
1. Introduction
Vulcanian eruptions are short-lived, discrete explosive volcanic events that can generate high eruptive plumes, 
ballistic fallout, as well as pyroclastic flows and surges (Clarke et al., 2015; Druitt et al., 2002). One model for 
conduit processes that lead to Vulcanian activity involves the formation of a dense plug or dome by outgassing, 
underneath which gas-rich magma is injected with limited volatile loss. Fragmentation and explosions can then 
be driven by a combination of (a) dome-collapse causing decompression of magma in the conduit and (b) over-
pressure and brittle-fragmentation of the magmatic foam beneath this plug/dome (Druitt et al., 2002). A fragmen-
tation front propagates downward through this vertically heterogenous conduit. Due to their low volatile content, 
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blocks originating from the uppermost conduit and dome are minimally modified during explosions, whereas 
volatile-rich breadcrust bombs from lower parts of the plug and pumice clasts from the magma underneath the 
plug experience syn- and post-fragmentation textural modifications via bubble nucleation, growth, and coales-
cence (Giachetti et al., 2010, 2011; Wright et al., 2007).

Breadcrust bombs originating from the top of the conduit enter the air immediately after fragmentation and hence 
experience higher cooling rates than pyroclasts from the deeper conduit (Giachetti et al., 2010). Such bombs 
thus preserve a rapidly quenched dense crust with little to no post-fragmentation textural change. In contrast, 
the core of breadcrust bombs dwells at a temperature significantly higher than the glass transition temperature 
for long enough to evolve texturally as bubbles nucleate and grow, yielding the possibility of the formation of 
an interconnected and permeable network of bubbles. In this manner, vesicularity gradients in breadcrust bombs 
are controlled by the relative timescales of cooling and vesiculation, which are in turn influenced by initial water 
contents and pyroclast transport mechanisms (e.g., projectile or pyroclastic density currents; Benage et al., 2014). 
Breadcrust bombs can therefore provide key information about (a) pre-eruptive textural, chemical (volatile 
content), and pressure conditions in the conduit at the time of, and before, fragmentation, (b) links between cool-
ing history of the bomb and dynamics of bubble formation, and (c) the transition from closed- to open-system 
degassing in magma at near-atmospheric pressure and in the presence of variable amounts of crystals.

Here, we investigate breadcrust bombs formed during the 1999 Vulcanian explosions of Guagua Pichincha 
volcano, Ecuador. Wright et al. (2007) have already qualitatively described a vesiculation pattern in these bread-
crust bombs which is heterogenous with respect to axes parallel and perpendicular to the crust. Here, we quan-
tify the evolution of porosity, vesicle number density (VND), and vesicle size distribution (VSD) parallel and 
perpendicular to radial profiles for breadcrust bombs from Guagua Pichincha. Using textural analysis of different 
vesicle populations along these profiles, we aim to: (a) derive key information on bubble nucleation, growth 
and coalescence processes from magma ascent in the conduit to bomb ejection and transport, (b) make the link 
between vesicle textures and pressurization processes during Vulcanian eruptions, and (c) more broadly, increase 
our current knowledge of degassing and permeability development in crystal-rich silicic magmas. We find that 
large vesicles preserved in the crust are due to an early outgassing and bubble collapse event prior to fragmen-
tation, whereas small vesicles record syn- and post-fragmentation vesiculation and development of permeability 
in the bombs. Haloes of small vesicles around a larger population observed in the crust have implications for 
pre-eruptive conduit pressurization and fragmentation in the dome/plug region and can be interpreted in the light 
of seismic and ground deformation signals. We also study the link between cooling and post-fragmentation vesic-
ulation by examining viscosity evolution, bubble growth rates, and diffusion timescales.

2. Materials and Methods
2.1. 2D Textural Analysis

We studied two breadcrust bombs (GP8 and GP10 described in Wright et al., 2007) formed during 1999 Vulca-
nian eruptions at Guagua Pichincha volcano, Ecuador. The reader is referred to Wright et al. (2007, 2023) for 
a detailed description of the Vulcanian activity and associated deposits. Hereafter, we refer to groundmass as 
regions of the samples outside of micro-phenocrysts and phenocrysts and that include glass, small vesicles, 
and microlites. The limit between microlites and micro-phenocrysts/phenocrysts was set at 30 μm (Colombier 
et al., 2022).

Samples were prepared in two ways for 2D textural analysis. First, we drilled a 14 mm high and 5 mm wide cylin-
der from rim to core in sample GP8. This cylinder was then cut every 1 mm along planes parallel to a given radial 
position (R) from R = 0 (crust) to R = 14 mm (interior) using a 200-μm-thick, diamond-coated wire saw, result-
ing in 15 slices. This first approach allowed us to evaluate lateral heterogeneities at a given value of R. Slices of 
known radial distance were impregnated into an epoxy mount and then polished. This strategy contributed some 
error in the measurement of R that we estimate to ±0.1 mm. The second approach was to prepare a thin section 
parallel to a rim-core profile (perpendicular to the crust surface) in sample GP8 to exclude any error on radial 
position and to obtain textural parameters directly at the outermost part of the crust.

Back-scattered electron (BSE) images at different magnifications were taken on a HITACHI SU 5000 Schottky 
FE-SEM (Scanning Electron Microscope) at the Ludwig Maximilians University (LMU, Germany). We used 
images at high magnification (X2500, on areas of ∼2 × 10 −3 mm 2) to quantify local values of vesicle number 
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density for small vesicle populations and to account for heterogeneities. We focus with this method on small 
vesicles in order to see the localized evolution of degassing in the groundmass, whereas a statistical analysis of 
large vesicles required 3D analysis using Synchrotron-sourced X-ray microtomography due to their lower abun-
dance and distributions over large volumes. The cut-off diameter of small vesicles depends on the location in 
the samples and is <10 μm in the crust and <50 μm in the interior. Four images were taken at different locations 
for each given radial position at this magnification. These images were binarized, vesicles were manually decoa-
lesced and VSD and VND were obtained from 2D to 3D stereological conversion using FOAMS software (Shea 
et al., 2010). All values for VND and VSD given hereafter are corrected for micro-phenocrysts, phenocrysts, and 
porosity.

In order to validate this method focused on localized values of vesicle properties at high magnification, we 
compare the VSD and VND for analysis on such small areas and the ones obtained using four different magnifi-
cations (larger total areas of ∼3.5 mm 2) and including all images at the highest magnification. The VND obtained 
with four magnifications is 1 × 10 7 mm −3, which falls in the range obtained using single images at the highest 
magnification (8 × 10 6–7 × 10 7 mm −3), and the overall distribution is similar.

2.2. 3D Analysis Using Synchrotron-Sourced X-Ray Microtomography

3D analysis was performed on two cylinders of 5 mm diameter and ∼20 mm length drilled in two breadcrust 
bombs (GP8 and GP10; Wright et al., 2007). The two samples were first scanned with a voxel size of 2.5 microns 
in order to image the entire cylinder across the rim-core transition and to image the population of large vesicles. 
The VND of large vesicles was measured up to a distance of 2.75 mm from the crust (volume of ∼21 mm 3) in 
order to yield values closest to the pre-eruptive conditions but still in a representative volume. Further, one bread-
crust bomb was imaged in more detail in different areas along the radial profile at a voxel size of 360 nm. We 
note that this voxel size is still not small enough to quantify the 3D VND and was only used to obtain qualitative 
textural features such as imaging the halo of small vesicles around large ones.

Tomographic scans were performed at ESRF BM05 using a filtered white beam. Scans with a 2.5 μm voxel 
size were performed with 2.3 mm Al, 0.1 mm Mo, and 50 mm SiO2 filters, resulting in an average energy of 
80 keV. The detector used was developed in-house using a zoom lens coupled to a PCO Edge 4.2 CLHS (PCO 
Excelitas GmbH, Kelheim, Germany) and a lutetium aluminum garnet (LuAG) scintillator. Data collection was 
performed with 30 ms exposure at a nominal ring current of 200 mA in either full acquisition mode over 2,999 
projections or half-acquisition with 4,000 or 4,500 projections per tomographic scan. Scans at 360 nm voxel size 
were performed with 2.3 mm Al and 0.24 mm Mo filters, resulting in an average incident energy of 74 keV. The 
TwinMic detector (Optique Peter, Lentilly, France) used a PCO Edge 4.2 CLHS (PCO Excelitas GmbH, Kelheim, 
Germany) with a specially shielded Mitutoyo Plan Apo 10X long-working-distance, infinity-corrected, objective 
lens (Optique Peter, Lentilly, France) coupled to an 8.8-μm-thick lutetium oxyorthosilicate (LSO) scintillator. 
Data collection was performed with exposure times of 150 or 320 ms at a nominal ring current of 32 mA in 
half-acquisition mode with 6,000 projections per tomographic scan. 3D volumes were visualized and quantified 
using Avizo (https://www.thermofisher.com/de/de/home/industrial/electron-microscopy/electron-microscopyin-
struments-workflow-solutions/3d-visualization-analysissoftware.html).

3. Results
The breadcrust bombs show heterogeneities in vesicle number and size (a) along rim-core profiles with increases 
in both properties (and subsequently in porosity) toward the core (Figure 1) and (b) in planes perpendicular to 
radial orientation, that is at fixed values of R as previously mentioned by Wright et al. (2007) (Figure 2). Abun-
dant cracks and voids in crystals (Figure 1) also contribute to porosity and pore connectivity in these samples but 
these types of pores are omitted in this study since we focus on vesiculation processes.

We can distinguish three main distinct vesicle populations: (a) Type 1 are large vesicles, tens to hundreds of 
microns in diameter, observed both in rims and cores (Figures 1, 3 and 4); (b) Type 2 are small vesicles (hundreds 
of nanometers to tens of microns) forming haloes surrounding large Type 1 vesicles in the crust (Figure 4); and (c) 
Type 3 are small vesicles (few to tens of microns in diameter) that nucleated and grew in groundmass areas outside 
of Type 1–2 clusters. The boundary between haloes of Type 2 vesicles and Type 3 vesicles cannot be distin-
guished in the core due to the high porosity and similar vesicle sizes (Figure 2). We also identified a fourth type 

https://www.thermofisher.com/de/de/home/industrial/electron-microscopy/electron-microscopyinstruments-workflow-solutions/3d-visualization-analysissoftware.html
https://www.thermofisher.com/de/de/home/industrial/electron-microscopy/electron-microscopyinstruments-workflow-solutions/3d-visualization-analysissoftware.html


Journal of Geophysical Research: Solid Earth

COLOMBIER ET AL.

10.1029/2023JB026775

4 of 16

of vesicle that is few microns to tens of microns and organized as vesicle trains surrounding micro-phenocrysts 
(Figure 5). These vesicles may correspond to Type 1–2 haloes but the enhanced coalescence around crystals 
makes them more difficult to identify and measure. Therefore, those type 4 vesicles will not be discussed further.

Figure 1. Rim to core texture of the two breadcrust bombs studied here. (a and b) Photographs of bombs GP8 and GP10 
showing the macroscopic rim (gray and dense) to core (white and porous) transition. The black and white rectangles in 
(b) mark the location of the cylinders in GP8. (c to g) Synchrotron-sourced X-ray microtomography images of a cylinder 
cored in bomb GP8. Vesicles are black, glass is gray and crystals are gray to white. (c) Textural evolution from rim to core. 
The dashed line is to guide the eye toward the crust-interior transition at a radial position of ∼6–7 mm. (d) Typical texture 
observed in the crust of GP10 with large, isolated Type 1 vesicles with a size of tens of microns up to hundreds of microns 
(see zoom in f). (e) Typical texture in the core of GP10, with a bimodal vesicle distribution consisting of large Type 1 vesicles 
surrounded by a groundmass with small, Type 2 and 3 vesicles (zoom in g). Note the increase in size of the large vesicles 
from crust (f) to the core (g).
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Figure 2. Back-scattered electron (BSE) images showing the micro-scale textural variations, related to small Type 2 and 3 
vesicle populations, both parallel and perpendicular to the radial profile in the bomb GP8. R is the radial distance beneath 
the surface of the crust in millimeters. Images were taken to capture heterogeneities in the groundmass at a given R, are all 
at the same magnification and scale, and are organized by increasing apparent porosity and number density from left to right 
at a given value of R. We do not discriminate between Type 2 and 3 vesicles here, but we note that vesicles in the crust from 
R = 0–6 mm consist mostly of Type 2 vesicles.
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Type 1 vesicles seem to show an overall increase in size from rim to core (Figures 1f and 1g) but are distributed 
rather homogeneously along radial profiles. The VND of Type 1 in the first three millimeters of the crust has a 
value of ∼10 1 mm −3 (Figures 3 and 6). These large vesicles are systematically surrounded by a halo of Type 2 
vesicles (Figures 3 and 4), with a VND several orders of magnitude higher at ∼10 7 mm −3 (Figure 6). In the crust, 
areas outside of these Type 1–2 clusters are vesicle-free. The relative area of vesicle-free groundmass decreases 
toward the core of the bombs, and vesicle-free groundmass in the entire analyzed area (∼2 × 10 −3 mm 2) is no 
longer found at R > 6 mm (Figure 2). This is due to the nucleation and growth of Type 3 vesicles. The vesicle 
number density of small vesicles (Type 2 and/or Type 3) toward the core has a range of ∼10 6−7 mm −3 (Figure 6). 
Due to the progressive increase in size and abundance of Type 2 and 3 vesicles toward the core, coupled to the 
increase in size of Type 1 vesicles and loss of vesicle-free groundmass areas, there is an overall increase in poros-
ity and VND from rim to core. However, we stress that local values of porosity and VND are more relevant here 
and vary greatly at a given radial distance (Figures 6a, 6b, and 6d). The local groundmass VND at the crust ranges 
from zero (in vesicle-free areas) to up to 10 7 mm −3 in haloes (Figure 6).

We can separate groundmass vesicles into three groups: (a) isolated, (b) coalesced, and (c) connected, where 
vesicle coalescence spans the whole image size. The term connected relates here more to a high degree of local 
coalescence rather than a system-spanning permeable network. There is an overall correlation between VND and 
porosity and both parameters increase from isolated to coalesced with maximum values reached in connected 
networks (Figure 6c).

Figure 3. Synchrotron-sourced X-ray microtomography with a voxel dimension of 2.5 μm showing the distribution of the 
large, Type 1 vesicles in the crust. (a) 3D volume rendering showing individual, large Type 1 vesicles in the crust. (b) 3D 
volume rendering showing the gray scale contours of the cropped area, illustrating the dense nature of the crust (vesicles 
appear in black, crystals and glass in different gray tones). (c) 3D volume rendering of the spatial distribution of Type 1 
vesicles, combined with grayscale 2D slices, with the dashed circle identifying the magnified area shown in (d) in a different 
orientation. (d) Zoom of the Type 1–2 haloes of vesicles of (c) with the limit between large 3D vesicles and 2D, intersecting 
Type 2 vesicles in the haloes identified with white dashed curves.
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Porosity evolution with radial distance shows that connected areas are mostly found at a groundmass porosity 
>0.5 and up to ∼0.8 (except one sample at lower values due to vesicle stretching in this area) (Figure 6d). These 
values straddle or are in excess of the range of percolation thresholds (the transition from an isolated/coalesced 
vesicle network to system spanning connectivity and onset of permeability, hereafter noted Φc) in the ground-
mass that have been discussed for these breadcrust bombs by Colombier et al.  (2022) based on the model of 
Giachetti et al. (2019) (Figure 6d). In addition, groundmass porosity values in the bomb interiors fall just above 
this porosity threshold (Wright et al., 2007). We note that Φc is reached locally at different radial positions across 
the sample. We also find no connected areas near the crust where R < 6 mm, which also corresponds to the zone 
where vesicle-free groundmass is observed (Figure 6d).

We observe a bimodal vesicle size distribution both in the rim and the core (Figure 7). These VSDs illustrate the 
temporal evolution of vesicle populations with first the formation of Type 1 vesicles (large mode in Figures 7 
and 7b) and addition of a small mode of surrounding Type 2 vesicles (Figures 7a and 7b). Toward the core, 
Type 3 vesicles are also present and contribute to the small mode with Type 2 vesicles, and both small and 
large modes are then shifted to larger diameters due to a combination of growth, coalescence, and expansion 
(Figure 7c). An exponential fit for both small and large vesicle distributions is observed in the crust, illustrating 
a process of continuous nucleation (Blower et al., 2003) (Figure 7a). An exponential fit is also observed for 
vesicles smaller than 10 μm in the interior. Larger vesicles in the interior have neither exponential nor power 
law distributions due to the influence of multiple processes on the VSD (nucleation, growth, and coalescence) 
(Figure 7a).

Figure 4. Haloes of small Type 2 vesicles around large, Type 1 vesicles. (a) Back-scattered electron image of a halo 
with a zoom-in region (red box) shown in (b). (c) Back-scattered electron image of a Type 1–2 cluster surrounded by 
micro-phenocrysts. (d) 2D slice of the synchrotron-sourced X-ray microtomography image at a voxel size of 360 nm showing 
a halo of Type 2 vesicles around a larger Type 1 vesicle. The white dashed line is to guide eye on the limits of the scanned 
area of the sample at this magnification. Note that the groundmass area outside of the Type 1–2 cluster is vesicle-free. (e) 
3D volume rendering corresponding to the outlined area of (d) (black square) and showing the halo of small Type 2 vesicles 
and vesicle-poor groundmass surrounding this halo. (f) Internal view of the Type 1–2 cluster shown in (e) and separated in 
two parts across the red dashed line, revealing the presence of the large Type 1 vesicle (LB) surrounded by the halo of Type 
2 vesicles. c1 and c2 in (e) and (f) correspond to cracks within crystals, one of these being also observed in 2D in (d) on the 
bottom left area of the large vesicle.
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4. Discussion
We separate our discussion in two parts: (a) pre-fragmentation conditions prevailing in the dacitic magma prior 
to Vulcanian activity and (b) post-fragmentation vesiculation processes in the groundmass and the evolution of 
viscosity and growth rates during simultaneous cooling and degassing.

4.1. Pre-fragmentation Conditions in the Conduit

Projectile breadcrust bombs such as those studied here commonly have thick dense crusts that reflect cooling 
faster than bubble growth (Benage et al., 2014). The crust represents a snapshot of magma textural properties 
shortly before or at fragmentation due to rapid quenching that prevents further textural evolution. The population 
of large vesicles (Type 1) was formed prior to fragmentation. These large vesicles represent an initial porosity 
near zero (0.002) and an initial VND of ∼10 1 mm −3. Such small initial porosity is much lower than that predicted 
by equilibrium (Collombet et al., 2021) at the depth estimated for these breadcrust bombs (10–20 MPa equiv-
alent to ∼400–800 m using a conduit density of 2,500 kg/m³; Wright et al., 2007), implying some outgassing 
process that reduced the porosity by gas escape and pore collapse during ascent and/or stalling at shallow levels 
in the plug. Several studies have shown that outgassing in crystal-rich magmas can occur deep in the conduit 
via channeling (e.g., Collombet et al., 2021; Crozier et al., 2022; Parmigiani et al., 2017). Initial (vesicle-free) 
phenocryst content in the breadcrust bombs is 40.1–41.5 vol% (Wright et al., 2023), which corresponds to the 
lower bound of the range favorable for channeling (40–70 vol%; Parmigiani et al., 2017). Additional outgassing 
processes in crystal-rich magmas include for instance shear deformation or simply the effect of rigid crystal 
network promoting deformation and coalescence (deGraffenried et al., 2019; Graham et al., 2023; Laumonier 
et al., 2011; Oppenheimer et al., 2015). Regardless of nature and timing of the outgassing process, the population 
of large, initially isolated vesicles was likely formed by collapse of an initially connected network of bubbles. 
Hence, the VND of Type 1 vesicles represent a minimum estimate of the VND achieved during ascent prior to 
collapse, since isolation of connected networks during collapse usually causes a decrease in number density 
(Martel & Iacono-Marziano, 2015). The VND of Type 1 vesicles before fragmentation is five to seven orders 

Figure 5. Synchrotron-based X-ray microtomography at a voxel size of 360 nm revealing the presence of a fourth vesicle 
type, forming vesicle trains along crystal boundaries, with vesicles and crystals represented in blue and gray in 3D renderings, 
respectively.
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of magnitude lower than final values that are preserved in pyroclasts after formation of Type 2 and 3 bubbles. 
The transition from low (10 1 mm −3) to high (>10 6 mm −3) VND from Type 1 to the nucleation of Type 2 bubbles 
corresponds to typical values expected for effusive (dome/plug emplacement) and explosive activity, respectively 
(Cáceres et al., 2020).

The halo of small vesicles around larger ones implies that these areas were enriched in H2O prior to eruption, since 
Type 2 vesicles could nucleate before quenching whereas there was a nucleation delay for type 3 vesicles in the 
areas outside of these haloes near the crust. Such volatile enrichment and haloes of small vesicles around larger ones 
have been discussed for other types of pyroclasts such as rhyolitic obsidian pyroclasts at Chaitén volcano (Chile) 
(Browning et al., 2020), Mono Craters (USA) (Watkins et al., 2012), basaltic clasts at Kilauea volcano (Hawaii) 
(Carey et al., 2013), and has been attributed to bubble resorption caused by gas pressurization or cooling  (Browning 

Figure 6. Vesicle number density (VND) and porosity as a function of radial distance to the crust (R) in breadcrust bomb GP8. (a) Localized VND values as a 
function of R for the large (Type 1) and small (Types 2 and 3) vesicle populations. The VND of large vesicles (black line) was measured using Synchrotron-based X-ray 
microtomography up to a distance of 2.75 mm from the crust. The gray shaded box corresponds to the range of radial positions where vesicle-free groundmass areas 
are observed. (b) Zoom in the range of VND values for the small vesicle populations (Type 2 and 3), with the distinction between isolated, coalesced and connected 
vesicles. (c) Groundmass porosity versus VND. (d) Groundmass porosity versus radial distance to the crust. Note that the connected vesicle networks identified in this 
study straddle the range of percolation threshold (from the percolation model of Giachetti et al., 2019) and connected porosities in the bomb interiors, both corrected for 
phenocryst content, from previous studies (Colombier et al., 2022; Wright et al., 2007).
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et al., 2020; Carey et al., 2013; McIntosh et al., 2014). Garcia-Aristizabal et al. (2007) attributed seismicity and 
ground deformation signals at Guagua Pichincha during the 1999 Vulcanian activity to cyclic pressurization beneath 
the plug of the dome. Wright et al. (2023) recently presented additional textural and compositional evidence for 
such cyclic pressurization of the shallow conduit. There are multiple possible causes for increased pressure in the 
plug prior to Vulcanian explosive activity. For instance, it may arise from conduit replenishment by a volatile-rich 
(H2O and CO2) magma, continuous degassing and gas streaming from depth leading to overpressure in the degassed 
plug (Wright et al., 2007) or cessation of gas venting during plugging and dome formation (Clarke et al., 2015). 
Watkins et al. (2012) proposed that such textures can also be formed by pressure fluctuations linked to repeated 
fragmentation and annealing events. Additional causes of pressurization may be reduction of permeability in the 
upper parts of the plug by sealing of fractures by hydrothermal minerals (Stix et al., 1997) such as vapor-phase 
cristobalite (Boudon et al., 2015; Horwell et al., 2013) or welding in tuffisite veins (Kolzenburg et al., 2019).

Using the approach of Carey et al. (2013), we can estimate the timescale τ of pressurization from the distance 
over which water diffused during pressurization,

𝛿𝛿 ≈
√

𝐷𝐷𝐷𝐷∕5 

where δ is the thickness of the haloes and D is diffusivity of water obtained with the model of Zhang and 
Ni (2010) for a peraluminous rhyolitic melt using a temperature of 814°C (Samaniego et al., 2010), water content 
of 1.3 wt% (average value in the crust of GP8; Wright et al., 2007), and a pressure range of 10–20 MPa (Wright 
et  al.,  2007). We measured a range of thicknesses of 20–100 μm for the haloes, which yields a timescale of 
pressurization of 15 min to seven hours, lower than the time estimated for conduit refilling (in the order of days; 
Wright et al., 2007, 2023). We propose that the overpressure following replenishment, or pressurization induced 
by sealing of fractures and/or plug growth, created water-enriched haloes around large bubbles and fragmentation 
few minutes to hours after. Subsequent decompression led to nucleation and growth of type 2 bubbles in these 
volatile-enriched haloes. Figure 8 summarizes the timing of the pressurization process, enrichment of H2O in the 
haloes and different nucleation and growth steps from vesicle populations 1 to 3.

4.2. Post-Fragmentation Evolution of the Dacitic Bombs

Understanding the evolution of a bubble network and associated volatile content inside breadcrust bombs after 
fragmentation is important to better understand cooling and transport processes (Benage et  al.,  2014). Such 

Figure 7. Vesicle number density (VND) and size distributions (VSD) in breadcrust bomb GP8. (a) Cumulative VND distributions in the crust (black) and interior 
(green) of the bombs. Different symbols are used for different analyzed regions. The kink toward a high value of VND at the smallest bin size (gray data points) for 
R = 8 mm (green squares) and R = 9 mm (green triangles) is assumed to be related to an artifact at this high magnification and we chose the value of the plateau for 
a more accurate estimation of the number density in these cases. (b) VSD in the crust based on back-scattered electron (BSE) image and FOAMS analysis for small 
vesicles (mostly Type 2 at the given radial distances) and Synchrotron-based Micro-tomography and 3D image processing for large Type 1 vesicles. (c) VSD in the 
bomb interior based on BSE images and FOAMS analysis for all vesicle populations. The green shaded area corresponds to vesicle diameters obtained using the 
Coumans et al. (2020) bubble growth model. Note the different scales used for volume fraction pointing to a low porosity in the crust (b) and high porosity in the 
interior (c), with a bimodal VSD in both.

Figure 8. Schematic representation of the evolution of bubble populations from pre-eruptive conditions to post-fragmentation processes. (a) Presence of large Type 
1 isolated bubbles following collapse of an interconnected bubble network. Resorption of these isolated bubbles caused by pressurization. (b) Formation of a halo 
enriched in volatiles around these pressurized bubbles. (c) Nucleation and growth of Type 2 bubbles in these enriched haloes across the whole pyroclast. (d) Formation 
of Type 3 bubbles in more volatile-poor groundmass areas toward the core due to slower cooling and further growth of Type 2 bubbles.
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products also provide a unique opportunity to study the temporal evolution of vesiculation in a natural, crystal-rich 
magma during both decompression and dwelling at atmospheric pressure, and complements experimental work 
on vesiculation in phenocryst- and microlite-bearing magmas (Cáceres et al., 2022; Graham et al., 2023). Finally, 
breadcrust bombs are unique volcanic rocks as their texture from the crust to the interior records the evolution 
from an isolated to a connected vesicle network, and hence can allow us to quantify the percolation threshold and 
onset of permeability (Colombier et al., 2017).

We model the evolution of viscosity in the groundmass rhyolitic melt (Wright et al., 2023) during fragmentation 
and subsequent vesiculation of the breadcrust bombs using the model of Hess and Dingwell (1996), appropriate 
for calcalkaline rhyolitic melts. The phenocryst-rich magma ascended from a depth of 5 km (Garcia-Aristizabal 
et al., 2007) to around 400–800 m based on pressure estimates of Wright et al. (2007) at a temperature Ti ∼ 814°C 
(Samaniego et al., 2010) and we assume for simplicity no temperature loss during this ascent, since decompres-
sion may induce either adiabatic cooling or heating via crystallization (Cashman & Blundy, 2000). During ascent 
up to fragmentation, degassing causes a reduction of H2O content from around 4.5 wt% based on melt inclusions 
(Wright et al., 2023) down to 1.3 wt% (based on FTIR measurements in the crust of GP8; Wright et al., 2007). At 
the time of fragmentation, we assume that (a) the crust evolves dominantly by cooling down to the glass transition 
temperature (Tg is here approximated as the temperature at which viscosity is 10 12 Pa.s; Giordano et al., 2008) 
due  to rapid quenching (H2O stays constant at 1.3 wt%), yielding Tg-crust ∼ 520°C (Figure 9a), and (b) the core 
stays hot at T ∼ Ti and viscosity increases here dominantly by degassing (Wilding et al., 1996) until the H2O 
content drops down to 0.2 wt% (water content preserved in the core of GP8; Wright et al., 2007). Interestingly, 
the core reaches such water content at a viscosity of approximately 10 9 Pa.s, which is typically discussed as a 
viscosity threshold above which further nucleation and growth are inhibited by viscous retardation, the so-called 
“viscosity quench” (Barclay et al., 1995; Browning et al., 2020; Dingwell, 1998; Gardner & Denis, 2004; Thomas 
et al., 1994). Since no further vesiculation is possible, the core then further evolves by cooling along the 0.2 wt% 
H2O viscosity curve and reaches Tg-core at around 665°C. These scenarios represent endmembers for the possible 
viscosity evolution of the crust and core. Between these two boundaries at intermediate radial position, all inter-
mediate cases are expected for the viscosity evolution with temperature and water content depending on bubble 
growth rate and diffusion timescales. We also note that we have neglected potential heterogeneities in water 
content caused by pressurization and use average values for the water content in the crust and the core.

The η versus T evolution at different values of radial distance controls bubble growth rates along the radial profile. 
We use the empirical model of Browning et al. (2020) that relates growth rate to viscosity (and temperature) and 
calculate the evolution of growth rate in the crust and the core. In the rim, growth rate decreases mostly due to 
cooling whereas it decreases by degassing in the core (Figure 9b), as a consequence of the viscosity evolution. We 
therefore distinguish a dominant thermal quenching in the crust and a vesiculation-induced quench in the core as 

Figure 9. Modeled evolution of melt viscosity, bubble growth rate, and diffusion timescale with cooling and degassing in the crust and interior of the bombs. The 
yellow star corresponds to conditions at the time of fragmentation based on average water content preserved in the crust of GP8 (1.3 wt%; Wright et al., 2007) and 
eruptive temperature of 814°C (Samaniego et al., 2010). In (c), the dashed and solid lines correspond to water contents of 0.2 wt% (interior) and 1.3 wt% (crust), 
respectively.
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proposed in other studies (Tuffen et al., 2022; Wilding et al., 1996). In the core, growth rate decreases as water is 
lost by nucleation and growth, and newly nucleated bubbles are therefore growing progressively more slowly as 
vesiculation continues. As a result, we can expect that Type 2 bubbles in the haloes around large bubbles grow 
faster than Type 3 bubbles.

Bubble growth rates depend on melt viscosity and the diffusion timescale which itself depends on bubble radius, 
pressure, temperature, and water content. We use the diffusion model of Zhang and Ni (2010) in a peraluminous 
rhyolitic melt to model bubble growth for different starting bubble radii based on our textural observations. The 
diffusion timescale is given by

𝜏𝜏 ∼ 𝑅𝑅
2∕𝐷𝐷 

where R is the bubble radius and D is the diffusivity. Type 2 vesicles in the haloes have typical radii of 
R = 200 nm–2 μm. At pre-eruptive conditions (Ti ∼ 814°C, H2O ∼ 1–1.3wt%), the diffusion timescale is very low 
for such bubble sizes (Figure 9c) and bubble growth rate is fast (Figure 9b). This implies that the cooling times-
cale must be even smaller (i.e., quasi-instantaneous quenching) in order to prevent rapid vesiculation and preserve 
such small vesicles after fragmentation. These vesicles are hence the remnants of mostly syn-fragmentation 
bubble nucleation and had no time to grow larger due to fast quenching in the crust. R ∼ 10 μm corresponds to 
the peak of the small vesicle population (including both Type 2 and 3) preserved toward the core (Figure 7c). The 
diffusion timescale is significantly longer (on the order of minutes) so these bubbles could only grow this large 
in the interior of the bombs due to slow cooling. Finally, R = 50 μm corresponds to the average radius of large, 
pre-eruptive bubbles (Type 1) preserved in the crust and the range of diffusion timescales for these is around 
15 min to 2 hr depending on the water content. These large diffusion timescales for Type 1 bubbles confirm 
that they must be formed prior to fragmentation and cooling. The water content around these large bubbles after 
complete vesiculation of Type 2 bubbles is likely depleted so that the diffusion timescale is more toward the 
higher end of this range. Larger diameters observed for these vesicles toward the core may be better explained 
by (i) expansion or (ii) growth by coalescence of Type 2 bubbles in the halo with the large bubbles, rather than 
diffusion due to these very long diffusion timescales.

The radial textural evolution observed here informs us on post-fragmentation vesiculation in the phenocryst- and 
microlite-bearing magma and on the transition from closed- to open-system degassing at a micro-scale. From our 
textural analysis, we observe that vesiculation during or following fragmentation is a highly localized process, 
resulting in heterogenous textures both parallel and perpendicular to the bomb surface (Figures 1, 2 and 6; Wright 
et al., 2007). As discussed above, haloes of small Type 2 vesicles must be formed during fragmentation since 
quenching of the crust is very rapid. Type 3 vesicles are likely formed shortly after in areas that remained above 
the glass transition temperature from intermediate radial positions toward the core. Both Type 2 and 3 vesicles 
are characterized by high number density likely reflecting the high syn-explosive decompression rates (Figure 6; 
Toramaru, 2006). We note that most of the VND data for the breadcrust bombs exceed values from the litera-
ture for other silicic eruptions (see Jutzeler et al., 2016 for a compilation). Colombier et al. (2022) also reported 
high values for VND at 10 8 mm −3 for pumice from Plinian activity at Guagua Pichincha. These high values can 
be better explained by the methodology used in our study and in Colombier et al. (2022) in which we focus on 
localized values of the VND and not average values across heterogenous samples. However, we emphasize that 
one distribution with four magnifications and four different areas of the sample at the highest magnification also 
yielded high vesicle number densities of 10 7 mm −3.

Isolated bubbles dominate in the crust (R < 6 mm) and then transition to coalesced clusters and finally to an 
interconnected bubble network in the bomb core. The porosity window at which this transition occurs straddles 
previous estimates of the percolation threshold in these breadcrust bombs (Colombier et al., 2022). The fact that 
percolating areas occur only for R > 6 mm where vesicle-free groundmass does not exist anymore suggests that 
this radial distance is a threshold between an isolated bubble system in the crust and a percolating bubble network 
in the interior. At larger scales than the groundmass, it is important to keep in mind that pore connectivity also 
occurs via cracks and voids in these samples, even where isolated bubbles dominate.

We used the model of Coumans et al. (2020) to simulate the evolution of bubble growth during decompression 
(Figure 10). As input, we use the solubility model of Ryan et al. (2015), the diffusivity model of Zhang and 
Ni (2010), the viscosity model of Hess and Dingwell (1996), a cooling time of approximately 1,000 s (based 
on the dimensions of the bombs studied here and the cooling model of Colombier et al., 2018), and we choose 
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isothermal conditions during decompression from 20 MPa of a rhyolitic melt with 1.3 wt% water, and at a rate 
of 2 MPa/s based on previous ejection velocity estimates of 77 m/s (Wright et al., 2007). We set a temperature 
range of 814 ± 25 (789–839) °C (Samaniego et al., 2010) and an initial VND range of 10 6–7 mm −3 based on 
our textural data. The model results in bubble growth during both decompression of the bomb and isothermal 
dwell at atmospheric pressure, with an increase in bubble diameter up to a range of 3.5–22 μm (Figure 10a), 
consistent with the mode of small vesicles in the bomb interior (Figure 7c), and an increase of gas volume 
fraction up to 0.20–0.80 (Figure 10b), in agreement with most groundmass porosity values measured in the 
interior (data at R > 8 mm in Figure 6d). Instead of the range in temperature used as input in the model, we 
expect that the observed range of bubble sizes, VND and porosity values in the bomb interior arise from 
differences in nucleation time during continuous nucleation and growth, and variable local water content such 
as in the haloes.

5. Conclusions
Textural analysis of breadcrust bombs yields insights into pre- to post-fragmentation processes during the 1999 
Vulcanian activity at Guagua Pichincha volcano, Ecuador. Large isolated vesicles preserved in the crust are 
evidence for a pre-eruptive episode of outgassing and bubble collapse. Haloes of Type 2, small vesicles around 
these large ones imply enrichment of H2O in these haloes via a pressurization process occurring minutes to hours 
prior to fragmentation. Post-fragmentation vesiculation in the groundmass, and the transition from closed- to 
open-system degassing toward the core, is a highly localized process and matches our previous study on the 
percolation threshold of Guagua Pichincha dacites (Colombier et al., 2022). Finally, we conclude that thermal 
quenching is the dominant process in the crust of breadcrust bombs due to rapid cooling, whereas quenching is 
dominated by outgassing in the bomb's interior.

This study may contribute to the interpretation of vesicle textures in the light of seismic and ground deformation 
signals during Vulcanian eruptions. Our results may also be used in cooling and transport models of breadcrust 
bombs by incorporating the effect of post-fragmentation degassing, and in a broader context to better understand 
the highly localized nature of vesiculation and permeability development in phenocryst- and microlite-bearing 
silicic magmas.

Data Availability Statement
Vesicle number density and vesicle size distribution data are available at Colombier et al. (2023).

Figure 10. Output of the Coumans et al. (2020) bubble growth model applied to the bomb GP8 showing the evolution of 
bubble radius and gas volume fraction with time for different starting conditions (see text). The gray shaded area corresponds 
to the first step of vesiculation during decompression.
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