. A single 
grain size fraction was used for consistency and to avoid 
non-uniform grain size effects on textural parameters. More-
over, the considered grain size fraction is small enough to 
preserve post-fragmentation vesicle expansion (Houghton 
and Wilson 1989; Thomas and Sparks 1992; Tait et  al. 
1998). The density and total vesicularity distribution of each 
pumice clast was determined using a combination of gas 
pycnometry and an analytical balance fitted with a density 
measurement kit, following Houghton and Wilson (1989).

To obtain the bulk (envelope) clast density, the samples 
were weighed in air and wrapped in polyethylene film to 
determine their mass in water (i.e. Archimedes principle). 
The bulk density was then used to calculate total vesicu-
larity, i.e. the volumetric proportion of all vesicles (con-
nected and isolated) in the pumice clast, using the dense 
rock equivalent (DRE) density of powdered pumice clasts 
measured using a Micromeritics AccuPyc II 1345 helium 
Gas Pycnometer. Since no variation in glass composition 
and crystallinity across the different tephra horizons was 
identified (see “Geological background” section), ten clasts 
were randomly selected and powdered to obtain a repre-
sentative DRE (2500 kg  m−3), which was then used for 
vesicularity calculations for each clast. Skeletal density of 

the pumice clasts, including any isolated vesicle space, was 
also measured using the same instrument. The skeletal and 
representative powder density measurements were then used 
to calculate isolated vesicularity, which refers to the ratio 
between the volume of the vesicles not connected to the 
surface and the volume of the pumice, including all the vesi-
cles. The difference between the total and isolated vesicu-
larity represents the connected vesicularity. Please refer to 
supplementary information (SI.1) for the full dataset on the 
chemical and textural data collected on the ~ 87 ka Baricha 
pyroclastic deposits.

To ensure representation across the density range, nine 
juvenile pumice clasts that spanned relatively low-, moder-
ate-, and high-density end members for each stratigraphic 
horizon were selected for textural analysis. Pumice clasts 
were prepared as polished thin section by TS Lab and Geo-
services, Italy. Additionally, three tube pumice clasts, one 
from each stratigraphic level, were prepared as polished thin 
sections cut along directions both orthogonal and parallel to 
vesicle elongation. For each carbon coated thin section, a set 
of 15 back-scattered electron (BSE) images were acquired 
on a JEOL JSM-IT300 scanning electron microscope at the 
Department of Materials and Chemistry, Vrije Universiteit 
Brussel (VUB). The images were taken at four different 
magnifications (30 × , 60 × , 100 × , and 500 ×) with 320, 
580, 985, and 5120 pixels/mm resolution at 15 kV accel-
erating voltage following the nested image configuration of 
Shea et al. (2010). The images were processed using ImageJ 
(Schneider et  al. 2012) to remove loose fragments and 
3D-like textures, and to manually re-connect visibly broken 
bubble walls from the thin section polishing process. The 
images were finally converted into binary 8-bit grey scale 
images type using the global thresholding algorithm avail-
able on ImageJ. The corrected images were then imported 
into FOAMS software (Shea et al. 2010) to quantify vesicle 
morphology, vesicle number density (NV), vesicle volume 
distributions (VVD), vesicle size distributions (VSD), cumu-
lative volume distributions (CVDs), and cumulative vesicle 
size distributions (CVSDs). The vesicle volume distributions 
obtained through FOAMS were normalised by density-
derived vesicularity values and a minimum vesicle size of 5 
pixels was set as a threshold to be processed by the program.

Results

Granulometry and componentry

The grain size distribution of the ~ 87 ka Baricha deposit 
of the top, middle, and bottom stratigraphic level of the 
type section is presented in Fig. 4a. The grain size distri-
butions generally show a high amount of fine to medium 
lapilli (2–16  mm) with a unimodal distribution, with 
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the mode in the coarser fraction (between -1 and -3ɸ; 
Fig. 4a). However, the middle stratigraphic level shows 
an additional small peak in the finer fraction (5ɸ). The 
median grain diameter is centred at medium lapilli size 
in all three stratigraphic positions. There is a slight vari-
ation of the median from -2ɸ (4 mm) to -2.6ɸ (~ 6 mm) 
among the different horizons, with the smallest median 
diameter occurring in the middle horizon. The distribution 
is skewed towards the coarser grain size, consisting mainly 
of medium lapilli size and a tail of very fine ash.

The sorting coefficient ranges from 1.5 to 2, and the 
bottom and top stratigraphic levels (σɸ = ~ 1.5) are rela-
tively better sorted than the middle level of the deposit 
(σɸ = 2; Fig. 4a). These sorting values of ≤ 2 are consistent 
with the interpretation of a well-sorted fall deposit (Cas 
and Wright 1987; Walker 1971). In contrast, the matrix-
supported subunit exposed in the middle stratigraphic level 
to the northwest of the volcano in location MER205 is 
characterised by a grain size distribution with two modes 
(-2ɸ and 1ɸ, Fig. SI.5). The median diameter is relatively 
finer (Mdɸ = -0.5ɸ) and the sorting coefficient (σɸ = 2.1) 
is higher than that of the deposit at all stratigraphic lev-
els observed at the reference location, suggesting a PDC 
deposit, consistent with the field observations (Tadesse 
et al. 2022).

Componentry analysis of the coarse size fraction (< 1ɸ) 
shows variable proportions of pumice, lithics, obsidian, and 
free crystals at different stratigraphic levels (Fig. 4b). Pum-
ice clasts are angular to sub-angular and characterised by a 
light grey colour. Lithics are composed of slightly altered 
glassy obsidian, aphanitic lava, or green welded fragments 
of previous ignimbrite. The obsidian component consists 
entirely of fresh and crystal-rich chips with a vitreous lus-
tre. The free crystal fraction includes alkali feldspar, quartz, 
aenigmatite, clinopyroxene, amphibole, and Fe-Ti oxides. 
The deposit is dominated by pumice clasts (≥ 25%) in all 
observed grain size classes, with a lower proportion in the 
finer fractions (1ɸ; Fig. SI.6). In contrast, lithics, obsid-
ian, and free crystals are abundant only in the finer fraction 
(≥ -1ɸ; Fig. SI.6). The average componentry indicates con-
sistent pumice (81–86%) and obsidian (≤ 1%) proportions at 
different stratigraphic levels. On the other hand, the lithics 
and free crystals show marked variations. Lithic content is 
higher in the middle stratigraphic level (17%) than in the 
bottom (6%) and top horizons (~ 1%), and the proportion of 
free crystals is consistently 13% at the bottom and top, and 
higher in the middle stratigraphic level (17%; Fig. 4b).

Based on macroscopic observations of textural variability 
such as colour, external morphology, and vesicularity, the 
pumice component is further categorised into four types: 

Fig. 4   Granulometry and 
componentry data plot for the 
bottom, middle, and top strati-
graphic level of ~ 87 ka Baricha 
deposit. A Grain size histogram 
and cumulative frequency dis-
tribution plot for each level. The 
median size diameter and sort-
ing were calculated based on 
Inman (1952), and the median 
size diameter is also indicated 
by a pale-yellow shaded bar on 
the histogram plots. Grain size 
distribution for the pyroclastic 
density current deposit from 
the MER205 location is shown 
in the Appendix (Fig. SI.5). B 
The average componentry data 
across the grain size fractions 
of bulk samples and the pumice 
clasts are presented as pie 
charts. For componentry charts 
of each individual grain size 
fraction, refer to the supplemen-
tary information (SI.6)
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dense, microvesicular, expanded, and tube pumice, as 
described by Polacci et al. (2003) and Tadesse et al. (2022). 
Microvesicular pumice is the dominant type, accounting 
for more than 77% of the deposit in all grain size classes, 
with insignificant and non-systematic variations in the other 
pumice types observed in different grain size classes (Figs. 4b 
and SI.6). Moreover, the average of all the considered grain 
size classes similarly indicates an abundance of microvesicuar 
pumice (92–93%) and an almost consistent proportion of 
it throughout the stratigraphy. A low proportion of dense 
pumice is also present (~ 5%) and shows a minor decrease 
in the middle stratigraphic level (~ 4%). Expanded and tube 
pumice classes represent only a small proportion (≤ 2%) and 
show slight variations along the stratigraphy (Fig. 4b).

Density and vesicularity of pumice

The bulk density of the pumice clasts exhibits a wide range 
from 90 to 1,000 kg m−3, and the distribution is unimodal 
with the highest frequency at moderate density values of 

400–700 kg  m−3 (Fig.  5a). Microvesicular pumice is the 
primary constituent of the moderate-density clasts, while the 
low-density clasts (< 400 kg m−3) are mostly expanded and 
long-stretched tube pumice. On the other hand, the high-density 
clasts (> 700 kg m−3) are almost entirely composed of the dense 
pumice identified in the componentry analyses. The low-density 
tail progressively increases up the stratigraphic sequence, while 
the high-density tail is only significant in the bottom and middle 
stratigraphic levels of the deposits (Fig. 5a).

The range of bulk densities of the pumice clasts 
predominantly corresponds to a range of total vesicularity 
values of 60–90%, with only few clasts (n = 5) showing a total 
vesicularity of up to 96% (Fig. 5b). These vesicularity values fall 
in the highly to extremely vesicular range defined by Houghton 
and Wilson (1989). The average total vesicularity of the pumice 
gradually decreases from low-density (90 ± 2%) to high-density 
clasts (67 ± 4%) (Fig. 5b). The total vesicularity is predominantly 
connected vesicularity (~ 65–90%) with only a small proportion 
of isolated vesicularity (≤ 6%; Fig. 5b). The average connected 
vesicularity is higher in low-density clasts (90 ± 3%) than in 

Fig. 5   Pumice density (A) and vesicularity (B) distribution plots for 
the bottom, middle, and top stratigraphic level of the ~ 87 ka Baricha 
deposit measured on > 100 clasts for each level. The total and con-
nected vesicularity is plotted separately on the box plots, while the 

average and standard deviation of the isolated vesicularity are indi-
cated on each panel. The low-, moderate-, and high-density category 
for the vesicularity box plots is based on the pumice clast density dis-
tribution of (A)
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high-density pumice (64–80 ± 4%). Furthermore, the connected 
vesicularity for each type of pumice shows a progressive slight 
increase with stratigraphy, while isolated vesicularity remains 
constant throughout the stratigraphy (Fig. 5b).

Microscopic textures of pumice

Qualitative description

The analysed pumice are characterised by an extended 
range of textures (Fig.  6). Vesicles cover a broad size 

range, from 0.001 to 2.4 mm. Coalescence of vesicles is 
more apparent in low-density clasts, in which vesicles are 
larger, covering the higher size range (Fig. 6). Coalescence 
is indicated by vesicle wall flattening, thinning, wrinkling, 
failure, and retraction at boundaries between adjacent 
vesicles that are coalescing, primarily on larger vesicles 
(Klug and Cashman 1996). Smaller-size vesicles 
(< 0.01 mm) are typically more spherical and do not exhibit 
signs of coalescence (Fig. 6).

Within each stratigraphic level, vesicles gradually become 
smaller and show less coalescence in the high-density 

Fig. 6   Selected images of various types of pumice clasts taken by 
stereo-microscope and SEM at different magnifications (5 × , 100 × , 
and 500 ×). The pumice clasts are representative of the different clast 

types (i.e. tube, expanded, microvesicular, and dense). The binary 
images of the tube pumice are from thin sections cut parallel (100 ×) 
and perpendicular (500 ×) to the dominant vesicle elongation
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pumice. In these high-density pumice, small, rounded vesi-
cles make up a densely packed texture. In a few cases, there 
are localised distributions of small-sized, stretched vesicles 
in high-density pumice, which may have resulted from the 
collapse of larger vesicles (Fig. 6). Vesicle walls are pre-
dominantly < 10 µm thick in low-density pumice, while 
in high-density clasts, they show a wide thickness range 
(i.e. < 10–80 µm; Fig. 6). In addition to coalescence, exten-
sive micro-fractures are visible in most pumice, which can 
increase permeability by connecting adjacent vesicles.

Vesicle morphology

The pumice analysed in this study exhibit a wide range 
of vesicle shapes, ranging from spherical to complexly 
coalesced (Fig. 7). The vesicle morphologies in all density 
ranges and stratigraphic positions are predominantly 
regularly shaped (rg = > 0.9), where the regularity 
parameter (rg) is defined as the ratio of vesicle area to 
the corresponding best-fit ellipse area (Shea et al. 2010). 
Vesicle shape can also be characterised by elongation 
(ε), which measures the degree of deformation of the 
vesicles and is calculated as (a—b) / (a + b), where a 
and b are the best-fit ellipse semi-long and semi-short 
axes, respectively (Shea et al. 2010). Elongation shows a 

unimodal distribution for all analysed clasts, with a main 
mode between 0.3 and 0.7. Similarly, the aspect ratio 
(AR = b/a) is > 0.5 for the majority of the vesicles, meaning 
they can be classified as moderately to slightly elongated 
vesicles according to Blott and Pye (2008). However, the 
low-density pumice collected from the top stratigraphic 
level contains a significant proportion of stretched vesicles 
with an elongation value of < 0.5 (Fig. 7). The sections of 
tube pumice (moderate- and low-density) cut parallel and 
perpendicular to the vesicle elongation show high vesicle 
elongation in one direction only (parallel) and a high 
abundance of sub-spherical to ellipsoidal vesicles in the 
perpendicular orientation (Fig. 6).

Vesicle volume and size distributions

The distributions of vesicle volumes can be observed in plots of 
volumetric percentage versus equivalent vesicle diameter (L in 
mm; Fig. SI.7). Across all density ranges, the analysed pumice 
exhibits a wide range of vesicle sizes (ranging from 0.001 to 
2.4 mm), although the distribution tends to shift towards smaller 
sizes in high-density pumice. The distribution of vesicle sizes is 
polymodal for all analysed pumice clasts (Fig. SI.7). Whereas 
the modes are distinct for the low- and moderate-density pumice, 
they are less prominent for high-density clasts. The low-density 

Fig. 7   Vesicle elongation histogram plots of low-, moderate-, and 
high-density pumice collected from bottom, middle, and top strati-
graphic levels of ~ 87 ka Baricha deposits. A total of 15 pumice clasts 

was prepared and analysed, while only the 9 representative clasts are 
presented in this figure. The aspect ratio (AR) and regularity (rg) 
mean and standard deviation values are indicated on each plot
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pumice clasts, in general, lack smaller vesicles (< 10 µm), 
except those from the top stratigraphic level which contain a 
few percent of small vesicles (Fig. SI.7).

The trends of cumulative volume distributions are 
distinct for low-density and high-density pumice, as shown 
in Fig. 8. The curves are sigmoidal in shape and have several 
breaks in slope. The Log (NV > L) against the equivalent 
diameter plots show a break in slope at L ~ 30 µm, which 
is highlighted by the vertical lines in Fig. 8. For vesicle 
diameters larger than 30 µm, the distribution follows a 
linear trend with an average slope of -3.2 (Fig. 8). However, 
the trend for smaller vesicles (< 30 µm) deviates and shows 
a gentler trend with an average slope of -1.3 (Fig. 8).

Vesicle number densities

The vesicle number densities per unit area of image (NA) 
for all pumice examined using 2D image analysis range 
from 0.37*103 to 3.74*103 mm−2. Vesicle number per unit 
volume ranges from 0.07*107 to 1.59*107 mm−3, calculated 
using stereo conversion with the assumption of spherical 
vesicle geometry as per Sahagian and Proussevitch (1998). 
The vesicle number density is corrected for vesicularity 
and crystallinity (NV

M), and it ranges between 0.05*107 
to 1.53*107  mm−3. However, tube pumice have higher 

apparent NV
M values (> 1*108 mm−3) due to extreme vesicle 

elongation that invalidates the spherical vesicle assumption. 
Therefore, only vesicle number density per unit volume 
results are reported for pumice clasts with less elongated 
vesicles, with a range of 0.05–0.8*107  mm−3 for low-
density samples to 0.44–1.53*107 mm−3 for moderate- and 
high-density samples. The vesicle number density of low-
density pumice progressively increases from the bottom 
(0.05*107 mm−3) to the top (0.8*107 mm−3) stratigraphic 
level, while it remains consistent for high-density pumice 
(1.1*107 mm−3). The moderate-density clasts generally show 
a lower vesicle number density at the middle stratigraphic 
level (0.44*107  mm−3) and higher values at the top 
stratigraphic position (1.53*107 mm−3; Table 1).

Decompression rate

Vesicle number densities provide an opportunity to estimate 
magma decompression rates using Toramaru´s equation 
(Toramaru 2006):
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Fig. 8   Cumulative vesicle size distribution of low-, moderate-, and 
high-density pumice collected from bottom, middle, and top strati-
graphic levels of the ~ 87 ka Baricha deposit. L is the equivalent vesi-
cle diameter in mm. The multiple bulges on the cumulative volume 

fraction against Log (L) plots observed for low- and moderate-den-
sity clasts are less pronounced for the high-density pumice. The Log 
(NV > L) against Log (L) plots show a pronounced break in slope for 
all clasts, indicated by the solid vertical lines



	 Bulletin of Volcanology (2024) 86:9393  Page 12 of 18

where NV is measured vesicle number density (mm−3); Co 
the initial water concentration at saturation pressure (wt%); 
dP/dt the decompression rate (MPa/s); k the Boltzmann con-
stant (= 1.38 × 10–2 J/K); VM the volume of water molecules 
in the melt (= 3 × 10–29 m3; Toramaru 1989); Po the satura-
tion pressure (MPa); T the temperature (K); σ the surface 
tension (N/m) and D the water diffusivity (m2/s). Following 
Shea et al. (2011), only the number densities of the small-
est vesicle population (0.001–0.01 mm) are considered to 
capture the decompression rates that correspond to the final 
stages of the ascent rate prior to fragmentation. The rhyo-
lite magma feeding the eruption is characterised by 75 wt% 
SiO2, 5 wt% H2O, 1003 K temperature and 100 MPa storage 
pressure (Tadesse et al. 2023b). The saturation pressure is 
assumed to be equivalent to the storage pressure to calculate 
the decompression rate. As the pumice are microlite-free, we 
applied Eq. 13 of Shea (2017) to calculate the surface ten-
sion (= 0.072 N/m). However, nanolites (< 1000 µm crystals) 
have been suggested to favour heterogeneous bubble nuclea-
tion (e.g. Shea 2017; Cáceres et al. 2020; McCartney et al. 
2024). To account for potential errors arising from the unde-
tected presence of nanolites, we applied surface tension val-
ues reported in previous works for heterogeneous nucleation 
on Fe-Ti oxides (i.e. 0.017–0.03 N/m; Shea 2017 reference 
therein). The empirical relation (Eq. 6) of Toramaru (2006) 
is applied to calculate the water diffusivity. To test the valid-
ity of the decompression rate calculation, we accounted for 
realistic analytical errors in SiO2 and H2O contents by apply-
ing a variation of ± 1–2 wt% on each. Using this wider range 
for both SiO2 and H2O in the calculation resulted in changes 
of less than ± 2 MPa/s in the decompression rate.

The decompression rate estimated using the Toramaru 
(2006) equation under homogeneous nucleation conditions 
falls within the range of 0.6–5.6 MPa/s, while for heteroge-
neous nucleation it averages between 0.07 and 0.64 MPa/s. 
The decompression rate calculated for both nucleation 

conditions show lower estimates for the low-density pum-
ice (dP/dthomo: 0.6–3.6 MPa/s; dP/dthetro: 0.07–0.42 MPa/s) 
than for the moderate- to high-density pumice (dP/dthomo: 
2.4–5.6 MPa/s; dP/dthetro: 0.28–0.64 MPa/s). Among the 
different density classes, the low- and high-density pumice 
show a progressive increase in decompression rate from bot-
tom to top stratigraphic levels, while the moderate-density 
pumice display higher decompression rates at the bottom 
(dP/dthomo: 4 MPa/s; dP/dthetro: 0.46) and top (dP/dthomo: 
5.6 MPa/s; dP/dthetro: 0.64) levels compared to the mid-
dle level (i.e. dP/dthomo: 2.4 MPa/s; dP/dthetro: 0.28). These 
results suggest that the decompression rate varies depending 
on the pumice density and stratigraphic position, and that the 
decompression rate was relatively higher during the begin-
ning and final stages of the eruption (Table 1).

Discussion

The ~ 87 ka Baricha deposit presents a unique opportunity 
to study variations in the dynamics of peralkaline rhyo-
lite magmas within a single eruption. The deposit exhibits 
angular clast shapes, consistent thickness at the outcrop-
scale (Tadesse et al. 2022), and well-sorted grain size dis-
tributions, all indicative of a pyroclastic fall emplacement 
mechanism for the three different horizons of the deposits 
at the reference location. Conversely, the middle horizon 
exposed to the NW of the volcano (e.g. MER205, MER301) 
is characterised by poorly sorted and matrix-supported PDC 
deposits. There is no evidence for significant time breaks 
(e.g. alteration, palaeosols) between the different horizons, 
suggesting that they represent three major phases of the 
same eruption. We will refer to these as phase 1 (bottom), 2 
(middle) and 3 (top).

The massive and relatively well-sorted horizons in 
the bottom and top stratigraphic level (phases 1 and 

Table 1   Vesicle number density, decompression rate and vesicle 
morphology (AR: Aspect ratio, Ɛ: elongation, rg: regularity) of the 
moderate-density pumice clasts for the lower, middle, and top strati-
graphic levels of the ~ 87  ka Baricha eruption deposit. The decom-

pression rate is calculated for both homogeneous (dP/dthomo) and 
heterogeneous (dP/dthetro) nucleation conditions using the empirical 
relationship from Toramaru (2006)

Stratigraphic position Clast type NA (mm−2) 
* 103

NV (mm−3) 
* 107

NV
M (mm−3) 

* 107
dP/dthomo 
(Mpa/s)

dP/dthetro 
(Mpa/s)

AR Ɛ rg

Bottom (2A) Dense 2.65 1.12 1.09 4.4 0.51 0.50 0.36 0.87
Expanded 2.52 0.86 0.80 3.6 0.42 0.44 0.42 0.86
Microvesicular 3.74 1.59 1.53 5.6 0.64 0.46 0.40 0.88

Middle (2B) Dense 2.65 1.14 1.09 4.5 0.52 0.51 0.35 0.84
Expanded 0.90 0.69 0.68 3.2 0.38 0.59 0.29 0.87
Microvesicular 1.71 0.48 0.44 2.4 0.28 0.52 0.34 0.90

Top (2C) Dense 4.04 1.14 1.05 4.3 0.50 0.55 0.31 0.87
Expanded 0.37 0.07 0.05 0.6 0.07 0.51 0.35 0.89
Microvesicular 1.51 0.92 0.90 4.0 0.46 0.54 0.33 0.89
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3) are interpreted as products of a sustained eruption 
period characterised by a buoyant eruption column. In 
contrast, the middle stratigraphic level (i.e. phase 2) is 
characterised by cm-to-dm scale parallel bedded fall and 
associated PDC deposits, indicating an unsteady column 
and pulsatory behaviour (Cioni et al. 2015; Houghton 
and Carey 2015). Overall, the ~ 87  ka Baricha tephra 
deposit suggests a switch in eruption behaviour from 
a sustained phase to unsteady behaviour, followed by 
another sustained plume phase.

Bubble evolution

The total vesicularity of pumice clasts from the ~ 87 ka 
Baricha eruption is consistently high (≥ 60%). This aligns 
with the typical characteristics of products from silicic 
explosive eruptions (Gardner et al. 1996; Klug and Cash-
man 1996; Polacci et al. 2001; Klug et al. 2002; Gurioli 
et al. 2005; Houghton et al. 2010). The presence of a few 
highly expanded pumice clasts with > 90% total vesicularity 
may suggest a minor role of post-fragmentation effects in 
the vesiculation history of the clasts (Cashman and Scheu 
2015). To eliminate these minor post-fragmentation expan-
sion effects, bubble walls on the BSE images were recon-
nected for the 2D textural analyses, described in “Methods” 
section. Moreover, overall pumice textures show high vesicle 
number densities, ranging in the order of 106 to 107 mm−3, 
values similar to those observed in pumice clasts from other 
Plinian-style eruptions (Klug and Cashman 1996; Klug et al. 
2002; Gurioli et al 2005; Houghton et al. 2010; Rust and 
Cashman 2011).

The majority of total vesicularity is represented by connected 
vesicularity, a good indicator of bubble interconnectivity and 
thus permeability (Gardner et al. 1996; Klug and Cashman 
1996; Klug et al. 2002; Shea et al. 2012; Alfano et al. 2012). 
The corresponding connectivity (the ratio of connected to total 
vesicularity; e.g. Colombier et al. 2017a) ranges between 0.91 
and 1, emphasizing the significance of connected vesicles in 
forming a permeable network. The connected vesicularity 
and thus vesicle interconnectivity progressively increases 
from high- to low-density pumice (Fig.  5). The vesicle 
number densities recorded in the low-density pumice are 
very low (0.07–0.86*107 mm−3) compared to the other types 
(0.48–1.59*107 mm−3), whereas the variation in vesicle number 
density along the stratigraphy for moderate- and high-density 
pumice is non-systematic and does not show any relation with 
the vesicularity data. The combination of the vesicularity 
and vesicle number density suggests a progressive increase 
in permeability favouring gas escape in the final phase of the 
eruption. Such an increase in permeability within the foam 
facilitates volatile loss, which eventually leads to waning of 
the explosive eruption (Klug and Cashman 1996; Klug et al. 
2002; Castro et al. 2012).

The cumulative vesicle size plots reveal a change in slope 
around ~ 30 µm vesicle size in all types of pumice, charac-
terised by two populations of vesicles following power-law 
trends (Fig. 8). The smaller vesicle sizes (< 30 µm) show 
a power-law relationship with an average exponent (d) of 
1.3, implying non-equilibrium, continuous, and/or accelerat-
ing nucleation and growth (e.g. Blower et al. 2003; Alfano 
et al. 2012; Colombier et al. 2017b; Hughes et al. 2017). The 
moderate-to-large size vesicles (> 30 µm) are also governed 
by a power-law relationship, but with a higher d value (= 3.2) 
attributed to bubble coalescence overprinting nucleation 
(Gaonac'h et al. 1996; Klug et al. 2002; Giachetti et al. 2010; 
Alfano et al. 2012; Hughes et al. 2017). The latter case is 
also seen qualitatively in the BSE images, where the larger-
size individual bubbles begin to interact and often form 
larger irregular-shaped bubbles (Fig. 6). Similar changes in 
slope of the power-law trend are reported for pumice from 
other eruptions (e.g. Klug et al. 2002; Houghton et al. 2010; 
Colombier et al. 2017b), possibly caused by bubble coa-
lescence overprinting continuous nucleation (GaGaonac'h 
et al. 1996: Blower et al. 2003). The 1.3 exponent value is 
comparable to that reported for vesicles of similar size in 
different eruptions (e.g. Blower et al. 2003; Alfano et al. 
2012; Hughes et al. 2017), suggesting that the development 
of small bubbles reflects the final stage of decompression 
shortly before fragmentation. The microlite-free nature of 
the pumice samples likely indicates that the final stage of 
the decompression was very rapid, and prevented nucleation 
and growth of microlites.

Eruption style and parameters

Previous studies have suggested a positive correlation 
between bubble number density and mass discharge rate 
(Houghton et al. 2010; Rust and Cashman 2011; Alfano 
et al. 2012; Shea 2017). However, this relationship seems 
to be stronger for near-equilibrium vesiculation conditions 
than for disequilibrium ones (Rust and Cashman 2011; 
Alfano et al. 2012; Shea 2017). In the context of Plinian-
style eruptions, the calculated mass discharge rates may 
have a significant uncertainty (Rust and Cashman 2011; 
Alfano et al. 2012; Shea 2017). Based on Shea´s (2017) 
relationship between decompression and magma discharge 
rate, it was estimated that the mass discharge rate of 
the ~ 87 ka Baricha eruption during its three phases was 
on the order of 106–107 kg/s, considering the measured 
bulk density, and assuming a constant vent radius of 
10 m (Campagnola et al. 2016; Hughes et al. 2017). The 
equivalent maximum plume height (HT) was estimated 
to range between 10 and 30 km, based on the equation 
from Carey and Bursik (2015): HT = 1.67Q0.259. The mass 
discharge rate (m) was converted to volumetric discharge 
rate (Q) by applying a dense rock equivalent of 2500 kg/
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m3 measured in this study. However, it should be noted that 
assuming a constant conduit radius throughout different 
eruption phases, given the variations in lithic proportions, 
oversimplifies the model and may result in a relative 
underestimation of the mass discharge rate and plume 
height for the second and third eruption phases.

To calculate the plume height, the maximum lithic size 
is utilised, and the particle sedimentation model of Rossi 
et al. (2019) is applied. This model, modifying the method-
ology proposed by Carey and Sparks (1986), considers the 
effects of wind on the eruptive column. However, since the 
maximum lithic size (ML) value is available only from one 
location, isopleth contours are extrapolated concentrically 
to the deposit isopach contours (Fig. 2). Employing a clast 
density of 2500 kg/m3 and an ML of 1.6 cm gives a plume 
height estimate of ~ 17 km. This value falls in the wider cal-
culated estimate from vesicle number density, demonstrating 
uncertainty in either or both methods. Regardless, the plume 
height (10–30 km) and the mass discharge rate calculated 
from either method (i.e. vesicle number density and maxi-
mum clast size) collectively suggest a Plinian-style (subplin-
ian to Plinian) eruption (Bonadonna and Costa 2013).

Eruptive column behaviour and dynamics

Fluctuations in eruption behaviour are primarily attributed 
to processes within magma reservoirs and their conduits 
during magma ascent (Cassidy et al. 2018). The ~ 87 ka 
Baricha eruption serves as an excellent case to examine 
the factors governing the transition of column behaviour 
from sustained to unsteady behaviour. Similar to the vesicle 
number density, the decompression rate for the ~ 87 ka 
Baricha pumice displays significant variation among 
the different eruption phases and pumice types. The 
decompression rate, in general, varies between 0.07 and 
5.6 MPa/s, which is lower relative to most Plinian-style 
eruptions for which data are available, e.g. 2008 Chaitén 
(8.1 ± 2.9 MPa/s) and 1875 Askja (38.2 ± 12.3 MPa/s) (Shea 
2017, and references therein). The low-density pumice (i.e. 
dp/dthomo: 0.6–3.6 MPa/s; dp/dthetro: 0.07–0.42 MPa/s) yield 
the lowest decompression rates relative to microvesicular 
and dense pumice (i.e. dp/dthomo: 2.4–5.6 MPa/s; dp/dthetro: 
0.28–0.64 MPa/s). The expanded and tube pumice clasts are 
mainly characterised by an elongated vesicle morphology 
and interconnected vesicles that mainly result from high 
strain rate deformation during fragmented magma flow close 
to the conduit walls (e.g. Klug and Cashman 1996; Marti 
et al. 1999; Polacci et al. 2003; Dingwell et al. 2016). Since 
the low- and high-density pumice are very rare (< 10%), 
the moderate-density pumice and related parameters 
represent the bulk of the magma. The decompression rates 
for the moderate-density pumice exhibit minor fluctuations 
across the three major eruption phases; 4  MPa/s or 

0.46 MPa/s (phase 1), 2.4 MPa/s or 0.28 MPa/s (phase 2), 
to 5.6 MPa/s or 0.64 MPa/s (phase 3), under homogeneous 
or heterogeneous nucleation conditions, respectively. These 
minor changes align with the shifts in eruption dynamics 
and suggest varying conduit conditions during the different 
eruption phases, including periods of relatively slow ascent 
in the shallow conduit during phase 2.

The middle stratigraphic level of the eruption deposit, 
characterised by the highest lithic content, is likely 
associated with vent widening during the pulsatory eruption 
phase. This increase in vent radius could lead to variations 
in exit conditions (Carey et al. 2009) and/or an increase 
in the lateral extent of the eruptive column base, reducing 
efficiency of air entrainment and resulting in an unsteady 
column (e.g. Wilson et al. 1980). The incorporation of 
large amounts of lithics into the eruptive mixture could 
also increase the bulk plume density, further promoting 
unsteady behaviour and column collapse (e.g. Shea et al. 
2011; Pardo et al. 2014). However, the high-density juvenile 
clasts remain almost constant throughout the eruption, 
suggesting a minor or no role of magma densification in 
the partial collapse of the eruption column. Consequently, 
a combination of higher plume density, an increasing vent 
radius, and a lower decompression rate due to a decrease 
in volatile pressure in the conduit is likely responsible for 
the transition in eruption dynamics from steady (phase 
1) to unsteady (phase 2) plume behaviour. Conversely, 
an increase in decompression rate and a well-connected 
conduit system during the last eruption phase likely 
generated a sustained plume phase.

Because there is no significant variability in glass com-
position among the first two eruption phases, the chemical 
composition of the magma may not have a first-order influ-
ence on the observed variation in the eruption dynamics. 
The glass and feldspar compositions of the volcanic prod-
ucts from the last phase remain similar to those of the first 
two eruption phases (Figs. 3, SI.1, and SI.2; Tadesse et al. 
2023b). However, the amphiboles in a few crystals show an 
increasing Mg content between phase 1 and phase 3, inter-
preted as crystals progressively sourced from deeper storage 
levels (Tadesse et al. 2023b). Aenigmatite crystals in the 
third eruption phase are richer in Mg, Ca, and Al compared 
to the first phase (Fig. SI.4). This enrichment is interpreted 
as the result of injecting fresh and more mafic magma into 
the shallow peralkaline magma plumbing system (Sparks 
et al. 1977; Ruprecht and Bachmann 2010; Degruyter et al. 
2016). The addition of hot and volatile-rich magma may 
have caused the ascending magma to regain higher decom-
pression rates and increased mass discharge rates during the 
last eruption phase.

The efficiency of degassing is largely governed by 
magma composition and rheology (Di Genova et al. 2013). 
The rhyolite magma feeding the ~ 87 ka Baricha eruption 
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is characterised by an alkaline-rich composition (mol% 
(K2O + Na2O)/Al2O3: 1.4–1.8; Tadesse et al. 2023b). Melt 
inclusion analyses of peralkaline rhyolite products from 
other volcanoes in the MER region show volatile-rich 
melts with < 2–8 wt% H2O (av. 5 wt%), ~ 4000 ppm Cl, and 
7000 ppm F (Iddon et al. 2019). The viscosity of the per-
alkaline rhyolite magma from the ~ 87 ka Baricha eruption 
ranges from 107.5 to 109 Pa.s under hydrous conditions (5 
wt% H2O) at a storage temperature of 1003 K, according 
to the mathematical relationship proposed by Di Genova 
et al. (2013). This viscosity range aligns with that calcu-
lated for pumice achneliths from Aluto volcano in the MER 
(107.7 Pa.s; 1023 K, 1 wt% H2O; Clarke et al. 2019) and 
pumice clasts from the Cuddia di Mida eruption at Pantel-
leria (104–107.5 Pa.s; 1075 K, 0–1 wt% H2O; Hughes et al. 
2017). Brittle magma fragmentation occurs when a strain 
rate dependent viscosity exceeds 108–109 Pa.s (Di Genova 
et al. 2013, and references therein). The viscosities exhib-
ited by the ~ 87 ka Baricha, Aluto, and Cuddia di Mida per-
alkaline rhyolite magmas are within or below this critical 
range, suggesting that additional factors, such as degassing 
and crystal enrichment, take place to increase viscosity and 
lead to a brittle fragmentation mechanism to drive explosive 
eruption (Hughes et al. 2017).

The ~ 87 ka Baricha eruption comprises three primary 
Plinian-style phases, as illustrated in Fig. 9. During the 
first phase, magma with high volatile content rapidly 
ascended through the conduit, generating a sustained 
convective plume that deposited massive tephra fall 
at the bottom stratigraphic level. In the second phase, 
the plume became unsteady and collapsed due to lower 
decompression rates and mass discharge rates compared 
to the first phase. Lithic-rich bedded tephra fall and 

associated PDC deposits record the conduit-widening 
processes that occurred during this phase. The third phase 
displays renewed sustained plume behaviour, resulting 
from gas-rich magma ascending at a higher ascent rate 
after (cryptic) addition of more mafic magma. The 
injection of this more mafic magma may have occurred 
before the initiation of the eruption, creating a stratified 
reservoir and stayed unmixed for a while (e.g. Shamloo 
and Grunder 2023). As the eruption progressed and the 
volatiles in the older resident magma were depleted, the 
more mafic magma began to mix, increasing volatile 
content and causing magma overpressurization, which 
renewed the sustained eruptive column. The sustained 
column from this third phase resulted in a massive tephra 
fall deposit. The higher proportion of highly inflated 
pumice and increased vesicularity indicate a prolonged 
bubble development that established permeable networks 
to degas volatiles, and which eventually led to eruption 
waning.

The integration of the conceptual magma flow and eruption 
dynamics model presented in this study sheds new light on the 
behaviour of moderate to large peralkaline rhyolite eruptions. 
Deposits resulting from these eruptions are typically thick at 
proximal sites and quickly thin out within tens of kilometres 
from the source vent. These field characteristics are similar 
to those observed for other peralkaline rhyolite eruptions in 
the MER (e.g. Aluto: Fontijn et al. 2018: Clarke et al. 2019; 
Corbetti: Colby et al. 2022) and Pantelleria, Italy (e.g. Cuddia di 
Mida: Hughes et al. 2017). Our detailed evaluation of the tephra 
deposits, consistent with other studies on pumice-cone-forming 
eruptions (Clarke et al. 2019), suggest that highly unsteady 
subplinian to Plinian eruption columns were responsible to 
generate deposits with limited lateral extent.

Fig. 9   Schematic diagram illustrating the history of magma dynam-
ics and plume behaviour during the ~ 87 ka Baricha eruption. Decom-
pression rate (dP/dt) is calculated after Toramaru (2006). Magma 
composition and pre-eruptive conditions (depth and temperature) are 

after Tadesse et  al. (2023b). Note that the pre-eruptive storage tem-
perature is based on feldspar-related thermometers, and indicate con-
sistent values throughout the eruption
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Conclusion

The study of the ~ 87 ka Baricha explosive eruption prod-
ucts has provided new valuable insights into the dynamics 
of peralkaline magma during its different eruptive phases. 
The eruption deposits exhibit three distinct horizons, each 
associated with three different eruptive phases. The massive 
and relatively well sorted tephra fall horizons in the bottom 
and top stratigraphic levels are deposited from sustained 
plumes. The middle stratigraphic level displays internally 
bedded lithic-rich tephra fall, suggesting an unsteady plume 
developed during a vent-widening phase. The analysis of the 
pumice from all levels of the deposit reveals a bulk density 
ranging from 400 to 700 kg m−3, > 60% total vesicularity, 
and an absence of microlites. The vesicle number density, 
derived from textural analysis, falls in the range of 0.07*107 
to 1.6*107 mm−3, comparable to other Plinian-style erup-
tions. Similarly, decompression rates of the ascending 
magma vary from 0.07 to 5.6 MPa/s, with a significant drop 
observed during the second eruption phase. The polymodal 
vesicle size distributions of the pumice clasts suggest a com-
plex history involving continuous and/or accelerating vesicle 
nucleation and growth, along with subsequent coalescence 
and collapse. The shift in eruption dynamics from a steady 
to an unsteady and back to a steady plume during the ~ 87 ka 
Baricha eruption is attributed to multiple factors, includ-
ing changes in conduit geometry, abundance of lithics in 
the eruptive mixture, variations in decompression rate, and 
(cryptic) injection of fresh magma. These findings not only 
enhance our understanding of peralkaline eruption dynam-
ics but also contribute to improving the ability to forecast 
potential volcanic hazards. The implications extend beyond 
the East African Rift to benefit the study of other peralkaline 
rhyolite volcanoes worldwide.
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