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Abstract

Vulcanian eruptions are very comnicon at many volcanoes around the world that erupt
intermediate to silicic magmas. Thi. type of eruption generates a wide variability of bombs and
blocks preserving information o."to the conduit processes that strongly control the dynamics of
these events. After 84 yea’> ~t 1epose, a new cycle of eruptive activity of Tungurahua volcano
(Ecuador) started in Gctuer 1999, consisting of recurrent low-to-moderate explosive phases,
which included sporadic stronger Strombolian to sub-Plinian pulses, as well as Vulcanian
outbursts. The 1 February 2014 eruption was one of the most important Vulcanian events and was
characterized by highly energetic explosions resulting from a plug conduit failure that generated a
~9 km-high eruptive column and fallback pyroclastic density currents. Four different types of
blocks and bombs were found in the deposits of the pyroclastic density currents: dense fragments
(DB), breadcrust bombs (BCB), cauliflower bombs (CFB) and foliated, banded bombs (FB). All the
different types of bombs have homogenous andesitic bulk-rock compositions but different, highly
evolved matrix glass compositions ranging from rhyolitic for BCB to dacitic for CFB and DB,
suggesting the occurrence of contrasting shallow crystallization processes within the conduit. The

wide variability of the bombs in terms of patterns of surface cracks, external morphologies,



internal density and vesicularity gradients records different conditions of formation from a same
magma composition.

The combination of morphological measurements, compositional data and textural analysis allow
us (i) to infer the pre-eruption physical and rheological state of the conduit plug, (ii) to reconstruct
the short-scale lateral and vertical gradients characterizing the plug, and (iii) to clarify the specific

mechanism controlling the formation conditions of CFB, still poorly defined in the literature.

Keywords

vulcanian eruption; breadcrust bombs; cauliflower bombs; Tungurahua volcano

1. Introduction

Vulcanian explosions are small to moderate volcanic outkirsts lasting seconds to minutes, which
commonly originate from andesitic to dacitic magmaz (Mcrrissey and Mastin, 2000). They form
not-sustained plumes that are generally injected t~ tropospheric heights and dense showers of
ballistic ejecta that are dispersed all around the ve..*. These eruptions are generally associated to
sudden explosions of viscous magma dur'ng ava dome or plug formation (e.g., Sparks, 1997;
Druitt et al., 2002; Cashman et al., 2008) and may occur as precursory phases of sub-Plinian or
Plinian eruptions (Hammer et al, 1999 (.>n1 et al,, 2015). This type of explosive activity has been
related to the brittle failure of a rigi., not plug of (partially) solidified magma, induced by the
overpressure generated by prog: ~ssive gas accumulation below or within the plug (Self et al.,
1979; Woods, 1995; Morrissey an/ Mastin, 2000). Explosive eruptions of this type may generate
different types of volcaric . her omena including pyroclastic density currents (PDCs) together with
variably dispersed, thin asb fallout sheets. The ubiquitous presence of different types of large
fragments (bombs or blocks) of juvenile material associated to the deposits of proximal ballistic
showers or transported within PDCs represents one of the most typical features of Vulcanian
deposits. Due to the coarse nature, the morphological, compositional and textural features of
Vulcanian bombs record the pre- and syn-eruptive processes associated to this type of eruptions.
Walker (1969, 1982) initially defined three different types of bombs: i) dense blocks that were hot
upon impact but did not expand afterwards, ii) bombs with thick quenched rinds and limited
expansion, and iii) highly expanded bombs. The term “breadcrust” has been typically used to

describe the external morphology of the last two types of bombs.



Breadcrust bombs are generally characterized by dense, thick rinds and vesicular interiors and
have multiple sets of surface cracks. They have been interpreted to result either from the rapid
cooling, due to forced air convection during flight in the atmosphere, of a partially (pre-eruptively)
degassed, high viscosity, silicic magma (e.g., Turcotte et al., 1990; Hoblitt and Harmon, 1993), or
from the rapid quenching following interaction with external water (e.g., Fisher and
Schmincke,1984). Wright et al. (2007) analysed the bombs related to the 1999 eruption at Guagua
Pichincha volcano (Ecuador) and characterized from a textural point of view all these three types
of bombs Based also on the measured volatile content still dissolved in the glass of the different
types of bombs, Wright et al. (2007) discussed the observed ?axtural differences between the
bombs in terms of compositional and rheological vertical grad’ci.*s in the magma occupying the
conduit at the moment of the eruption. Colombier et al. (25.2\ and Wright et al. (2023) explore
compositions, magma crystallinity and related texture of :hose breadcrust bombs in order to get
more insights on decompression, degassing and magm. asc 2nt during the 1999-2001 eruptions at
Guagua-Pichincha volcano.

Apart from breadcrust bombs, another importar t bu.nb category, known as “cauliflower bombs”,
has been described in the literature. Ther2 a'e characterised by ellipsoidal shapes and present
bulbous surfaces with microfractured, ~ften microvesicular, thin rinds. In general, these were
associated with more mafic magma cc . ~itions than those classically characterising breadcrust
bombs and were generally descrih2d s ejecta in maars (Lorenz, 1973) or, more commonly, in
dense PDC deposits (Nairn and Sei.. 1978; Alvarado and Soto, 2002; Cole et al., 2005; Miyabuchi et
al., 2006). In addition, most o: th’: authors in the literature associate cauliflower bombs (and in
many cases also bread.-us: brumbs) to hydromagmatic processes (Lorenz, 1987; Heiken, 2006;
Rosseel et al., 2006; Néme’n and Cronin, 2008; Marti et al., 2011; Fisher and Schmincke,1984;
Németh and Kosik, 2020). Despite the suggestion that cauliflower bombs can be associated to
mafic magma compositions, these are often observed to coexist with breadcrust bombs in the
same deposits, so reflecting different conditions of formation from a same magma composition
that have not yet been investigated in detail. Benage et al. (2014) numerically modelled the
textural evolution of coarse pyroclasts during different transport and cooling regimes (buoyant
plume vs. PDC) to explain the variable textures observed on bombs from eruptions of intermediate
intensity and different composition. Based on their observations on PDC deposits at Tungurahua
volcano (Ecuador), they suggested that cauliflower bombs are possibly related to cooling (and

mechanical modifications) during PDC transport, while breadcrust textures mainly develop under



higher cooling rates typically associated to atmospheric ballistic trajectories. Benage et al. (2014)
also estimated the possible maximum thickness of the external quenched rind of the bomb in few
millimetres, similarly to what obtained by Wright et al. (2007).

With the purpose of understanding the pre-eruptive physical state of the magma and to derive a
possible model of formation of dense blocks, breadcrust and cauliflower bombs ejected during the
Vulcanian event occurred on February 1, 2014, at Tungurahua volcano, we describe here the
physical features (e.g., density, surface cracks), textures and chemical compositions from a
representative set of bombs, discussing their possible mechanisms of formation relative to the

observed eruption dynamics.

2. Geological background and eruption chronology

Tungurahua volcano (Lat. 01°28’S; Long. 78°27°'W) is loc.*ed In central Ecuador (Fig. 1A), about
120 km south of Quito and 33 km southeast of Ambatc, the capital of Tungurahua province. It is a
steep-sided stratovolcano with an elevation of 5022 m above sea level; it is notable for the high
relief (3200 m over the basement) and the pre<enc. of a small summit glacier (Hall et al., 1999;
Bablon et al., 2018). Tungurahua is one ¢ Eciador’s most active volcanoes and belongs to the
main volcanic arc of the Ecuadorian .*ndes, along with other large edifices such as Sangay,
Cotopaxi, Antisana, Cayambe and El Re ve(.*=dor (Hall et al., 1999). After 84 years of repose, a new
eruptive period started in October 199_ with semi-persistent explosive activity of uneven intensity
and style, which lasted until 200¢ PDCs activity only began in July-August 2006 (Kelfoun et al.,
2009; Douillet et al., 2013; Hai. et al., 2013; Bernard et al., 2014) and was associated to some of
the largest events. Star*.ng ‘rora August 2013 a strong inflation was recorded from station RETU,
located at 3950 m of elevat.on on the northern flank of the volcano, 2000 m north, and 1000 m
below the summit vent (Neuberg et al.,, 2018). Inflation generally peaked shortly before each
larger event, rapidly dropping days to hours before the eruption started, often in coincidence with
the onset of large seismic activity (Neuberg et al., 2018).

One of the most important Vulcanian episodes started on February 1, 2014, after 77 days of weak
background degassing and only 2 days of pre-eruptive seismic activity (Hall et al., 2015; Romero et
al., 2017). After few sporadic explosions producing tephra fallout and a peak in seismicity on 30
January (Instituto Geofisico, 2014a), seismic activity decreased until 1 February when, between
01:10 and 20:30 UTC, a swarm of volcano-tectonic and long-period events was recorded from the

monitoring network of the Instituto Geofisico and the Observatorio del Volcan Tungurahua (OVT;



http://www.igepn.edu.ec). The main eruption started at 22:12 UTC, following the abrupt failure of
a conduit plug and resulting in a large explosion which formed a 5 km-high plume. This was rapidly
followed by a phase of collapsing fountain that generated small- to medium-sized PDCs dispersed
along the NW drainages of the volcano (Instituto Geofisico, 2014b; Hall et al., 2015). A similar
PDCs distribution was generated by a new outburst occurred at 22:32 UTC. A third explosion, at
22:39 UTC, coincided with the paroxysmal Vulcanian phase of the eruption. This last explosion
produced a sustained plume which lasted 9 minutes, reaching a height of 13.7 km asl
(http://www.ssd.noaa.gov/VAAC/messages.html) and generating large PDCs (Instituto Geofisico,
2014c) that descended along at least nine ravines on the N, W a'«d SW flanks down to the base of
the edifice. The PDCs reached a maximum runout of ~ 8 km, vziucities between 9.5 and 36 m st
(Hall et al., 2015), and transported a large amount of variak'y .=sicular bombs and blocks. A final
eruptive phase started at 23:36 UTC, characterized by Strcmbolian activity with discrete ejections
of incandescent bombs and with frequent, low-altitud. ast emissions. This activity continued for
several days (Instituto Geofisico, 2014d).

Different types of blocks and bombs were coller.ea .om the PDC deposits along the Juive Grande
and Achupashal valleys (Fig. 1B), on the JW flank of the volcano, to investigate the eruptive

mechanisms driving the Vulcanian activi:v and tne general processes of bomb formation.

3. Methods

3.1. Sampling and field observatio is

Bombs transported into two PDC 'abes emplaced during the third explosion of the first phase of
the 1 February 2014 erupt.on ‘Fig. 1B) were observed and described in two field surveys (April
2015 and September 2019) Yuring which photos and measures of surface textural data on selected
bombs were taken directly in the field. In total, we selected and preliminarily classified more than
50 bombs 17-60 cm in diameter (Table SM1) in the field, subdividing them in 4 groups based on
their morphological features, such as surface characteristics, lithology and apparent density:
breadcrust bombs (hereafter named BCB), cauliflower bombs (CFB), dense fragments (DB) and
foliated, banded bombs (FB). Most of the collected samples are complete bombs, with every face
nearly completely preserved, with the only exception of dense fragments, that in some cases
possibly represent fragments of larger blocks. A subset of representative samples was then

collected from each of the four groups for further analyses.



3.2. Bulk density and internal density gradients

For bulk density measurements, a total of 23 samples were measured through Archimedes’
principle following the method described in Houghton and Wilson (1989). A set of 11 samples
collected during the 2015 campaign (BCB1, BCB2, BCB3, BCBS8, CFB1, CFB7, CFB4, CFB7, D1, D2 and
TNG1) were cut into equal halves in the lab and the bulk density of the two fragments of each
bomb was then measured. Other 12 bombs sampled in 2019 (BCB10, BCB14, BCB15, CFB11,
CFB13, CFB16, D10) and 2015 (BCB1, BCB2, CFB1, CFB7, D2) were used to quantify the internal
density gradient in each bomb. For these measurements, samles were cut into parallel-sided
slabs and then subdivided into 3 to 6 pieces (of variable dirrciicions) cut nearly perpendicular
along a core-rim transect, following macroscopic discontinuities ‘n the vesicularity or in the texture
when visible. Each piece was then weighted on a precisic:» scale, immersed in melted paraffin to
seal vesicles and weighted again once immersed withii. wat 2r. The bulk density of each fragments
(Table SM2) is expressed as:

_ film
Pp = War/6 i — (Wwarer — Wy

Where pg is the bulk density; w,;r is th': sample weight; wf,iémis the sample weight wrapped into
a film; wy argr is the weight of th cortainer filled (up to a given volume) with water and with

sample wrapped immersed.

3.3. Analysis of surface ,r.tu. s

The surface crack network of the bombs was investigated to characterize the surface texture of
the different types of bombs and to describe the extent of post-fragmentation expansion by using
digital image analysis on photos of the bomb surface directly taken in the field.

Surface fractures were first distinguished into main (or primary) and secondary fractures (Fig. SM1,
supplementary material), based on the depth, width and lateral continuity of the cracks, and on
the intersection relations between the different fractures. Thus, primary fractures correspond to
early cracks with larger apertures and greater depths and generally represent a barrier to the
smaller and shallower ones (secondary cracks). Where possible, the depth of the fracture was
measured directly on the samples. To track the surface crack patterns, boundaries were outlined

on each image in different colours, using the software Adobe Photoshop™. Length, width, area



and relative orientation of the main fractures were then measured on scaled images using the
software Imagel (Schneider et al., 2012). The average width of each crack defines fracture
opening; in some cases, very high values were excluded because they possibly correspond to
portions of the bomb for which part of the glassy rind detached during transport. The total
number of cracks and the surface area of each bomb, measured from the same images, were used
to define areal density for both main and secondary fractures. All individual crack orientations for
each sample were combined in rose diagrams distinguishing the two types of fractures. Rose
diagram bin size was set at 20° and the orientation of the main (the most frequent) direction
arbitrarily set to 0°.

Areas of individual cracks were used to quantify strain (&) accun.modation by deformation on 5
breadcrust and 4 cauliflower bombs. Given the roughly pi.-matic shape of the bombs, the
analysed surfaces of each bomb were assumed to be flat »n 2D images, without introducing any
correction for geometric distortion. According to the .netl od described by Quane and Andrews
(2020), both total and per-crack strains were calc':~ted as the change in area of bombs surface
(total cracks area on image, or area of an individua. crack) divided by the area of surface before
deformation (total area of the bombs mir us *otal cracks area). Strain values were then plotted
cumulatively distinguishing between p.'mary and secondary fractures. In diagrams showing the

cumulative strain, fractures were orde’ er. "~am the largest to the smallest within each group.

3.4. Textural analysis

Textural characterization of 1. nroducts (vesicle and crystal populations) was performed on
backscattered electron /”FEN'-B€E) images of polished thin sections of 9 samples; for samples BCB1
and CFB2, two different porcions of the bombs were prepared to study separately rind and core
textures; samples BCB3 and FB1 were analysed defining 2 regions with different textures in each
thin section (BCB3R, BCB3C and FB1a, FB1b). Images were obtained using a JEOL JSM-591LV
Scanning Electron Microscope at the MEMA laboratory of the University of Florence with a 20 kV
accelerating voltage and 700 pA sample current. Images were acquired from two or three areas of
the rind and the core of each thin section. For each region, we collected two images at lower
magnification (45x or 50x) to analyse large bubbles and phenocrysts and two to three images at
higher magnification (150x or 200x) for smallest vesicles and microlites. Vesicle contours were
traced manually to investigate pre-eruptive bubble conditions reconstructing, where possible,

evident post-eruptive bubble coalescence phenomena or vesicle wall destruction during thin



section preparation. For crystallinity data, all the crystals smaller than 100-150 um were arbitrarily
considered here as microlites, while phenocrysts were defined as those crystals larger than 250
um. The population between phenocrysts and microlites is defined as microphenocrysts. Area,
size, and other shape or size parameters (e.g., perimeter, Feret diameter, and centroid) of both
vesicles and crystals were calculated using the Imagel) software and stereological 2D to 3D
conversion made using the software CSDCorrections (Higgins, 2000). Microlite areal data were

normalized on a vesicle-free basis.

3.5. Petrographic and compositional features

Polished thin sections were first observed under an opticai microscope and described to
characterize the mineralogical assemblage and the textural 'ie.~rogeneity of each sample, before
using them for glass and minerals microanalyses. Majcr element concentrations in minerals
(plagioclase, pyroxenes, and Fe-Ti oxides) and matrix _lass2s were measured at the Laboratoire
Magmas et Volcans (LMV) in Clermont-Ferrand (Fr~:2~e), using a CAMECA SX-100 microprobe. The
operating conditions for minerals were 15 kV a‘ ceic. ating voltage and 10 — 12 nA beam current;
whereas matrix glass measurements were 2erformed at 15 kV accelerating voltage, 4-8 nA beam
current, defocused beam of 5-10 um <ize and a longer counting time. With these operating
conditions and given that alkalis meas ir.:, ~2nts were performed first, we should avoid significant
Na migration under the electron hea.™ (cf. Devine et al., 1995). For both minerals and glass
measurements, we used a set nt .~ternational standards. Core and rim of each phenocryst were

generally analysed, while microiite s were analysed close to the core.

3.6. Water content quantific stion by Raman spectroscopy

Water content in glasses of BCB and CFB samples was determined by Raman spectroscopy at the
Laboratoire Magmas et Volcans, using a Renishaw inVia confocal micro-spectrometer equipped
with a 532 nm diode-pulsed solid-state laser, a Peltier-cooled CCD detector, and a Leica DM 2500
M optical microscope. The analyses were carried out in back-scattered geometry, using a laser
beam of ~5 mW focussed on the glass surface by a 100x objective, in high confocality setting (slit
aperture of 20 um); lateral and in-depth spatial resolutions were about 1 and 3 um. The spectra
were recorded from ~100 to 1350 cm™ (alumino-silicate network vibration region) and from
~3000 to 3800 cm™ (O-H vibration region) for 4 cycles of 30 s and 8 cycles of 30 s, respectively,

using the WIiRE™ 4.2 software. The band areas in the water and alumino-silicate regions were



determined after subtraction of a cubic and multi-linear baseline, respectively, using PeakFite
software (see Schiavi et al. 2018, for further details about the method). Reference glasses of
rhyolitic, dacitic and andesitic compositions and with different water contents (0.07 to 6.7 wt.%;
Schiavi et al. 2018; Cluzel et al. 2008) were analysed several times during each analytical session
and used to determine H,O concentrations by following the external and internal calibration
procedures (Schiavi et al., 2018). Being the measured water contents close to the detection limit
of the method (~0.07 wt.% H,0), the accuracy of the measurements (~20 %) was evaluated by
comparison with FTIR measurements made on the same glass pockets of some selected samples
using a Bruker Vertex 70 spectrometer coupled with a Hyperio microscope system (for details
about the technique see Schiavi et al. 2018); the used molar a'ssc-ouion coefficient was 78 Lmol”

'em™ and glass density 2450 g/L.

4. Results

4.1.  Physical characteristics of bombs and blocks

The distinction of blocks and bombs into the fo'.r n.ciphologic categories described above (dense
blocks, breadcrust bombs, cauliflower bom s, “.nd foliated, banded bombs; Fig. 2) is mainly based
on their macroscopic features, such as *he presence and thickness of a dense, outer glassy rind,

the internal vesicularity gradient and t!ie . ¥erences in colour and texture of the bombs.

4.1.1. Breadcrust Bombs (BCB)

BCB have a variable shape, fro.» shherical to prismatic, with a diameter generally varying from 20
to 40 cm (Table SM1) ar Y a -mr,oth, glassy external rind (Fig. 2A-B) with a thickness of 10 - 20 mm.
A distinctive feature of thece products is the evident contrast between the dense rinds and the
variably vesicular interiors (~40% of vesicularity). Vesicularity generally shows a clear gradient,
with a nearly regular increase from the rind to the core. Macroscopically, primary cracks are well
distinguished from secondary cracks based on intersection relationships and on the larger length,
depth and opening of the former. Intersection between the cracks and the external surface results
in a sharp fracture line with a dihedral angle close to 90°. Surface crack measurements were made
on 14 BCB samples, for a total of 149 main cracks and 387 secondary measured fractures.
Generally, crack patterns intersect at defined angles, resulting in regular sub-facets on the external
surface of the bomb (Fig. 2B); in few cases, sets of primary fractures are irregular, without defining

specific geometric shapes. Opening of primary cracks is not homogenous, varying between 1 and



68 mm, with a median value of 9.8 mm and a standard deviation (SD) of 11.8 mm. The distribution
of the main cracks opening is presented in Fig. 3A, it shows a general decay of frequency with
opening size, and presents two main modes for the intervals 0-4 and 8-12 mm. The cumulative
strain measured on the surface of BCB (using crack’s opening area as a proxy) is around 15-20%,
reaching in one case a maximum value of 32% (Fig. 4). Strain accommodated by each individual
crack ranges from around 0 up to a maximum value of 10.5%, with primary cracks accommodating
in total between 77 and 86 % of the cumulative strain.

The fracture distribution on BCB surface shows a clear preferential orientation. Primary cracks
intersect principally at 40-60° (Fig. 3B) with respect to the mair direction (arbitrarily oriented to
0°). Similarly, secondary cracks mainly intersect at angles of 60° (.?% of the total) and 300° (13%)
with respect to the main direction (18%; Fig. 3B). Secondary ci. <ks generally close in proximity of
primary fractures, suggesting a time antecedence of primory with respect to secondary cracks. As
shown in Fig. SM2 (supplementary material), in BC} s: mples the ratio of areal density of
secondary with respect to primary cracks is nearly 2:”

BCB are characterized by a rather homogenous hulk Juensity, ranging between 1.55 x 10% and 1.86
x 10% kgm™. Bomb TNG1, representing a ‘rag nent of the external rind of a large bomb, has a
density of 2.47 + 0.07 x 103 kgm'3, reflecting the nearly total absence of vesicles in the rind of BCB,
as shown by the porosity gradient (Fig. >2,. ' general, the internal density gradient of BCB (Fig. 5A)
shows a passage from a dense rinc. (2.58 + 0.05 x 10° kg m?) to a core with progressively lower
density values (1.69 + 0.13 x 10- ‘am?). One sample (BCB15; Fig. 5A) shows a not monotonous
gradient, with an intermediate no'tion slightly denser (1.93 + 0.13 x 10° kgm™) compared to both
core and rind sectors (1 56 _ 01,4 x 10° kgm'3 and 1.75 + 0.07 x10° kgm'3, respectively). Integration
over the density profiles measured on the studied samples gives an average density of 1.88 x 10°
kgm'3 for BCB. Taking a dense rock equivalent of bulk magma density of 2.76 x 10° kgm'3 (as
measured for DB clasts, see below; and similar to those calculated by Garcia, 2016 at 2.71 x 10°

kgm‘3), this value corresponds to an average BCB vesicularity of 32 vol.%.

4.1.2. Cauliflower bombs (CFB)

CFB, 25-60 cm in diameter (Table SM1), have ellipsoidal or prismatic flattened shapes (Fig. 2D-E)
with thin, light grey, vesicular rinds (~ 50% of vesicularity) and a rough, wrinkly external surface.
The bomb interior is mildly vesicular (~ 40%). A total of more than 3000 cracks (419 primary and

2906 secondary cracks) were measured for the 19 analysed bombs, typically showing two sets of



fractures on the external surface with different average length, orientation, depth and width.
Opening of the main surface fractures on CFB is generally smaller than in breadcrust samples,
ranging between 0.3 and 32 mm (SD: 3.67; median value: 2.73; Fig. 3A). Openings of most of
secondary cracks are narrower (from 4 to 11 mm), and they are also shallower and shorter with
respect to primary and secondary cracks of BCB. Frequency histograms of fractures of CFB samples
display a general exponential decay from the smallest to the largest opening values, with a main
mode in the interval 0-2 mm (Fig. 3A). Only 3 clasts have cracks larger than 20 mm (Fig. 3A).
Cumulative surface strain is characterized by a more curvilinear trend compared to that of BCB;
total strain varies between 12 and 18%, with only one sample 'eaching 23% total strain (Fig. 4).
Per-crack strain is lower than in BCB samples (up to 3.4%), wine primary cracks accommodate
between 46 and 61 % of the cumulative strain.

As shown in Figs. 2D and 3B, the primary fractures of CFC nresent one principal orientation (25%
of cracks) that usually intersects at a variable angle wit. fev other cracks. Similarly, the secondary
fractures present a dominant orientation (16% of t~ total) and reciprocally intersect without any
preferred orientation (Fig. 3B). Secondary fra<turc, are largely more abundant than primary
fractures, with the ratio of their respecti e #.eal densities varying between 4:1 and 10:1 (Fig.
SM2).

Bulk density of CFB is lower than that o. “te other bombs (CFB1: 1.17 + 0.06 x 10° kgm™; CFB2:
1.20 + 0.04 x 10° kgm'3; CFB4: 1.37 ::0.04 x 10° kgm's). Only one fragment has a bulk density in the
same range as BCB samples (CFR7. 1.61 + 0.02 x 10° kgm™). As shown in Fig. 5B and Table SM2, the
internal, core-to-rind density g.2d ent is less marked than in BCB and slightly oscillates up to the
external rind, which ho'. 'evor <aows a density generally lower than 1.80 x 103 kgm'3. Integration
over the density profiles measured on the studied samples gives an average density of 1.43 x 10°

kgm'3 for CFB, corresponding to an average CFB vesicularity of 48 vol.%.

4.1.3. Dense blocks (DB)

Dense blocks are present as fragments covering a large range of sizes, from coarse lapilli to blocks
(up to about 17 cm in diameter; Table SM1), with prismatic shapes, a smooth, vitreous external
surface, and have no or scarce vesicularity (Fig. 2C). A quenched, glassy rim with a maximum
thickness of 2 cm is sometimes evident on the external surface. Surface cracks on this zone are
shallow and follow a radial jointing with a spacing of about 1 — 2 cm. The generally prismatic shape

of the majority of the observed dense fragments could reflect the presence of a large, penetrative



jointing that produced a widespread re-fragmentation of large, dense blocks upon impact or
during transport in the PDC. In fact, only a few fully preserved dense blocks are present in the
deposits, suggesting a possible underestimation of the relative amount of this type of material
with respect to the other types of bombs here described. The vesicularity of the internal portion is
very low to absent. Density profile of DB fragments shows a very minor variation from the external
to the inner portions (rind: 2.81 + 0.09 x 10° kgm'3; core: 2.70 + 0.05 x 10° kgm'a; Fig. 5C, Table
SM2). Integration over the density profiles measured on the studied samples gives an average

density of 2.76 x 10 kgm™ for DB.

4.1.4. Foliated bombs (FB)

Vesicular portions (vesicularity: ~30%) alternating to densc glassy bands characterize FB,
presenting a diameter that varies between 22 and 35cm. Single bands have regular to contorted
shapes and thickness varying from a few millimetres t. 40 - 50 mm. Foliation planes are present
and usually continuous and parallel; however, smz!'-scale tolds are sometimes present in glassy
portions, and some bands have flamed shapes. An u..ernation between thin vesicular and dense,
glassy layers characterizes the foliation (Fis. 2'). FB show a unimodal distribution of the spacing
between primary cracks, with a main mode at 2 mm (Fig. 3A). In general, values of fractures
opening vary from 0.4 to 31.5 mm (%D. * 7/2; median value: 2.85). The main fractures show a
strong preferential orientation represer.ted by the 30% of the total (Fig. 3A), with numerous cracks
(18%) intersecting up to angles o. 20, nearly parallel to the banding. The pattern of secondary
cracks follows that of the pr.may cracks: also in this case, the dominant orientation (21%)
generally intersects wit’ ti.~» subordinate ones (13%) at 20° (Fig. 3B), or at about 90°, possibly
representing a sort of tensir.al cracks.

Bulk densities measured on the two foliated samples have values of 1.81 + 0.12 x 10 kgm'3 and
1.53 + 0.08 x 10 kgm™. These values correspond to vesicularities between 34 and 45 vol.%,

spanning the same range of BCB-CFB clasts.

5. Petrography
Textures and mineral assemblage of three BCB samples (BCB1, BCB2 and BCB3), two CFB (CFB2
and CFB7), one DB (D1) and one FB (FB1) were investigated, also distinguishing where possible

between rind and core.



All the samples share a similar mineral assemblage, which consists of plagioclase, clinopyroxene
and orthopyroxene (all present as phenocrysts, microphenocrysts and microlites), tiny microlites
of Fe-Ti oxides and scarce olivine phenocrysts (more abundant in CFB and FB samples). In general,
the groundmass varies from glassy to intersertal. BCB shows variations in vesicularity, crystallinity
and crystal size of the groundmass from the external rind (Fig. 6A, C) to the inner portion of the
bomb (Fig. 6B). Both plagioclase and pyroxene phenocrysts and microphenocrysts have frequent
disequilibrium textures (e.g., multiple zoning, patchy zones, resorbed rims; Fig. 6A, B), while
pyroxene microlites show a Fe-rich, thin, sometimes skeletal, external rim (Fig. 6A). Glass-bearing
groundmass of CFB (Fig. 6D, E) bears plagioclase microphenocr vsts similar to those of BCB and
rounded, partially resorbed pyroxenes (Fig. 6F). DB se.n.'es are characterized by a
cryptocrystalline matrix (Fig. 6G, H, 1) with a large size range 1. crystals (up to 2 mm). Plagioclase
phenocrysts are spotted with abundant melt inclusions a.°d have very complex zoning and clear
evidence of resorption and patchy textures (Fig. 6H, :' Fiially, FB show an hypocrystalline and
porphyritic texture, and the different textural z~rtions are mainly distinguished for their

vesicularity.

6. Textural characteristics of bombs ai.+ blocks

6.1. Vesicle Size Distribution (VSD)

Three breadcrust bombs (BCB1, BCF.2 a.~d BCB3), two cauliflower bombs (CFB2 and CFB7) and one
foliated bomb (FB1; Fig. 7) were -elected for analysis of the vesicle size distribution. Separate
measurements were made on ‘he rinds and cores of BCB1, BCB3 and CFB2 and on two portions
with different vesiculari’. ' o, FR. (FB1a, poorly vesicular; FB1b, vesicular). The inner portion of two
additional bombs (BCB2 ard CFB7) was also investigated.

In Fig. 7, the vesicle distribution measured on the bomb samples is shown in terms of volume
fraction of the different class sizes (Vesicle Volume Distribution; VVD), together with the value
corrected for the final vesicle coalescence. The modal values of bubble size for BCB rinds are
generally lower than those for core material, and this difference maintains even after the de-
coalescence procedure.

When plotted on classical VSD plots (Fig. 8), where n represents the vesicle population density
(mm™) and Size the equivalent diameter in mm, cores and rinds of BCB have clearly distinct trends:
VSD curves for the rinds are approximately linear, with a very steep linear segment for sizes

<150 um and vesicles not larger than about 250 um; conversely, VSDs of cores have a more



restricted population of vesicles <100 um and develop a population of larger vesicles characterized
by a second linear segment extending up to sizes of 500-1000 um (Fig.8A). As observed for
breadcrust bombs at Guagua Pichincha (Colombier et al., 2022), vesicle number density values are
however similar for both cores and rinds (Table 1), suggesting that nucleation was probably not
very efficient after fragmentation and that the coarsest vesicle population possibly developed by
expansion of already present vesicles. Accordingly, values of nucleation density (ny) are not largely
dissimilar between the rind and the core of a same bomb (Table 1).

Similarities in terms of volume vesicle distribution and vesicularity between rinds and cores are
evident in CFB samples (Fig. 5B and 7). Bubble coalescence 'a this type of bombs is always
important (both in rinds and cores); sizes of de-coalesced biou.'es of the rind show a slightly
smaller modal value compared to the core of the same ~ai. nie (Fig. 7), suggesting a slightly
retarded quenching for the core. The larger gap in size be ween de-coalesced vesicles of rind and
core of BCB with respect to CFB is possibly related to a .~wer quenching rate for CFB, which allows
a more significant pre-coalescence vesicle exparzion. VSDs are defined by curved, concave
upward trends (Fig. 8B), where differences betw.eei. .ind and core of a same sample, or between
different samples, are mainly related to the lar-,est size of vesicles (Fig. 8B) and to values of vesicle
number density or no (Table 1), sugg~sting a larger inhomogeneity for this type of bombs
compared to BCB (Fig. 7 and 8).

Finally, vesicle size of FB bombs (Fi3. ;. is mainly distributed at sizes smaller than 1000 um. VSD
trends are intermediate betweer, BCB and CFB samples (Fig. 8) and values of vesicle number
density and ng are lower with 1 <o':ct to the other two types of bombs (Table 1). In particular, the
poorly vesicular portion. (FC1a .n Fig. 8C) have a linear trend although with a slope not as steep as
in BCB bombs, so reflectine a coarser average size of vesicles in this population, while the VSD of

the vesicle-rich portions (FB1b in Fig. 8C) are slightly curved and more irregular.



BCB1R BCB1C BCB2 BCB3R BCBC3 CFB2R CFB2C CFB7 FBla FB1b

1/Gt (mm™) 40.40 24.60 9.20 88.80 22.50 28.70 15.80 7.82 12.80 9.90

-4
ng (mm™) 9.30E+04 | 1.29E+05 | 9.90E+03 | 2.68E+05 | 7.46E+04 | 5.28E+06 | 2.1: +04 | 1.84E+03 | 5.38E+03 | 3.64E+03

TOTAL 3Gt (mm) 0.074 0.122 0.326 0.034 0.133 0.105 0.1.9 0.384 0.234 0.303

BNDy (mm™) | 2.70E+03 | 6.58E+03 | 1.08E+03 | 2.24E+03 | 3.34E+03 | 2.08E+ \5‘1. 8E+03 | 3.73E+02 | 3.91E+02 | 5.09E+02

1/Gt(mm?) [ 759 4560 | 4430 103 9480 | _760 | 29.70 | 45.60 8.76 77.50

-4
no (mm™) |5 94£+05 | 3.18E+05 | 5.31E+04 | 3.62E+05 | 4.29E+05
SMALL | 3Gt(mm) 0.040 0.066 0.068 0.029 0.032

1.70C+07 | 5.05E+04 | 2.29E+04 | 5.27E+03 | 3.60E+04
0.052 0.101 0.066 0.342 0.039

VESICLES
BNDg (mm?) | 3.87E+03 | 6.17E+03 | 1.02E+03 | 3.52E+03 | ~ 24E+u3 | 2.04E+05 | 1.95E+03 | 3.27E+02 | 2.68E+02 | 4.34E+02
1/Gt (mm™) - - - 9.0 | - - - 6.76 - 6.13
-4
no (mm™) - - - | ' 86E+04 - - - 5.18E+02 - 3.54E+02
MEDIUM | 3Gt (mm) - - R - - - 0.44 - 0.49
VESICLES
BNDg: (mm™®) - - , 3.75E+02 - - - 4.63E+01 - 1.54E+01
1/Gr(mmY) | 5513 19.20 -7 - 11.40 16.80 8.20 1.83 12.7 4.97
-4,
No (MM™) | 9.23E+03 | 4.71E+. " | 2.0 4E+03 - 3.04E+03 | 4.60E+05 | 1.31E+03 | 2.77E+00 | 5.12E+03 | 1.85E+02
LARGE | 3Gt(mm) [ o0.107 0156 | 0317 - 0.263 0.179 0.366 1.639 0.236 0.604
VESICLES
BNDg (mm”) [ 3.28E+02 | 9.42 +02 | 1.08E+02 - 1.61E+02 | 1.03E+04 | 5.06E+01 | 2.86E-01 | 2.20E+02 | 3.10E-01

Table 1. Vesicles parameters derived from the bubble size distribution analyses; 1/Grt: intercept of the slope; In(n0): natural
logarithm of the nuclei number density (mm'4); Max. size (microlites dominant size (mm); 3GT: crystals average dominant size
(Cashman, 1992); BND: bubble number density (mm'g); Vesicularity (%).

6.2. Crystal Size Distribution (CSD)

Batch (2D) textural data and Crystal Size Distributions (CSD) of microlite and microphenocrysts in
the groundmass of the different bomb types (Fig. 9) were also measured to extract quantitative
information on pre- and syn-eruptive crystallization processes. Plagioclase, pyroxene (both clino-

and ortho-pyroxene) and Fe-Ti oxides are the main mineralogical phases recognized and



measured; values referred to large phenocrysts (>500 um in 2D) were not investigated in this
study.

The areal number density of microlites (MND,, Table 2, Fig. 10A) shows an overall anticorrelation
with the average size for a given type of microlite (Fig. 10A), with the largest size values
corresponding to plagioclase. The highest MND, values are always associated to DB, in which
pyroxene is as abundant in number as plagioclase, although having a slightly smaller average size.
CFB and FB have the largest microlites and the lowest MND,. This general trend is also well
summarized by the number density values relative to the whole set of microlites, for which DB
data are one order of magnitude higher compared to FB and C-R values (except sample CFB2R;
Table 2).

Plagioclase is the most abundant phase in all types of bo.n.-. Un average, CSD of plagioclase
microlites in BCB show two linear segments (Fig. 9) as we'! as two clearly distinct modes (around
200 and 50 um) in the histograms of volume distribu.'on Fig. SM3, supplementary material). A
similar distribution is shown by plagioclase in DB, = ‘idencing also in this case the coexistence of
two different microlite populations (modal valu~=s ir Liie histograms of volume distribution around
20 and 120 um; Figs. 9, SM3). Conversel> pl.agioclase microlites in CFB are characterized by a
concave upward CSD curve, with linear _2gments only limited to the smaller sizes (<10-15 um; Fig.
9). The histograms of volume distribu’io:\ ¥or these bombs (Fig. SM3) are more disturbed, with a
main mode ranging between 100 ard »20 um. Crystal size distributions of pyroxene are similar for
the different bomb types, with ¢.~ar concave upward trends (Fig. 9). The dominant size of the
finer-grained microlithic pyroxc~e population is smaller (half on average) than that calculated for
plagioclase (Table 2; Fir,. 1LA). Accordingly, histograms of volume distribution for pyroxene (Fig.
SM3) show irregular trends for BCB and CFB, and a bimodal trend in DB; where present, the
different modes are very close one to the other and show a coarser size for the core with respect
to the rind portions. Finally, oxides from all bomb types show CSD curves with very similar, gently
sloping, linear to slightly concave upward trends (Fig. 9), and largely unimodal histograms of
volume distribution (Fig. SM3). When calculated on a volume basis, number density values MNDy
are positively correlated with the nuclei number density ngy (Fig. 10B, Table 2), where on average
the higher values of ng are associated to DB and, to a lower extent, BCB samples. As for MND,

data, one sample of CFB (CFB2R) does not fit this general trend.



BCB1R BCB2 BCB3R BCB3C CFB2R CFB2C CrB7 D1 FB1
MND, (mm?) 1.53E+03 6.32E+02 2.23E+03 2.73E+03 2.43E+03 7.46E+02 7.20E-~"? 4.71E+03 8.12E+02
é Av size 2D (mm) 0.016 0.021 0.013 0.012 0.013 0.020 0.02. 0.009 0.021
g No (mm’4) 1.07E+07 3.91E+06 4.58E+07 3.98E+07 2.78E+07 7.73E+C. " 0/c=+07 2.46E+07 4.42E+06
9 3Gt (mm) 0.04 0.04 0.02 0.03 0.03 0.73 J.03 0.08 0.05
—
& MNDy, (mm®) 1.49E+05 5.81E+04 3.50E+05 3.90E+05 2.60E+05 7 ?7E-"4 9.68E+04 6.20E+05 6.69E+04
Groundmass xls (%) 41.20 26.30 37.30 36.90 41.20 28.4 38.40 35.60 34.30
MND, (mm?) 1.31E+03 1.32E+03 1.24E+03 1.08E+03 9.43F+-N2 1.54E+02 2.73E+02 4.81E+03 7.06E+02
% Av size 2D (mm) 0.008 0.011 0.008 0.009 0017 0.027 0.015 0.006 0.012
'S'é no (mm™) 7.11E+07 5.82E+07 6.97E+07 9.60E+07 ¢ 05k.. 2.47E+06 3.47E+06 8.49E+08 1.25E+07
g 3GT (mm) 0.013 0.014 0.013 0.01" L. N04 0.021 0.026 0.007 0.022
o MNDy (mm®) 3.10E+05 2.80E+05 3.00E+05 3.1 -+05 7.30E+05 1.70E+04 2.99E+04 2.00E+06 9.18E+04
Groundmass xls (%) 7.90 16.00 8.90 8.30 9.40 5.30 7.80 15.40 10.90
MND, (mm?) 9.39E+02 5.11E+02 8.24E+02 3.0.7+02 9.04E+00 1.28E+02 1.27E+02 1.52E+03 2.54E+02
" Av size 2D (mm) 0.004 0.006 0.004 L9 0.007 0.006 0.011 0.003 0.008
g no (mm™) 2.91E+08 2.00E+07 1.66E+N8 ' ©,E+07 3.79E+05 2.02E+07 3.88E+06 4.57E+08 7.07E+06
é 3Gt (mm) 0.005 0.014 007 0.010 0.017 0.019 0.026 0.005 0.018
MNDy (mm®) 5.04E+05 9.56E+04 3 J3E+.S 6.48E+04 1.82E+03 5.25E+04 2.23E+04 7.39E+05 4.29E+04
Groundmass xIs (%) 1.90 2.00 =0 1.60 0.04 0.10 1.90 0.20 1.50
2
'6 MND, (mm?) 3.77E+03 2.4 c+.° 4.30E+03 4.12E+03 3.38E+03 1.03E+03 1.13E+03 1.10E+04 1.77E+03
[

Table 2. Microlites parameters derived from the crystal size distribution analyses. MND,: microlite area number density considering
the crystals of the groundmass (mm'z); Av size 2D: bi-dimensional mean size of crystals of the groundmass (mm); ny: natural
logarithm of the nuclei number density (mm'4) related to the smallest sizes (steepest linear segment of the CSD curve); 3GTt: crystals
average dominant size related to the smallest sizes (steepest linear segment of the CSD curve; mm; Cashman, 1992); MND:
microlite number density (mm'?’) related to the smallest sizes (steepest linear segment of the CSD curve. Xls: crystallinity degree of
the groundmass, phenocrysts-free.

7. Chemical composition

All the analysed samples of the different types of bombs share a very homogeneous bulk rock
composition. In the Total Alkali vs. Silica plot, as well as for other elements (Fig. 11A; Table 3) the
different bombs are indistinguishable, plotting in the field of the andesite products (medium-K

calc-alkaline series) erupted at Tungurahua between 1999 and 2005 (58-59 wt.% SiO,) and close



to the range of andesites of 2006 eruptions (57.6—58.9 wt.% SiO,; Samaniego et al., 2011; Fig.
11A).

Compared to whole-rocks, matrix glasses show higher K,0 and lower FeOt and CaO contents (Fig.
11B, C, D), however it is worth to note that whole-rocks and matrix glasses define a single
compositional trend. Matrix glass compositions clearly plot into three distinct groups (Fig. 11). The
BCB samples show rhyolitic glass composition with silica contents of 72.6 + 1.0 wt. % (Table 4); no
variation is evident between the rind and the core of these samples. The matrix glass of CFB
bombs shows instead a less evolved, siliceous dacitic composition (67.5 + 1.0 wt.% SiO,; Table 4).
Similar to BCB, major element composition does not significat tly vary between core and rind
portions of CFB. DB matrix glasses display intermediate silica cutents (69.3 £ 0.68 wt.% SiO»;
Table 4). For the sake of clarity, it is however important to o'sc "ve that DB blocks present a small-
scale inhomogeneity of groundmass crystal content, fron. glass-rich zones to microlite-rich areas
(Fig. 6G, 1, E, F). For this reason, the glass composition f. r th :se bombs should be carefully handled
considered that these data could be mostly represe=*acive of the microlite-poor, glass-rich zones.
In Fig. 11, some selected major element conceatrations of products of 2006 (Samaniego et al.,
2011) are also reported. Matrix glasses of - nde sitic blocks and bombs of 2006 eruptive events are
characterized by lower silica contents (5 'ly 14, 2006 samples: 64.7 + 1.6 wt.% SiO,; August 16-17,
2006 samples: 61.2 + 0.6 wt.% SiO,; 52, >niego et al., 2011) compared to the bombs of 2014
activity (Fig. 11). On the other hanu, n.~trix glasses of siliceous tephra and magmatic enclaves of
2006 eruptions display rhyolitic . mpositions (Fig. 11; Samaniego et al., 2011) closely similar to
that of the 2014 BCB (Fig. 11).



wt.% BCB CFB DB

Si0,  59.20 59.34 59.40

Tio, 0.84 0.83 0.84
Al,0; 16.77 16.58 16.64
Fe,0; 6.85 6.86 6.93
MnO  0.11 0.11 0.11
MgO  3.96 3.92 3.97
Ca0 6.8 6.37 6.41
Na,0 3.93 3.91 3.83
K,0  1.80 1.79 1.81
P,0s 0.22 0.22 0.23
LOI bdl bdl bdl

Total 100.10 99.84 100.02
Rb 52.67 50.39 50.18
Sr 558.87 576.33 564.69
Ba 740.21 794.67 790.00
Sc 15.92 16.18 16.51
Vv 165.23 166.47 169.52
Cr 93.85 92.84 99.85
Co 25.48 22.10 2772

Ni 40.92 39.67 43.64
Y 13.04 14.14 14.3.
Zr 139.75 141.05 143.27
Nb 5.54 5.98 5.20

La 18.57 18.71 18.61
Ce 38.06 37.83 36.72
Nd 19.68 19.60 19.15

Sm 3.78 3.67 4.31
Eu 1.13 1.06 0.99
Gd 3.55 3.55 3.73
Dy 2.78 2.73 2.72
Er 1.63 1.73 1.43
Yb 1.32 1.31 131
Th 6.39 6.01 5.91

Table 3. Whole-rock major (wt. %) and trace (ppm) elemental analyses from 2014 eruptive products measured in this study.



Sample BCBI1R BCB1C BCB2

mgl2 mgl3 mg8 mg4 mg2 mgl7 mg24 mglé mg27 mg25 mg4 mg. " mgl0 mgl3 mgl2

Sio, 70.51 7141 7247 73.04 7434 7244 7261 7273 7386 7430 71.01 7.4. 7.49 7223 7283
TiO, 0.83 0.86 0.67 0.89 0.74 0.60 0.62 0.69 0.80 0.48 0.80 S 1.02 0.97 0.89

Al,O3 14.47 13.80 1295 1268 13.09 12,57 1295 1259 1271 1285 12¢° 1313 13.04 13.03 13.06

Cr,03 0.01 0.07 0.05 0.00 0.03 0.00 001 o0.01 0.00 0.04 <0 0.00 0.06 bdl bdl
FeO 2.74 2.73 2.65 2.54 2.86 2.44 284 284 2.79 2.50 3.3 3.24 3.54 3.26 3.62
MnO 0.05 - 0.02 0.05 - 0.07 0.08 0.04 0.08 - ~12 0.06 0.12 0.07 bdl

MgO 0.30 0.27 0.31 0.30 0.31 0.29 0.27 0.26 0.23 " 28 0.43 0.51 0.52 0.50 0.42
Cao 1.95 1.25 1.08 0.94 0.76 0.94 0.77 0.82 0.96 0.8 1.45 1.63 1.35 1.45 1.55
Na,O 441 4.37 3.80 3.86 3.64 3.56 3.89 3.66 3.60 4.10 4.21 4.37 431 4.46 4.45
K;0 4.46 4.78 5.10 5.15 4.96 4.94 497 ..M 4.85 4.90 4.63 4.58 4.94 4.72 4.79
P,0s 0.18 0.12 0.00 0.23 0.08 0.10 0.1> 0.16 ..03 0.12 0.30 0.25 0.25 0.24 0.30

Total 99.91 99.66 99.09 99.69 100.81 97.94 99.13 4. 79 100.15 100.44 99.15 100.24 100.62 100.90 101.75

Sample CFB2R CFB2C CFB7 DB1

mg27 mg22 mgl8 mg20 mgl rm<35 1. 37 mg36 mgd2 mg34 mg3 mg9 mgl5 mg3 mgl3 mgl0 mgl2

Sio, 66.22 66.77 67.52 6830 69.72 b6."2 6591 6649 6746 67.82 6696 67.14 67.51 6844 68.83 69.35 70.02
TiO, 1.29 1.33 1.53 1.22 1 Tz 1.47 135 1.42 1.41 1.45 1.36 1.69 1.26 1.33 1.33 1.25
Al,O3 13.88 13.87 13.82 139" .52 1349 13.88 1355 13,59 13.78 14.12 13.85 14.08 13.27 13.02 1335 13.00
Cr,03 0.00 0.00 0.00 0.07 L0 0.01 0.00 0.03 0.00 0.04 0.13 -0.04 0.00 0.00 0.11 0.13 0.06
FeO 5.72 5.34 5.06 4.72 5.82 5.51 549 5.29 5.17 4.95 5.20 5.69 5.45 5.37 5.37 4.45 4.35
MnO 0.17 0.02 0.12 0.11 0.03 0.03 0.19 0.12 0.03 0.15 bdl 0.11 0.14 0.01 0.06 0.11 0.13
MgO 1.28 1.21 1.09 1.15 0.90 1.17 1.20 1.09 1.17 111 1.15 0.93 0.47 1.06 0.60 0.39 0.35
Cao 3.12 3.07 2.62 2.65 1.85 3.57 3.06 297 2.84 2.54 2.68 3.06 2.16 2.20 1.89 1.71 1.48
Na,O 3.94 3.77 3.90 391 4.19 4.15 434 426 3.97 4.16 4.72 4.52 4.39 4.12 4.40 4.36 3.62
K,0 3.64 4.01 4.06 3.96 4.32 3.56 368 3.76 3.98 391 4.23 4.38 3.51 4.48 3.45 4.30 5.06
P,0s 0.45 0.45 0.28 0.38 0.20 0.90 0.23 043 0.26 0.45 0.45 0.08 0.35 0.34 0.49 0.67 0.49

Total 99.71 99.84 100.00 100.41 99.67 99.42 99.44 99.33 99.89 100.32 101.07 101.07 99.75 100.55 99.55 100.14 99.82

Table 4. Selected matrix glasses major element concentrations (wt.%) from breadcrust samples (BCB1 — BCB2), cauliflower samples
(CFB2 — CFB7) and dense fragment (DB1).

Water concentrations in the residual glass of selected BCB and CFB samples are reported in Table

SM3 and Fig. SM4 (supplementary material). The water contents vary in a similar range for BCB



(0.07-0.27 wt.%) and CFB (0.07-0.26 wt.%) bombs. Such variability is measured even within
individual bomb samples (e.g., 0.09-0.26 wt.% in BCB8, 0.13-0.26 wt.% in CFB13R). In BCB samples,
rind portions generally contain slightly higher water contents than the associated cores (e.g., BCB2
and BCB10). The maximum H,0 concentrations correspond to an equilibration pressure lower than
0.5 MPa (Newman and Lowenstern, 2002), suggesting nearly complete degassing of the melt
during the eruption, possibly in a very shallow plug.

Although the analysed mineral phases present important chemical compositions (as also described
for the 2006 eruption; Samaniego et al.,, 2011), no relevant difference has been detected in
plagioclase and pyroxene from all the analysed bombs. Miner:i textures and compositions are
presented in the Supplementary Materials (Figs. SM5, SM6; Tab'e -M4,5,6,7).

Major elements compositions of bulk rock, groundmass g'as. and minerals from each type of
bombs were also used for mass balance calculations tc estimate the relative amounts of the
different crystallized phases (Table 5). The total amou.'t o' crystallization is higher than 50 wt.%
for all the bomb types, with BCB showing the larges* ‘ralue (nearly 67 wt.%) and CFB the lowest (54
wt.%). Crystallization is always dominated b\ pi.gioclase and minor orthopyroxene, which

practically maintain the same proportions v ith .ncreasing crystallization (Table 5).

BCB CFB DB

Pl 448 358 413
Cpx 62 53 7.2
Opx 12.8 10.5 10.4
Oox 28 25 31

Tot 666 54.1 62.0
SSR 1.08 0.24 0.62
Table 5. Crystallinity results der've ! fre. = .nass balance calculations for the analysed bombs. SSR: sum of squares of residuals.

8. Discussion

8.1. Formation of the different types of bombs based on chemistry and textural data

The pyroclastic density current deposits in the Juive Grande and Achupashal valleys of the 1
February 2014 Tungurahua eruption have a large amount of bombs and blocks, which mainly
differ for their external morphology, texture and matrix glass composition.

Benage et al. (2014) illustrated the differences in the cooling history of clasts following ballistic
trajectories in the atmosphere vs. transport in a hot PDC, suggesting that this in turn influences
the morphological and textural features of bombs observed in the products of Vulcanian activity.

Wright et al. (2007), on the other hand, showed that the external morphology observed in the



different types of ballistic material of a Vulcanian sequence reflects the existence of primary
rheological and volatile gradients in the magma plug (or magma column) occupying the conduit
before an explosion. Data collected in the present study add important information to define the
range of critical processes and parameters governing the large morphological and textural
variability observed in the bombs and blocks associated to Vulcanian eruptions.

Cross sections through BCB evidence the large contrast in vesicularity between the dense glassy
rind (similar in density to DB) and the vesicular interior, typical by definition of breadcrust bombs
(Walker, 1969; Wright et al., 2007). We suggest that dense rinds possibly originated by rapid
guenching, related to forced convection shortly after fragmenta ‘inn, of a volatile-poor, degassed
magma which prevented the development of an important vesic 'lavity in these portions of the
bombs. At the same time, the slower conductive cooling w"icn characterized the hot bomb
interior allowed a continuous growth and coalescence of ;as bubbles and the expansion of bomb
interiors. Most of expansion was absorbed in these L ‘\mb; by the development of few primary
cracks (Fig. 4), which show high values of depth, opzring and total strain. We infer that cracking of
the rigid external surface of these bombs w=s ailained after the inner part had reached a
vesicularity close to that presently observr d ir the core and ceased with the development of an
important permeability, which allowed = rapia decrease of internal overpressure, so preventing
further expansion (only 15-25 % of tke . *al strain accommodated by secondary cracks; Fig. 4).
Data from VSD confirm the strong dec-upling of vesicle growth between rind and core of these
bombs, although vesicle nucleatic.” possibly occurred in a single event (same values of VND, and
ng in both the portions o1 th2 bombs), possibly coinciding with the syn-eruptive high
decompression rate at *he arset of the eruption. The measured total surface strain for BCB
(average value 23 %) corre<,onds to an average volumetric strain of 36 % (calculated assuming a
spherical shape). Given that the average vesicularity of BCB interior is 32 vol.%, the comparison of
this value with the volumetric strain suggests that the magma which produced BCB was practically
not vesicular although it still contained some dissolved volatiles. This indication agrees with the
very low value of vesicularity (in the order of 5-7%) derived from density measurements on the
rapidly quenched bomb rinds. We conclude that deformation mainly occurred before formation of
the secondary fracture network (responsible for less than 20 % of the total strain), which possibly
formed due to local overpressure that developed in sectors of the bomb (comprised between the

main fractures) with lower local permeability.



The identical bulk rock and mineralogical composition shared by the three main types of blocks
and bombs (DB, BCB and CFB), accompanied by important differences in the composition of the
residual glass, is indicative of significant differences in the crystallization history of these products,
as also confirmed by mass balance calculations (Table 5). These differences primarily result in the
total extent of crystallization and, secondarily, in an increase of the Cpx/Opx ratio (and to a minor
extent in an increase of the relative amount of Fe-Ti Oxides) in DB compared to the other bomb
types (Table 3), possibly reflecting differences in fO, conditions at crystallization (Andujar et al.,
2017). The evidence that plagioclase always remains the main crystallizing phase (around 66 wt.%
of the total crystal content) in all the different bombs, however, confirms the primary role played
by water outgassing in the crystallization of the plug, both pre- |, henocrysts) and syn-eruptively
(microlites).

Groundmass crystallization of these bombs mainly ¢ curred pre-eruptively (no important
differences between rinds and cores), driven by an .nen system degassing (non-vesicular, low
volatile pre-eruptive magma). The complex zoning,'-=sorption pattern of plagioclase phenocrysts
(Fig. 6) can be at least in part interpreted -'s i.uirect evidence of a multistage history of
decompression/recompression events (W' «ght et al.,, 2023) encountered by this magma batch
during its pre-eruptive ascent and s.?lling In the conduit or as the products of previous
compositional and physical changes in .h: ~agmatic environment.

Differently from BCB, CFB have irrecula. surfaces and display many closely spaced cracks. The high
density of surface fractures and . >=a ellipsoidal, flattened shape of these bombs suggest a lower
melt viscosity compared to BCC, waich possibly affected the isotropic distribution of both primary
and secondary fractures ~s . re,ult of a more gradual deformation of the bombs (Fig. 4). The small
thickness of the rind and th.- homogeneous distribution of the cracks on the entire surface of the
bomb indicate slower cooling rates compared to BCB, which allowed a nearly homogeneous
expansion of the bomb (no important vesicularity gradients are present inside these bombs; Fig.
5b). The average surface strain of 18% for this type of bombs resulted in a calculated volumetric
strain of 28%. This value is lower than the average value of vesicularity (48 vol.%) derived from the
density measurements on these bombs, suggesting that magma forming this type of bombs was
characterized by a vesicularity around 20 vol.% before fragmentation and syn-eruptive expansion.
Despite magma shearing, high crystal content and cracks may cause a high permeability even at
very low vesicularity (Gonnermann et al, 2017; Kushnir et al., 2017; Lavallée and Kendrick, 2022),

vesicularity values around 20% are generally related to very low permeability (Rust and Cashman,



2011), so suggesting nearly closed system conditions for the pre-eruptive degassing of the CFB
magma. A similar indication can be derived from textural data, characterized by the lowest MND4
associated to the largest average microlite size (Fig. 10), indicating a low undercooling. All these
features suggest that CFB formed by fragmentation of a portion of the magma column initially
richer in volatiles and possibly at a higher temperature than the magma that originated BCB.
Crystallization of this magma portion was continuous and not strongly conditioned by the final
event of decompression. The low water content measured also on the rind could reflect the slow
cooling and protracted degassing typical of these bombs.

Compared to the other samples, DB lack a measurable vericularity and show the highest
crystallinity, suggesting that this magma was nearly completciy degassed at eruption. This is
coherent with the porosity degree (< 2%) found by Gaunt e’ a:. (2020) for the dense plug sealing
the conduit during the 14 July 2013 Vulcanian explosion. ‘1oreover, the distinctive prismatic and
regular shape, together with the presence of few, n.rov, polygonally arranged micro-fissures
suggest that this kind of fragment was simultanzzusly rigid and hot at the time of eruption.
Textural data reveal that groundmass crystalli-atic.. of these bombs developed under a large
undercooling, related to the processes 7 f iriportant outgassing that characterize the upper
portions of a conduit plug. Several pic-es of evidence, such as the presence of sieve-textured
plagioclase cores and rims (Fig. 6), resc., tions zones and both Fe- and Mg-rich rims in several
pyroxene phenocrysts, as well as the r.-e presence of olivine, suggest, for BCB, the occurrence of
disequilibrium processes related t. multiple episodes of magma degassing/recompression during a
multistep growth of the plug, ac:ompanied or not by repeated thermal instabilities following
recharge of hot mafic r.~gt.'a iito a shallow reservoir before the final magma decompression, as
suggested by Samaniego et ~.I. (2011) or Andujar et al. (2017) for the 2006 eruptions.

Although not studied in detail in terms of their physical features, FB have zones with features
typical of both BCB and CFB, so confirming that the different characteristics of the magma forming
these two types of bombs possibly reflect primary differences in terms of volatiles, temperature
and crystallinity. If this is the case, FB record a magmatic flow banding pre-eruptively acquired in
the conduit. The low abundance of this material in the ejected products could suggest that flow
banding only occurred locally, possibly in a region restricted to the interface between BCB and CFB
magma types in the conduit.

Based on all these data, we suggest here that the different types of bombs recognized in the field

record primary differences in the magma column from which they originated rather than



differences in the transport and depositional processes (and hence in the modality and rate of
cooling). The greater amounts of BCB and DB present in the deposits would suggest in this case
that coarse fragmentation mainly involved the more degassed and volatile poorer magma
portions, while fine, more efficient fragmentation involved the volatile-richer magma portions, as

also reflected by the generally vesicular nature of the ash (Romero et al., 2017).

8.2. Eruptive model

The data presented and discussed above give relevant insights into the different conditions of
bomb formation, suggesting, by analogy with what observed b+ Wright et al. (2007) at Guagua
Pichincha and by Gaunt et al. (2020) for the 14 July 2013 r.rution at Tungurahua, that the
different bomb types may be related to a pre-eruptive co’adit 1ayering and pre-fragmentation
storage state (Fig. 12). In this scheme, DB samples are reicted to a totally degassed, possibly low-
temperature portion of the system located in the sh.llov est portion of the conduit. BCB may
represent a magma that stalled just below this der.z~ plug. The transition zone from DB to BCB is
possibly gradual, as suggested by the very low vesicuiarity of the BCB rims and by the measured
volumetric strain of the bombs, clearly in‘-ica’ive of a totally post-fragmentation expansion and
hence of a very low amount of residu.' volatiies dissolved in the pre-eruptive melt. CFB derive
instead from a volatile-richer magma tr..* occupied deeper levels in the conduit and was pre-
eruptively volatile-saturated. Magnia u~gassing in this portion of the conduit was partially pre-
eruptive and under nearly closed-_vstem conditions, as suggested by the low undercooling which
prevented groundmass crystali.-at’on. In this type of conduit stratigraphy, FB could then represent
those magma portions -t 1= ontact between BCB and CFB magmas mainly along the conduit
margins, characterized by -. large shear during magma ascent (e.g., Polacci et al.,, 2001). The
proposed model (Fig. 12) largely confirms what already observed by Wright et al. (2007) for the
1999 Guagua Pichincha dacitic eruption, by Giachetti et al. (2011) for the 1997 andesitic Vulcanian
explosions at Montserrat, by Bain et al. (2019) for the 2004-2010 andesitic eruptions of Galeras
and by Gaunt et al. (2020) for the 14 July 2013 Vulcanian eruption at Tungurahua. Worth to note,
while dense and breadcrust bombs were certainly produced in the above referenced eruptive
products, no cauliflower bombs have been clearly described, so confirming that the processes
involved in the formation of this type of bombs are not composition-dependent, but possibly

require specific conditions at the time of eruption.



The possible model for the internal structure of the plug discussed above clearly applies to the
plug present at the moment of ejection of the different bombs here analysed, and hence just
before the third, and largest, Vulcanian explosion occurred during the rapid series of 3 explosions
of the February 1, 2014 event (respectively occurred at 22:12, 22:32 and 22:39). The very rapid
succession of explosions clearly excludes the possibility of a massive disruption of the plug during
each event, followed by its rapid re-emplacement. In fact, the need of a high feeding rate allowing
the formation of a magma plug in very short times conflicts with the characteristic time needed for
an important outgassing and crystallization of the new magma forming the plug. Wright et al.
(2007) estimated a refilling time varying between 7 days to 12 h : t ascent rates 0.5 cm/and 6 cm/s
for the 1999 eruption at Guagua Pichincha. Similarly, we have F.eio preliminarily tried to estimate
the timing of magma ascent considering the dominant size o1 ~lagioclase microlites and average
growth rates for crystals in dacites, suggesting times of  vstailization in the order of 1-10 days.
For all these considerations, we suggest here that the !'rst - wo explosions only partially disrupted
small portions of the pre-eruptive conduit plug, t*-t was instead largely removed by the third,
largest explosion. This was indeed followed h/ a .nort phase of sustained activity and by a
strombolian-like activity which protracted for several days, so suggesting the passage to open-

conduit conditions.

8.3. A general origin for cauliflowe, hombs

All the morphological, textura: ard compositional data presented above are useful to depict a
more precise definitior of “he term cauliflower bombs. In fact, while breadcrust bombs are a
common category that has = clear definition in the literature in terms of shape, pattern of external
fracturing and presence of a sharp contrast between a dense, glassy rind and a variably vesicular
core (e.g., Fisher and Schimncke, 1984; Walker, 1969; Wright et al., 2007), cauliflower bombs still
lack a clear definition in the literature. Most of the authors describe these bombs as scoriaceous
clasts with a rounded shape and a convolute, rough surface fractured by an irregular network of
small cracks (Alvarado and Soto, 2002; Miyabuchi et al., 2006; Rosseel et al., 2006). The main
features generally used by authors for distinguishing between cauliflower and breadcrust bombs
lay in the external smooth, dense, glassy surface of the latter and in the supposed more mafic

composition of cauliflower bombs (Alvarado and Soto, 2002; Miyabuchi et al., 2006).



Our data may contribute to reveal the significance of cauliflower bombs in many eruptions. First,
there is no evidence of magma-water interaction in the recent Vulcanian eruptions of Tungurahua
(at least since 1999 event; e.g., Eychenne et al., 2012, 2013; Gaunt et al., 2020), so that a primary
role of these processes in determining the formation of this type of bombs can be ruled out. The
clear coexistence of breadcrust and cauliflower bombs with the same magma composition also
suggests a minor role of composition in the final formation of these bombs. Textural data possibly
give a key for defining that differences in magma viscosity related to the crystal cargo of the
magma could play a primary control on the final characteristics of the bombs. While the observed
differences in composition of the residual melt do not cause iranortant differences in the melt
viscosity (e.g., viscosity of anhydrous residual melt at 800°C, c7.ic.'ated according to Giordano et
al., 2008, varies in the range 10°%-10'"?> pa's for the d'iic"ent bombs), the lower microlite
content (in volume and in number) of CFB and es,=ciailly their crystal size distribution,
characterized by larger crystals and by a poorly varied “rys'al population in terms of size (Fig. 10,
Table 2, Table 5), could result in a significantly lowz- effect of the crystal cargo on increasing the
final magma viscosity compared to the other b-mu. (Cimarelli et al., 2011; Gaudio, 2014). While
the external morphology and the amount of 3CB volumetric expansion compared to measured
vesicularity suggests a pre-eruptive stai> for BLB magma characterized by a low temperature and
strongly outgassed conditions, the sarw type of data for CFB confirm the presence of an
important pre-eruptive vesicularity for “his magma portion and a more plastic state, possibly also
related to a higher temperature 1. this context, the conditions for CFB formation would be mainly
related to (even small) differcncr.s in magma viscosity along the fragmented plug. The lower
cooling rates apparentl ex,eriznced by these bombs (as suggested by the absence of a smooth,
obsidian-likeglassy rind) cn.ld suggest a lower degree of interaction with cold air during their
transfer to the surface, so indicating that transport in PDCs could be a necessary (although not

sufficient) condition for their formation (Benage et al., 2014).

9. Conclusions

The study of coarse juvenile material ejected during vulcanian or other discrete, pulsating
eruptions characterized by the periodic stallation of magma at shallow level in a conduit/dyke
system represents a fundamental tool to investigate the pre-eruptive conditions of these events.
The presented data demonstrate that the textural features of this material, although partially

acquired after fragmentation, still record pre-eruptive conditions, and well report on the existing



short-scale lateral and vertical heterogeneities in crystallinity and rheology typical of conduit
systems of limited dimensions associated with eruptions of limited flow rate.

The large textural and compositional variability observed in the bombs of the studied eruption
does not evidence any important interaction with newly arrived fresh magma, and the gradational
variations observed between the different types of bombs/blocks can be well correlated with the
geometry of a pre-existing, partially to completely degassed plug occupying the upper portions of
the conduit. Despite this, the increase in seismicity recorded in the 2 days preceding the eruption
(Romero et al., 2017) suggests a progressive pressurization of the system possibly related to the
arrival of new magma, whose fragmentation could have trigge ced the (passive) disruption and
propelled the dispersion of the plug. Direct evidence of fresh mag.na participating in the eruption
should therefore be sought in the fine material (mostly ash, r.o. *xamined in this work) rather than
in the bomb/block population (Battaglia et al., 2019).

The strict association of cauliflower bombs with othe * bo nb types (breadcrust, foliated, dense
blocks) may help clarify the formation conditions fz: tnis peculiar type of clasts, generally related
to a specific mechanism of bomb productior (... phreatomagmatic activity) or to specific
compositional features of the magma, sugg 2sti'ig that they represent portions of still hot, partially
vesicular (up to 20% pre-fragmentatic.> vesicularity), plastic magma that partially continues to
degas and expand after fragmentation Du~ to the rare occurrence of this type of bombs in typical
vulcanian eruptions, we can infer that (hese conditions are not very common in a degassed plug,
and could be possibly related to tr,~» development of an anomalously low permeability in the upper
portions of the plug, which docs ot favor efficient outgassing of the inner portion of the upper
conduit system. Furthe:- cumrarisons with the gas flux from the vent area preceding these

eruptions could help clarify *ais hypothesis.
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Figures Captions

Fig. 1. A. Location map of Tunguraht i volcano in Ecuadorean Andes. Active volcanoes are reported with black triangle. B. PDCs
distribution of the deposit of February 1, 2014 eruption and bombs sampling sites (white circles); the yellow circle indicates the
RETU station position (modified from Hall et al., 2015).

Fig. 2. Volcanic bomb texture at Tungurahua volcano: A — B. breadcrust bombs (BCB1, BCB3); C. dense fragments (D1, D2); D —E.
cauliflower bombs (CFB1, CFB4); F. foliated, banded bombs (FB1).

Fig. 3. A. Frequency histogram of cracks opening for all breadcrust, cauliflower and foliated bombs investigated. N is the number of
effective main fractures measured. Spacing range is wider in BCB samples. The most frequent openings are 4 and 12 mm in
breadcrust bomb; in CFB and FB clasts, the main mode is at 2 mm. B. Main and secondary cracks orientation patterns for both all
breadcrust and cauliflower samples. In breadcrust bombs, main cracks measured are 149 and secondary cracks are 387. In
cauliflower samples, main cracks measured are 419 and secondary cracks are 2906. 65 main cracks and 168 secondary cracks are
measured in foliated bombs.

Fig. 4. Total strain € (%) calculated for 5 breadcrust bombs (blue lines) and 4 cauliflowers samples (red dashed lines). Primary cracks
are plotted on left; fractures areas are in descending order distinguishing between primary and secondary cracks. Strain values are
cumulative.

Fig. 5. Internal density gradient of (A) 5 breadcrust samples, (B) 5 cauliflower-shaped bombs and (C) 2 dense fragments plotted vs
distance (from cores to rinds of the bombs) normalized to 1, in order to facilitate the comparison.



Fig. 6. Groundmass texture of: (A) rind and (B) core of BCB1 sample and (C) rind of BCB3 sample. (D), (E) and (F) show the
groundmass textures of CFB samples. For both BCB and CFB samples, disequilibrium textures as multiple zoning, resorption surface
and patchy textures for plagioclase and few pyroxene crystals are highlighted in the images. Disequilibrium textures in
microphenocrysts are similar in BCB and CFB samples (C — D). In (G), (H) and (I) the cryptocrystalline textures of the dense samples
are represented at high and low magnification.

Fig. 7. Glass-referenced (i.e., crystal-free) vesicles volume distributions of selected measured samples: breadcrust bombs (BCB1R,
BCB1C, BCB2C, BCB3R, BCB3C), cauliflower samples (CFB2R, CFB2C, CFB7C), foliated-banded bombs (FB1la, FB1b). The suffix dec
refers to vesicle size distributions in which vesicles were manually decoalesced; R: rim of the bomb; C: core of the bomb.

Fig. 8. Vesicle size distribution for the (A) breadcrust bombs, (B) cauliflower bombs, (C) foliated-banded bombs. A magnification of
vesicle size distributions for sizes lower than 160 um is reported in the upper right boxes.

Fig. 9. Crystal (< 100 um) size distribution in term of number density (n) for (A) plagioclase, (B) pyroxene and (C) oxides of bombs
analysed in this study.

Fig. 10. Textural parameters for the different types of bombs and blocks and the threr main mineral types. (A) Microlites averages
sizes vs areal number density of microlites (MND,). A negative correlation is shown for ,.,.~gioclase, pyroxene and oxides for all the
different type of bombs. (B) The nuclei number density (no) vs number density values . "olu.ne basis, (MND,) plot is characterized
by a positive correlation; the higher values of nyfor all the three mineral types are sh. wn b ' DB bombs.

Fig. 11. TAS and selected major elements diagrams for whole-rock samples a. 1 matrix glass of bombs erupted during the February
2014 Vulcanian eruption at Tungurahua volcano. For comparison, whole-r._"- ar..' matrix glass compositions of both andesitic and
siliceous products from the eruption of August 16-17, 2006 are reported ‘{ata 1 'om Samaniego et al., 2011). A. Total alkali, B. K,0,
C. FeO, D. CaO plotted versus silica (wt.%). WR, whole rock. T&B, tephre ai. * bombs; T&E, tephra and enclaves; BCB, breadcrust
bombs; CFB, cauliflower bombs; DB, dense blocks.

Fig 12. Schematic model of the magma conduit layering (not in sc ile) "~'.ed to the 1 February 2014 Vulcanian event at Tungurahua
volcano. Dense bombs (DB) represent the totally degassed r'..~ at .“e uppermost portions of the rising magma into the conduit.
Breadcrust bombs (BCB) are related to a partially degasse - mar ma located just below the dense plug. CFB (cauliflower bombs)
occupy the deepest levels of the pre-eruptive conduit stratig, 'nhy, representing a volatile-rich magma. Possibly, foliated bombs
(FB) represent magma at the transitional contact betv. ~en BCB and CFB and located in the marginal parts of the conduit.

The tip of the arrow indicates the highest values relat~d to *he different parameters reported in the figure.
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Highlights

Rheological zoning in the conduit is recorded in juvenile bombs and blocks
Cauliflower bomb (CFB) formation does not depend on composition
Condition for CFB formation related to differences in magma viscosity

Magma-water interaction does not play a primary role in the formation of CFB
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