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Unlike their silicic counterparts, mafic eruptions are known for being on the low-end of the explosivity spectrum with eruption styles commonly ranging from effusive to Hawaiian fire fountaining. However, there are increasing discoveries of large mafic Plinian eruptions, sometimes generating ignimbrites, suggesting that this phenomenon might not be so uncommon. So, what processes lead a mafic magma to fragment violently enough to generate extensive ignimbrites?
We sampled pumices from ignimbrites and PDCs with a compositional range from basaltic-andesite (Curacautín ignimbrite, Volcàn Llaima, Chile), andesite (Marapi, Indonesia) to trachyte (Gunungkawi ignimbrite, Batur, Indonesia). We use SEM imagery and X-ray Microtomography on pyroclasts from these deposits to characterize phenocryst, microlite and vesicle textures. From vesicle number densities we estimate fragmentation decompression rates in the range of 0.4–1.6 MPa/s for the three deposits. With a combination of EPMA and SIMS analyses we characterise pre-eruptive storage conditions. Based on the bulk and groundmass compositions, the storage temperature (1,050–1,100°C), pressure (50–100 MPa) and phenocryst content (1.0–2.5 vol%), we conclude that the basaltic-andesitic Curacautín magma was at sub-liquidus conditions, which allowed fast and widespread disequilibrium matrix crystallization (0–80 vol%) during ascent to the surface. Combined with the important decompression rate, this intense crystallization led to a magma bulk viscosity jump from 103 up to >107 Pa s and allowed it to fragment brittlely. Conversely, for the Marapi PDC and Gunungkawi ignimbrite, similar decompression rates coupled with larger initial bulk viscosities of 105–106 Pa s were sufficient to fragment the magma brittlely. The fragmentation processes for these latter two deposits were slightly different however, with the Marapi PDC fragmentation being mostly driven by vesicle overpressure, while a combination of bubble overpressure and intense strain-rate were the cause of fragmentation for the Gunungkawi ignimbrite. We conclude that mafic ignimbrites can form due to a combination of peculiar storage conditions that lead to strongly non-linear feedback processes in the conduit, particularly intense microlite crystallization on very short timescales coupled with intense decompression rates. Conversely, the high viscosity determined by pre-eruptive storage conditions, including temperature and volatile-content, are key in controlling the formation of more evolved magmas PDCs'.
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1 INTRODUCTION
Pyroclastic Density Currents (PDCs) are the most hazardous direct consequence of explosive volcanism. They are estimated to be responsible for 28.1% of the casualties of volcanic eruptions documented between 1500 AD and 2017 (Brown et al., 2017) with the last disaster to date being the 3 June 2018 Volcàn Fuego (Guatemala) PDCs that killed between 332 and 2,900 people (Naismith et al., 2020). PDCs can be produced by a wide spectrum of processes from transient mechanisms such as gravitational collapse of a lava dome or of an eruptive column to long-lived sustained mechanisms such as pyroclastic fountaining (Branney and Kokelaar, 2002; Sulpizio et al., 2014; Lube et al., 2020). As such, volumes of PDCs can vary greatly from the commonly produced dome collapses usually << 1 km3 to the large ignimbrite sheets that can be >1,000 km3 (Smith, 1979; Druitt, 1998; Giordano and Cas, 2021). Despite being mostly associated with andesitic to rhyolitic magmas, recent studies have shown that silica-poor magmas can also be prone to producing PDCs of all extents and volumes (Robin et al., 1994, 1995; Miyabuchi et al., 2006; Silva Parejas et al., 2010; Costantini et al., 2011; Vinkler et al., 2012; Calvari et al., 2020; Valdivia et al., 2021). As a consequence, while the conditions causing the emplacement of PDCs from magmas with high silica contents and high viscosities are now mostly understood, the formation of voluminous PDCs from low-viscosity magmas has yet to be fully addressed.
Magma behaviour at fragmentation is controlled by magma viscosity (Dingwell, 1996; Gardner et al., 1996), volatile content (Papale et al., 1998; Papale and Polacci, 1999; Edmonds and Wallace, 2017), ascent rates and storage conditions (Gonnermann, 2015; Cassidy et al., 2018; Bernard et al., 2022). For sustained brittle fragmentation to occur during an explosive eruption, the melt+crystal phases must be coupled with the volatile phase during the full duration of the eruption (Carey et al., 2009; Degruyter et al., 2012). The lower the melt viscosity the harder it is to achieve this process (Gonnermann and Manga, 2007; Gonnermann, 2015), which is why it is highly unexpected to have voluminous ignimbrites of mafic magmatic composition. However, a recent study has pointed out that high ascent rates, coupled with intense melt crystallization in a matter of seconds to minutes due to volatile exsolution, can create a rheological change of the magma and a step-wise increase in viscosity that will promote fragmentation and could generate mafic Plinian eruptions (Arzilli et al., 2019).
In this study we compare the physical processes responsible for the emplacement of ignimbrites and PDCs produced by pyroclast fountaining (Druitt, 1998; Branney and Kokelaar, 2002). For the mafic end-member, we use samples from the basaltic-andesitic Curacautín ignimbrite (CCI) generated by Volcán Llaima (Chile), that consists solely of PDCs with no associated Plinian phase and thus provides an opportunity to test whether the fragmentation mechanisms proposed by Arzilli et al. (2019) for mafic Plinian eruptions also applies to mafic ignimbrites. For our intermediate and silicic end-members we collected samples from two other PDC/ignimbrite deposits at Marapi (Sumatra, Indonesia) and Batur (Bali, Indonesia) that are respectively andesitic and trachytic in composition. These three deposits were selected because they look extremely similar from field observations, and they provide us with an interesting case study to compare PDC generation processes across a range of compositions. In addition, the extensive knowledge on intermediate to silicic PDCs provide us a benchmark to build parallels with mafic PDCs. In that context, we combine petrological, textural and geochemical methods to constrain their pre-eruptive storage conditions (pressure, temperature, volatile content, crystal content, melt viscosity) and syn-eruptive ascent dynamics (vesicle number densities, melt viscosity changes, and magma decompression rates) to unravel the processes leading to their formation.
2 VOLCANOES AND SAMPLES
The three deposits of interest were produced by arc volcanoes and were all emplaced by pyroclast fountaining (Druitt, 1998; Trolese et al., 2019). Volcán Llaima is a stratovolcano located in the Southern Volcanic Zone of the Andes (Figures 1A–C; 38.69°S, 71.73°W) and is one of Chile’s most active volcanoes with 50 eruptions recorded in the last four centuries (Naranjo and Moreno, 1991, 2005; Bouvet de Maisonneuve et al., 2013; Schonwalder-Angel et al., 2018). Magma compositions are dominantly basaltic-andesitic for the most recent deposits (Figure 2A) as well as for the 3.5–4.5 km3 (Dense rock equivalent - DRE) Curacautín ignimbrite (CCI- Marshall et al., 2022). We sampled the CCI in the main outcropping section of the Truful river on the south-eastern flank of the volcano (Figure 1A; 38.78°S, 71.63°W). The 20 m thick section of the deposit is massive and unsorted presenting no easily distinguishable unit (Figure 1B). The base of the CCI is buried and not visible anywhere. It contains cauliflower bombs and lithics in abundance that are embedded in a non-welded but often indurated matrix of coarse ash to lapilli-sized scoriae (Figure 1C). We collected about 10 cauliflower bombs 10–20 cm in diameter across the section for this study. Samples are homogeneous, highly vesicular and contain few plagioclase, olivine and clinopyroxene as phenocrysts as well as rare Fe-Ti oxides. A large quantity of lithics/enclaves have a granitic origin, which means that these lithics were entrained from the basement (granitic outcrops visible on the E side of the volcano) around the old Llaima edifice either due to fragmentation or during the caldera collapse. These are poorly attached to the juvenile part of the sample.
[image: Figure 1]FIGURE 1 | Location and maps of the studied volcanoes and deposits. Top row (A–C): SRTM maps of the three volcanoes of interest with, from left to right, Vólcan de Llaima (Chile), Gunung Marapi and Gunung Batur (Indonesia). The insets indicate the location of the volcano in their respective arc. The red triangles indicate the vent active in their last recorded eruption and the yellow square indicate the location where samples were collected. Black shaded areas in Llaima and Marapi’s map indicate the mapped deposit based on existing geological maps (Naranjo and Moreno, 2005; CVGHM). The black shaded area in Batur’s case roughly represents the extent of the Gunungkawi ignimbrite based on Reubi and Nicholls, (2005) but is not well constrained. Middle row (D–F) general view of the outcrops from which samples were extracted, scale is given by the vegetation and the hammer. Bottom row (G–I): close-up views of the different samples.
[image: Figure 2]FIGURE 2 | Sample petrology and chemistry. For all the plots, orange symbols are the Curacautín ignimbrite, green symbols are Marapi’s PDC and blue symbols are the Gunungkawi ignimbrite. (A) Total alkaline vs. SIO2 (TAS) diagram. All samples plot on a classical arc calc-alkaline series. Large diamonds are whole rock compositions of studied samples, upward triangles are glass analyses and downwards triangles are bulk matrix composition made with EDS. Symbols in shades of grey are bulk rock and matrix glass data from the literature: dark grey are analyses from Llaima’s recent eruptions (Bouvet de Maisonneuve et al., 2012; Ruth et al., 2016; Schonwalder-Angel et al., 2018), intermediate grey from Marapi’s recent eruptions (Nurfiani et al., 2021) and light-grey from Batur’s Ubud and Gunungkawi ignimbrites (5Reubi and Nicholls, 2004a); (B) Ternary Albite-Anorthite-Orthose plot for feldspars; (C) Ternary Enstatite-Wollastonite-Ferrosilite diagram to for pyroxenes; (D) TiO2 vs. total FeO plot for Fe-Ti oxides. Cr-rich oxides located in inclusion in the Curacautín ignimbrite’s olivines have been circled on the plot. (E) Histogram of Mg-numbers (Mg #) for Olivine. There are no olivines in Marapi’s PDC samples. Olivine in the Curacautín ignimbrite are normally zoned so core and rims were distinguished, while it was not the case in Gunungkawi’s ignimbrite’s olivines.
Gunung Marapi is a stratovolcano lying approximately 40 km north of Padang city in the West Sumatra regency, Indonesia (Figures 1D–F; 0.39°S, 100.45°E). It is one of the most active volcanoes in Sumatra with some eruptions reported in 2014, 2017 and 2018 (Nurfiani et al., 2021). Most of the eruptive history of this volcano remains a mystery, however at least four voluminous PDCs were identified and mapped around the volcano. We sampled the most recent one (<4.2 kyr old based on stratigraphic relationships; Figure 1D), which is >10 m thick about 10 km from the current active summit vent of the volcano (Figure 1E; 0.44°S, 100.47°E). It is an unsorted black deposit containing lapilli to bomb sized scoria embedded in a dark-grey unconsolidated, poorly-sorted and scoriaceousmatrix (Figure 1E). We collected three cauliflower bombs 7–10 cm in diameter, texturally representative of the larger fraction of the deposit (Figure 1F). Whole rock compositions are basaltic-andesitic to andesitic and samples contain abundant plagioclase, Fe-Ti oxide, clino- and orthopyroxene as phenocrysts. They are texturally homogeneous and highly vesicular.
Gunung Batur is a stratovolcano located in the North-East of Bali in Indonesia (Figure 1G; 8.24°S, 115.37°E). It is one of the most active volcanoes in Indonesia (24 confirmed eruptions since 1804; Global Volcanism Program) and has historically emitted basaltic to basaltic-andesitic magmas that produced effusive to moderately explosive eruptions (Reubi and Nicholls, 2004a). However, Batur also experienced at least two large caldera-forming eruptions 29,300- and 20,150-years BP, which deposited the trachytic 62 km3 DRE Ubud and 9 km3 DRE Gunungkawi ignimbrites respectively (volumes estimated from the collapsed caldera volume; Marinelli and Tazieff, 1968; Sutawidjaja, 1990; Reubi and Nicholls, 2004a, 2004b, 2005). We sampled the uppermost sequence of the Gunungkawi ignimbrite (GKI), in a location 10 km south-west of the second caldera-rim (8.32°S, 115.28°E). It is a black, massive unsorted and non-welded deposit containing large pumiceous bombs up to 20 cm in diameter that are breadcrusted (Figures 1H,I). The deposit is at least 10 m thick in the location of sampling with the top of the sequence being invisible. The lower part of the GKI, that is not visible at this location and was not sampled, is welded and has a slightly different composition and aspect (Reubi and Nicholls, 2005). We collected 10, 8–15 cm in diameter pumice bombs that were representative of the textural variability of the bombs in the deposit (Figure 1I). Samples contain plagioclase, clinopyroxene, Fe-rich olivine and Fe-Ti oxide as phenocrysts as well as apatite as an accessory mineral. We find also lithics of basaltic lavas probably coming from the old Batur edifice that have likely been entrained during the collapse of the caldera.
3 ANALYTICAL METHODS
We combined textural analyses of the crystals and vesicles with geochemical analyses of the mineral phases to reconstruct pre- and syn-eruptive conditions and mechanisms of PDC emplacement.
Crystal fractions and textures were analysed using backscattered electron (BSE) maps and images of the matrix taken with a JEOL JSM-7800F Field Emission Scanning Electron Microscope (SEM) at the Asian School of the Environment (Nanyang Technological University - NTU). Thin section wide BSE maps were used to estimate vesicle-free phenocryst (crystals >300 µm in length) contents by image thresholding using ImageJ and JMicrovision v1.3.1 (Roduit, 2007). Microphenocrysts and microlite (crystals <300 µm in length) fractions in the matrix were calculated by color thresholding on images using JMicrovision. See more details in Supplementary Material.
Vesicle textures were analysed using a combination of multi-scale X-ray microcomputed tomography scans (μCT) and SEM BSE images. Cylinders of 15 and 5 mm in diameter were cored from samples and imaged using a Nanotom microtomograph manufactured by phoenix|x-ray at l’Institut des Sciences de la Terre d’Orléans (France). Two volumes of 400 pixels per side were processed for each cylinder (4 volumes per sample, 12 in total for the three deposits) using the software VGstudioMax v3.3.4 developed by Volume Graphics. Vesicle shape parameters, number densities per size bin, and size distributions for each volume were extracted and computed. For small vesicles, we analysed 4–20 BSE images taken at two to three different magnifications among×100, ×200 and x500 based on the size distribution of the vesicles in each sample. Images were cleaned and binarized following the method of Shea et al. (2010). We then used the Matlab-run freeware FOAMS v1.0.5 developed by Shea et al. (2010) to perform the stereological correction accounting for the intersection probability and off-center effects that occur when converting 2D objects to 3D (Sahagian and Proussevitch, 1998; Armienti, 2008; Shea et al., 2010).
Whole rock major and trace element compositions were obtained using fusion-ICP-MS at Activation Laboratories (ActLabs), Canada. Major element compositions of interstitial and melt inclusion glass, plagioclase, pyroxene, olivine, Fe-Ti oxide and apatite were analysed using a JEOL JXA-8530F electron probe X-ray microanalyzer (EPMA) equipped with five wavelength-dispersive spectrometers (WDS) at the Facility for Analysis Characterisation Testing and Simulation (FACTS, NTU). In addition, average groundmass compositions were measured using electron dispersive spectroscopy (EDS), using the same SEM described above. Analyses were performed on carbon-coated grain-mounts, polished thick and thin sections under high-vacuum conditions. In addition, olivine and average groundmass trace element compositions for the CCI and the GKI samples were measured by Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS) at the Earth Observatory of Singapore, NTU. Details on the analytical conditions, standards and procedure used for each phase are provided in Supplementary Material.
Pre-eruptive temperatures were estimated with a range of geothermometers. The plagioclase-liquid and clinopyroxene-liquid geothermometers (Eqs. (24a), (33). In Putirka, 2008) were applied to all deposits using the averaged melt inclusion composition as the liquid for the CCI and Marapi’s PDC and using the averaged matrix glass for the GKI. Additionally, for the CCI and GKI we applied the olivine-liquid geothermometer (Eq. 4 in Putirka et al., 2007) and used Sc/Y partitioning between olivine and liquid (Mallmann and O’Neill, 2013). For Marapi’s PDC, we applied the two-pyroxene geothermometer (Eq. 37 in Putirka, 2008). Melt-H2O was calculated with the plagioclase-liquid hygrometer (Waters and Lange, 2015) that was used iteratively with the plagioclase-liquid thermometer (Putirka, 2008) until both temperature and water content became stable. Further calculations to constrain pre-eruptive melt-water contents were made using apatite and nominally anhydrous minerals (NAMs, pyroxene and olivine). Apatite halogen concentrations and melt-Cl content were measured by EPMA for all three deposits. We used the coupled partitioning of F-Cl-OH between apatite and melt to calculate melt-H2O contents (Li and Costa, 2020), where the OH concentration in apatite was obtained by stoichiometry (Ketcham, 2015). In the case of the GKI, thanks to the high apatite-content and their larger sizes, we could directly measure apatite volatile contents (H2O, CO2, S, F and Cl) with a cameca ims-1280 secondary ion mass spectrometer (SIMS) at the university of Hawai’i at Manoa. Due to the scarce amount of apatite in the CCI and Marapi PDC deposits, we also measured water concentrations in pyroxene and olivine by SIMS. We then calculated melt-water contents using partition coefficients of H2O between NAMs and silicate melt (Aubaud et al., 2004; Kohn and Grant, 2006; Edmonds et al., 2016). Details on the analytical conditions and volatile calculations are provided in Supplementary Material.
We obtained pre-eruptive pressures for the CCI and GKI using the H2O-CO2 saturation model of Papale et al. (2006). Melt-CO2 was calculated from apatite-melt H2O/CO2 partition coefficients (Riker et al., 2018) in the case of the GKI, and derived from melt-CO2 measurements in melt inclusions of recent Llaima deposits (Bouvet de Maisonneuve et al., 2013) as a proxy for the CCI. For Marapi’s PDC we used the two-pyroxene geothermometer and geobarometer iteratively. Precisions on calculations and model applications are detailed in Supplementary Material and the data repository.
4 RESULTS
4.1 Petrology and phenocryst textures
Bulk rock and matrix glass compositions of all the samples follow a classical arc calc-alkaline series ranging from a basaltic-andesite with 53–57 wt% SiO2 and 3.5–5.0 wt% alkalis for the CCI to a trachyte with 64–66 wt% SiO2 and 7.0–8.0 wt% alkalis for the GKI (see Figure 2A). In between, the Marapi PDC has a mafic andesitic bulk rock composition of 57 wt% SiO2 and 5.0 wt% Na2O+ K2O, which is quite different from the trachy-andesitic to trachytic interstitial melt composition that spans from 59 to 65 wt% SiO2 and 6.5–8.5 wt% Na2O+ K2O. The CCI composition falls in the same range as recent Llaima deposits that were produced by strombolian and effusive eruptions (Bouvet de Maisonneuve et al., 2012, 2013; Ruth et al., 2016; Schonwalder-Angel et al., 2018). This is not the case for the Marapi PDC that is relatively more mafic in composition than the two most recent eruptions of 2014–2017 for which the glass composition was rhyolitic (Nurfiani et al., 2021). The trachytic composition of the black PDC unit of the GKI is similar to but slightly more mafic than the lower (earlier) units of the same ignimbrite (see Figure 2A) and very different from the current activity of Batur that is mostly basaltic to basaltic-andesitic (Marinelli and Tazieff, 1968; Sutawidjaja, 1990, 2009; Reubi and Nicholls, 2004a, 2004b, 2005).
The crystal-poor CCI contains 0.4–4 vol% plagioclase, 0–1 vol% pyroxene, 0–1 vol% olivine, <0.5 vol% Fe-Ti oxide as phenocrysts with a total phenocryst content of 1–4 vol% on a vesicle-free basis (Table 1; Figure 3A). Plagioclase crystals are euhedral presenting some oscillatory zoning and span a wide range of compositions from An40—An85 (An–Anorthite content = Ca/(Ca+Na+K)*100 in mol%; Figure 2B). Some lower An-content plagioclases were analysed but they were probably from enclaves from the bedrock, as there is a high quantity of granitic lithics inside the deposit. Pyroxene crystals are euhedral and vary in composition with a majority of clinopyroxene (Augite-Diopside) and fewer orthopyroxene (Enstatite; Figure 2C). Fe-Ti oxides also span a wide range of compositions and follow two distinct trends in a TiO2 vs. FeOT diagram (FeOT = Total iron as FeO; Figure 2D): One Fe and Ti-rich group that consists of magnetite to titanomagnetite phenocrysts, and one Cr-rich group that consists of a few chromites included in olivine. Olivine crystals are euhedral with some fast-growing textures at the rim (Figure 3A). They are normally zoned from core to rim and yield a Mg# of 75 to 50 (Mg# = Mg/(Mg+Fe)*100 in mol%; Figure 2E).
TABLE 1 | Phenocryst and microlite content averages for each sample. All calculations have been made vesicle-free.
[image: Table 1][image: Figure 3]FIGURE 3 | Crystal texture BSE images. Each row represents one sample: (A–C) Curacautín; (D–F) Marapi; (G–I) Gunungkawi. Each column represents the same magnification for comparison: (A), (D), (G) BSE maps showing phenocrysts; (B–C), (E–F), (H–I) two magnifications focusing on the groundmass texture. We can see that the Curacautín ignimbrite sample is relatively phenocryst-poor with an almost fully crystallized matrix, Marapi’s PDC is phenocryst-rich with a highly crystallized matrix and the Gunungkawi ignimbrite is phenocryst-poor with few microlite and microphenocrysts in the matrix.
The crystal-rich Marapi PDC contains 15–23 vol% plagioclase, 10–20 vol% clino- and orthopyroxene in relatively similar amounts, and 1–3 vol% Fe-Ti oxide as phenocrysts for a total phenocryst content ranging from 32 to 40 vol% on a vesicle-free basis (—Figure 3). Plagioclase phenocrysts display a wide range of textures with the largest phenocrysts (0.5–1.5 mm) being euhedral to blocky with sieved high-An (An70–85) cores and lower An rims (An50–70) and smaller euhedral phenocrysts (0.25–0.5 mm) that are either An-rich (An > 70) or An poor with a sieved core (An <70). Cpx (Clinopyroxene) and Opx (Orthopyroxene) phenocrysts occur either side by side in clusters or as single phenocrysts in the matrix. Both Cpx and Opx are euhedral and have a narrow compositional range (Figure 2C and Figure 3). Fe-Ti oxides are also euhedral and are all low-Ti magnetite with a very narrow compositional range.
The crystal-poor GKI contains 4–8 vol% plagioclase, 0.5–1.5 vol% Cpx, 0.5–1 vol% olivine and <0.5 vol% titanomagnetite as phenocrysts for a total phenocryst content ranging from 6 to 10 vol% on a vesicle-free basis (Table 1; Figure 3). Plagioclase, Cpx and titanomagnetite are all euhedral and span a narrow compositional range with plagioclase crystals ranging from An30—An50, Cpx being mostly Ca-rich augite, and titanomagnetite containing 17–22 wt% TiO2 and 69–72 wt% FeOT. Olivine crystals are euhedral or present in clusters with Cpx and plagioclase, rarely zoned, and mostly Fe-rich with Mg# ranging from 27 to 62 (Figure 2E).
4.2 Groundmass textures and microlite contents
There are important textural differences between the groundmasses of the three deposits. The groundmass of the CCI is almost entirely crystallized with 80–90 vol% microlites on a vesicle-free basis, that are plagioclase (55–65 vol%), Cpx and olivine (20–30 vol%), and Fe-Ti oxides (0–2 vol%; Table 1 and Figures 3B,C). All microlites display fast-growth textures with clear plagioclase-pyroxene-magnetite intergrowth (Figure 3C) and the presence of occasional dendrites on the plagioclase tips. Crystal sizes vary from <1 µm for magnetite and 1–30 µm for pyroxenes to 10–200 µm for plagioclase. The most elongated plagioclases are often broken perpendicularly to the long axis with vesicles growing in the cracks, showing a “boudinage” structure (see Figure 4). Variations in crystal sizes are visible between samples indicating varying dynamics of crystal nucleation and growth, however, the total vesicle-free microlite content always stays in the 80–90 vol% range.
[image: Figure 4]FIGURE 4 | Textural deformation in studied ignimbrites. (A), (B,C) Curacautín ignimbrite, (D,E) Gunungkawi ignimbrite. Images are not at the same scale. In (A) we can see varying degrees of bubble nucleation, growth and coalescence due to the large phenocrysts and magmatic enclave in the centre of the image. The different areas with variying bubble sizes are highlighted by red arrows. In (B,C) we can see some “boudinage” (red double arrows) with plagioclase microphenocrysts being broken perpendicularly to their maximum elongation axis and vesicles growing within the cracks to fill the voids. Microlites are also broken and show displacement after “boudinage” due to the intense shearing within the melt+ microlite mixture. (D,E) show microlites bent due to the shearing (red arrows) and reorganization of deformed vesicles and microlites along “flow lines” highlighted in dotted red lines.
The groundmass of Marapi’s PDC is also almost completely crystallized with 50–80 vol% microlites on a vesicle-free basis that are vastly dominated by plagioclase (49–70 vol%) with the occurrence of some pyroxene (<<1 vol%—8 vol%; Table 1 and Figures 3E,F). There are also nanolites whose nature was not characterized in the remaining matrix (Figure 3F). All microlites present fast-growth textures with the presence of dendrites on most plagioclase crystals, plagioclase-pyroxene intergrowths, and radial-crystallization of plagioclase from a central nucleus (Figure 3F). Microlite sizes are relatively smaller than in the CCI with Fe-Ti oxides and pyroxene that are <<1–10 µm and plagioclase that is 1–20 µm in length.
The groundmass of the GKI is microlite-poor with 2–8 vol% crystals on a vesicle-free basis that are plagioclase (2–7 vol%), pyroxene (0.1–1 vol%) and Fe-Ti oxides (<0.5 vol%; Table 1). Plagioclase microlites are usually euhedral/blocky and very elongated (Figure 3H) with skeletal extremities (Figure 3I), while pyroxene and oxide microlites are mostly blocky. Plagioclase sizes range from 10 to 200 μm, while pyroxene and Fe-Ti oxide sizes range from 1 to 10 µm. Some of the most elongated plagioclase crystals are bent (Figure 4).
4.3 Vesicles and permeable network
4.3.1 Vesicularities and vesicle shapes
Observations were made on handsamples in 3D (Figure 5) for the largest vesicles and on thin sections in 2D (Figure 6) for the smallest vesicles to have the best image resolution possible for the whole size range. Despite being of similar appearance, the cauliflower/scoriaceous bombs from all three PDC deposits are very different texturally. The CCI and Marapi samples are relatively homogeneous while the GKI samples are breadcrusted (Figures 1C,F,I).
[image: Figure 5]FIGURE 5 | Three-dimensional rendering of three image stacks after segmentation of groundmass and plagioclases (grey), vesicles (yellow) and ferromagnesien phenocrysts (red). (A) Curacautín ignimbrite; (B) Marapi’s PDC; (C) Gunungkawi ignimbrite. All volumes are 400 voxels per side, withresolutions of 7.5 µm per voxel. The variation in total phenocryst content between the three deposits is well illustrated by the variation in ferromagnesian phenocrysts displayed here.
[image: Figure 6]FIGURE 6 | Backscattered images of the samples ordered by magnification. (A,B) Curacautín ignimbrite cauliflower bomb containing mostly highly deformed and connected vesicles and a quasi-absence of smaller vesicles which explains why no higher magnification images were processed. (C–E) Marapi’s PDC bomb showing vesicles with high degrees of sphericity in the smaller size-range and connected vesicles for higher size-range that are showing low degrees of deformation. (F,G) The highly vesicular Gunungkawi ignimbrite pumice rind, that contain mostly deformed vesicles even among small size-ranges. Structures of vesicle coalescence and deformation are visible with few un-retracted bubble walls still visible (red arrows) and most vesicles being flattened due to shearing (without any particular orientation).
The CCI samples are relatively vesicular with 45–60 vol% vesicles on a phenocryst-free basis (see Table 2). There is almost an absence of vesicles <10 µm in diameter, with most vesicles being highly deformed and connected (Figure 5A and Figures 6A,B) Vesicle shapes are largely affected by the high-microlite content of the matrix with vesicles possessing square-like shapes with straight edges bound by crystals (Figures 6A,B).
TABLE 2 | Quantitative vesicle analysis results for pyroclasts calculated from 2D image and 3D scans analyses. Vesicularity–crystal free was calculated from the bulk vesicularity with the average phenocryst content of 2.5, 36 and 8 vol% for the Curacautín ignimbrite, Marapi-PDC and the Gunungkawi ignimbrite respectively. Hydraulic tortuosity was exctracted from 3D scans.
[image: Table 2]Marapi’s PDC samples are similar to those of the CCI in terms of vesicularity with vesicle contents of 50–65 vol% on a phenocryst-free basis. However, vesicles are generally more spherical with low degrees of deformation, and small vesicles (<10–20 µm) in particular have high degrees of sphericity (Figures 6C–E). Small and intermediate sized vesicles (few microns to a few hundreds of microns) generally appear isolated in 2D, while in 3D large vesicles are usually well connected (Figure 5B). Although the high microlite content does not appear to alter the geometry of the fine bubble network, the high phenocryst content exerts an important control on large vesicle shapes that is visible in 3D (Figure 5B).
The GKI samples possess the highest vesicularity (55–75 vol% on a phenocryst-free basis) among the three deposits. Unlike Marapi’s PDC and the CCI, most vesicles show a high-degree of deformation with a low-degree of connectivity (Figures 6F,G). Vesicles are highly deformed probably linked to gas-loss that is visible due to the quasi-absence of highly spherical vesicles (Figure 6G). We can see that the melt viscosity plays a major role in the lower degree of connectivity despite the high vesicularity with the presence of very thin bubble walls (<1 µm) and partially retracted walls (red arrows in Figure 6G). These suggest that the largest vesicles formed by coalescence rather than by only bubble growth.
4.3.2 Vesicle size distributions and number densities
Quantitative textural parameters extracted from the 3D scans and the 2D image analyses are summarized in Table 2 and Figure 7.
[image: Figure 7]FIGURE 7 | Quantitative vesicle analysis. Top row plots show the relative vesicle proportion for extracted from 2D images (light grey) and 3D scans (dark grey with black contours). For each category, vesicle proportion has been normalized to 100% (the sum of each bin is equal to 100% for each category). Bottom row: Glass referenced Vesicle size distributions for 2D image (light grey) and 3D scans (black). The vesicle number density (Nv), calculated based on the cumulative size distribution is indicated for each curve. Due to the fact that vesicles <10–20 µm make >90% of Nv, Nv calculated based on the vesicle size distribution extracted from 3D scans are largely underestimated as it does not account for small size vesicles and tend not to be able to resolve thin vesicle walls.
The vesicle size distributions (VSD) of all three units (Figure 7) were plotted separately for the 2D BSE and 3D microCT image analyses. There is good agreement between the overlapping parts of both curves, which suggests that the parameters chosen for the stereological corrections are reliable. The CCI 2D VSD (orange curve) is slightly shorter as it does not contain any of the smallest-sized vesicles that can be seen for the two other deposits. This is partly the effect of not using any images at ×500 magnification given the quasi-absence of small (<4 um) vesicles. VSDs follow a linear (i.e. power-law) trend in the log-log plots, except for the smallest vesicles in each sample that fall below the power-law relationship due to the intersection probability effect at high magnifications (Armienti, 2008; Brugger and Hammer, 2010a).
The cumulative Vesicle Number Density (Nv) across all size bins is very similar for the three units, with values of 2.30 × 1014 m−3 for the CCI, 3.33 x1014 m−3 for Marapi’s PDC, and 4.98 ×1 014 m−3 for the GKI (Table 3; Figure 8A). These numbers were calculated on the total VSD made from combining the 2D and 3D curves. These values are at the high end of the known range for mafic magmas (Rust and Cashman, 2011), comparable with what was found at Etna, 122BC and Tarawera, 1886 for basaltic to basaltic-andesitic products from Plinian eruptions (Sable et al., 2006, 2009), but also with the eruptions of Askja, 1875, Towada and Novarupta, 1912 from more evolved magmas (Figure 8A; Toramaru, 1990; Adams et al., 2006a, b; Carey et al., 2009; 2010).
TABLE 3 | Summary of the main parameters calculated from petrology, geochemistry and textural analyses. Melt viscosity was estimated using the model of Giordano et al. (2008).
[image: Table 3][image: Figure 8]FIGURE 8 | Vesicle number density (A) and decompression rates (B) calculated from Plinian and sub-Plinian eruptions pyroclasts plotted against glass SiO2 content. Circles are data from this study. Literature data are squares and diamonds. References: 1Alfano et al. (2012) [Chaiten] and references therein [Etna 122BC; Tarawera 1886; Fontana Lapilli 60 ka BP; Izu-Oshima 1986; Cotopaxi; Vesuvius 512 AD and 79 AD; Towada; Mt St Helens 1980; Taupo 1.8 ka BP; Novarupta 1912; Quilotoa 800 BP], 2Valdivia et al. (2021) [Llaima–Curacautín], 3Polacci et al. (2003) [CF-Campi Flegrei’s Campanian ignimbrite], 4Romano et al. (2020) [CF-Campi Flegrei’s Agnano Monte Spina’s 4.5 ka BP], 5 (Bacon and Druitt, 1988); 6Klug et al. (2002) [Mazama 7.7 ka BP], 7 Nakamura (2006) [Sakurajima 1914 Taisho eruption].
4.3.3 Tortuosity of the porous network
Hydraulic tortuosity was obtained with the VGstudioMax software on the largest volumes that are more representative of the real sample. It is calculated by measuring the average length of connected vesicle pathways found along the medial axis and dividing it by the length between the two end faces of the volume (Degruyter et al., 2010). The tortuosity was measured along the three directions of the volumes. For the CCI, values range between 1.30 and 1.39 (Table 2), for Marapi’s PDC we find a range of values of 1.55–1.73 with some slight variations depending on the direction investigated, and the GKI volumes yield the most variability with values ranging from 1.40 to 1.66. Thus, the CCI cauliflower bombs have less convoluted gas escape pathways while the bombs from the Marapi PDC and the GKI have the most convoluted pathways for permeable gas escape. These values are quite low, implying that gas escape pathways are rather linear and not so convoluted, especially in comparison with the rhyolitic tubular and frothy pumices from the Kos Plateau Tuff which record tortuosities of 1.5–2.8 (Degruyter et al., 2010). However, this could also be an artifact of our volume resolution compared with Degruyter et al. (2010) that used synchroton and were therefore able to see finer details such as fine vesicle walls. In general, when comparing textures in objects (whether in 2D or 3D), it is very important to use the same scales and spatial resolution in order to have a meaningful comparison (Polacci et al., 2003; Martel and Poussineau, 2007; Shea et al., 2010; Giachetti et al., 2011; Preece et al., 2016; Bain et al., 2019; Bernard and Bouvet de Maisonneuve, 2020).
4.4 Thermometry
Pre-eruptive magma temperatures were assessed using the variety of analyses performed on plagioclase, pyroxene, and olivine coupled with average groundmass composition (EDS data), average interstitial melt composition or average melt inclusion compositions for each sample (Figure 9A). The variation between samples for the usage of either groundmass/interstitial melt or melt inclusion is function of the equilibrium between the pairs phenocrysts/liquid. We focused on using a maximum number of pairs at the equilibrium. For the basaltic-andesitic CCI, the plagioclase-liquid, the Cpx-liquid and the olivine-liquid geothermometers (Putirka et al., 2007; Putirka, 2008) yield very similar temperatures (within model uncertainties) of 1,068–1,096 ± 36°C, 1,045–1,100 ± 42°C, and 1,047–1,110 ± 29°C, respectively (Figure 9). These values largely overlap with most of the temperatures retrieved using Sc-Y partitioning between olivine and melt, with a comparable average temperature of 1,114 ± 15°C despite higher temperatures (up to 1,240 °C calculated for olivines with a very high Mg-core) having been recorded too. The few pairs of pyroxenes phenocrysts found to be in equilibrium give cooler temperatures of 946–1,013 ± 38°C. All these pre-eruptive magma temperature estimates are approximately 25–50°C cooler than the temperatures calculated for the most recent eruptions of Llaima (Figure 9A; Bouvet de Maisonneuve et al., 2012).
[image: Figure 9]FIGURE 9 | (A) Temperature, (B) Water content and (C) Pressure calculation (and corresponding depth assuming an average crustal density of 2,500 kg/m3). For all the figure, coloured symbols are from this study and grey symbols are from the literature (Reubi and Nicholls, 2004a; Bouvet de Maisonneuve et al., 2012; Nurfiani et al., 2021). Details for all the symbols are referred below each plot. Error bars in (B) represent the variability in the partition coefficient D (H2O) between the silicate and the melt. For pyroxenes, the variability of D comes from the 1[image: image] standard deviation due to the variation in Al concentration in pyroxenes for each deposit. For Olivines it comes from the variation in D (H2O) definition between studies (Aubaud et al., 2004; Kohn and Grant, 2006).
From Marapi’s mafic andesitic PDC, calculated pre-eruptive magma temperatures are about 100 °C cooler, ranging from 972 to 994 ± 36°C, 984–1,016 ± 42°C and 901–990 ± 38°C using the plagioclase-liquid, Cpx-liquid, and two-pyroxene geothermometers respectively. The two-pyroxene thermometer gives very similar crystallization temperatures to the ones found for the slightly more evolved 2014 and 2017 eruptions (Nurfiani et al., 2021), with differences being within uncertainties of the model.
For the trachytic GKI, the plagioclase-liquid, Cpx-liquid and olivine-liquid geothermometers give very similar pre-eruptive magma temperatures of 930–960 ± 36°C, 897–931 ± 42°C and 955–956 ± 29°C (N=4) respectively. Temperatures calculated from Sc-Y partitioning between olivine and melt show a bimodal distribution with a lower range of 905–930 ± 15°C, in agreement with the three other methods and given by the most Fe-rich olivine that are in equilibrium with the interstitial melt (Mg#27–40; Figure 2E). The higher temperature range of 1,023–1,079 ± 15°C is recorded by more magnesian olivines (Mg# > 40) that are likely xenocrysts or antecrysts given that they are not in equilibrium with the interstitial melt. Average pre-eruptive temperatures of 900–950°C are higher by 50°C than the temperatures calculated by Reubi and Nicholls (2004a) for the lower part of the sequence of the GKI. They are also 50 and 150°C lower than for the mafic andesitic Marapi PDC and the basaltic-andesitic CCI respectively.
4.5 Water and CO2 content
Due to the inherently challenging nature of determining pre-eruptive water contents from phenocryst-poor, melt inclusion-free, and microlite-rich samples, the diversity of methods applied often yields large ranges and uncertainties, and poorly overlaps. The estimated pre-eruptive water contents are summarized in Figure 9B. For the CCI, we estimated 2.54–2.92 wt% H2O in the melt with the plagioclase-liquid equilibria (Waters and Lange, 2015), 0.6–1.23 ± 0.4 wt% H2O with F-Cl-OH partitioning between apatite and melt (Li and Costa, 2020), 1.0–4.1 wt% H2O with water partitioning between Cpx and melt (Edmonds et al., 2016) and 1.4–7.3 wt% H2O with water partitioning between Olivine and melt (Aubaud et al., 2004; Kohn and Grant, 2006). Results given by apatite need to be treated carefully as only three crystals could be measured due to their scarcity, and the apatite measured were small (<20 um on the long axis) and inside the matrix so probably underwent degassing. Water estimates from NAMs come with large error bars due to the big uncertainties on the partition coefficients of H2O between melt and NAMs, especially for olivine where it varies threefold between studies (Aubaud et al., 2004; Kohn and Grant, 2006). Therefore, we will place more trust in the water contents estimated with the plagioclase-liquid hygrometer. These water contents are ∼0.5 wt% greater than for the most recent eruptions of Llaima (Bouvet de Maisonneuve et al., 2012).
For Marapi’s PDC deposit, we estimated 1.74–1.93 wt% H2O with the plagioclase-liquid hygrometer, 0.73–2.03 wt% H2O with apatite, 1.53–5.80 wt% H2O with water partitioning between Opx and melt, and 1.03–2.83 wt% H2O with water partitioning between Cpx and melt. For the same reasons as for the CCI samples, apatite in Marapi’s PDC are likely degassed and might not reflect accurately the magma’s pre-eruptive water content. Nevertheless, the other methods overlap quite well and suggest a pre-eruptive dissolved water content of ∼1.5–2.5 wt%, slightly lower than for the CCI.
For the GKI, we estimated 2.91–3.24 wt% H2O with the plagioclase-liquid equilibria, 2.2–3.9 wt% H2O with apatite measured at the SIMS, 1.6–6.3 wt% H2O with apatite measured at the EPMA, 0.5–4.62 wt% H2O with water partitioning between Cpx and melt, and 1.0–7.3 wt% H2O with water partitioning between olivine and melt. Apatite measured by SIMS and EPMA were large and included in pyroxene or plagioclase phenocrysts and thus record the reservoir’s volatile content before eruption. The average water contents are 3.07 and 3.46 wt% for apatite measured at the SIMS and the EPMA respectively, which is consistent. These averages are also in good agreement with the plagioclase-liquid hygrometer (3.1 wt% in average) and the water contents derived from olivine (3.0 wt% in average), suggesting that the GKI ignimbrite was the most hydrous of the three units studied but only by slightly.
Melt CO2 was also determined for the GKI ignimbrite, where direct CO2 measurements could be done on apatite and melt-CO2 content could be retrieved using the H2O-CO2 partition coefficient between apatite and melt (Riker et al., 2018). We find melt-CO2 contents of 47–62 ppm.
4.6 Barometry
Pre-eruptive storage pressures were estimated using the H2O-CO2 saturation model of Papale et al. (2006) for the CCI and GKI and two-pyroxene equilibria for the CCI and Marapi’s PDC (Figure 9C). For the CCI we obtain pressures of 0.5–0.8 kbar s, which is in the same range as pressures calculated for recent Llaima products using the same H2O-CO2 saturation model (Bouvet de Maisonneuve et al., 2012). However, as we have no independent measurement of CO2 for the CCI, it may be because CO2 values are the same between both studies. The two-pyroxene geobarometer gives pressures of 1.6–3.8 kbar, which is significantly deeper and potentially more likely given the greater magma volume involved in the ignimbrite than in recent strombolian eruptions.
For Marapi’s PDC we obtain the deepest storage pressure range of 1.3–5.5 kbars based on two-pyroxene equilibria. These magma storage pressures are overlapping but slightly lower and narrower in range than the ones obtained by (Nurfiani et al., 2021) for the 2014 and 2017 eruption products. For the GKI, H2O-CO2 saturation pressures range from 0.5 to 0.9 kbar s, similarly to the H2O-CO2 saturation pressures for the CCI.
5 DISCUSSION
5.1 Pre-eruptive magma properties and storage conditions
Despite very similar appearances in the field and quite similar mineral assemblages, the three units studied have substantially different pre-eruptive magma properties and/or storage conditions. The phenocryst-poor CCI and GKI were fed by rather shallow magma reservoirs typical of caldera-forming systems (Cashman and Giordano, 2014; Edmonds et al., 2019—Figure 10). The phenocryst-rich Marapi PDC was fed by a somewhat deeper reservoir, although maybe not as deep as the one feeding current magmatic activity (Nurfiani et al., 2021—Figure 10). As expected, pre-eruptive storage temperatures decrease with increasing magma/groundmass silica content. However, substantial degrees of undercooling are recorded for the CCI magma, while lower degrees of undercooling are recorded for the Marapi PDC and for the GKI magmas (Figure 9A). Pre-eruptive water contents do not vary linearly with melt silica content nor temperature. Instead, the CCI and GKI magmas are quite hydrous (>2.5 wt% H2O), while the Marapi PDC magma is dryer (<2 wt% H2O) despite being stored at greater depths.
[image: Figure 10]FIGURE 10 | Summary sketch of the main processes at play in controlling the generation of the three studied PDCs. The pre-eruptive conditions are indicated next to the inferred position of the last storage zone before eruption. The insets in each sub-figure represents conduit processes and qualitative evolution of the bulk viscosity based on our findings. The question mark on the Batur sub-figure indicate that we have no information on what is happening below the last reservoir before surface.
The CCI magma viscosity is low, as expected for a phenocryst-poor basaltic-andesite (Figure 11). In contrast, the mafic andesitic Marapi PDC magma viscosity is higher by 2–3 orders of magnitude given its higher phenocryst-content, more silicic groundmass, and lower water content. It is of the same order of magnitude as the phenocryst-poor, alkali- and water-rich GKI magma viscosity (Figure 11). These noticeably different initial conditions set in the reservoir will influence the timing and feedbacks between magma ascent rate, volatile exsolution, and microlite nucleation, ultimately determining whether and when fragmentation will occur.
[image: Figure 11]FIGURE 11 | Melt and melt + crystals viscosity calculations at various stages of the eruption. The open symbols represent the melt viscosity that was calculated using Giordano et al. (2008) model. The colored-closed symbols represent the melt + crystals viscosity that were calculated combining Giordano et al. (2008) and Faroughi and Huber, (2015)—Eq. 49 models. For the bulk viscosity calculated with the Eq. 49 in Faroughi and Huber, (2015), we use a range of max-packing particle values ([image: image]) of 0.637–0.9 to account for the variation of crystal size and shape distributions (see calculation details in supplementary datasheet). Pre-eruptive storage viscosities are calculated using the estimated pre-eruptive water content, temperature and phenocryst (melt + crystals) content. Syn-eruptive viscosities are calculated using 0.5 wt% water (degassed melt), counting phenocrysts + microlites (melt + crystal) content and using calculated pre-eruptive temperatures. Theses viscosities are represented in the light blue areas.
5.2 Magma decompression rates
Vesicle number densities (Nv) are similar for all three units and fall within the range of what has been observed for Plinian eruptions of each magma composition (Figure 8A). We find slightly higher numbers of Nv for the CCI than the one found by Valdivia et al. (2021) - (0.1–3.1013 m−3 - Figure 7A) that were computed solely from X-ray microCT using isolated vesicles. The CCI falls in the upper range of Nv for mafic Plinian eruptions (1012–1014 m−3) with the examples of Etna, Tarawera, Fontana Lapilli, and Izu-Oshima that produced Plinian fall deposits but no PDCs (Coltelli et al., 1998; Houghton et al., 2004; Toramaru, 2006; Sable et al., 2006,2009; Costantini et al., 2010). Similarly, for the Marapi and GKI products, we find typical VNDs (1013–1016 m−3) for more evolved Plinian eruptions (both fall and PDC deposits) such as Askja in 1875, Quilotoa or Novarupta (Alfano et al., 2011 and references therein).
Applying heterogeneous vesicle nucleation as the main process (Eq. 14 in Shea, 2017) and applying Toramaru (2006)’s model to our VNDs, we find pre-fragmentation decompression rates in the range of 0.4–1.6 MPa/s (Figure 8B). These estimated decompression rates fall in the middle of the spectrum for large explosive eruptions (Figure 8) and are consistent with decompression rates (0.1–10 MPa/s) calculated using numerical conduit modelling for other Plinian eruptions (Papale and Dobran, 1993; Kaminski and Jaupart, 1997; Papale et al., 1998; Neri et al., 2022). Such large decompression rates would prevent volatiles from escaping by bubbles decoupling from the melt or through the formation of a bubble network, which then further enhances magma ascent rate and strain rate, leading eventually to fragmentation.
5.3 Mechanisms promoting fragmentation
Brittle fragmentation occurs when the melt relaxation time is longer than the time necessary for vesicles to expand (Dingwell 1996; Papale et al., 1999; Gonnermann and Manga 2007). Traces of these high strain rates have been observed in the GKI samples, with the presence of bent plagioclase microlites (Figure 4). Similarly, in the CCI samples, varying degrees of “boudinage” are visible on the most elongated and largest plagioclase microlites/microphenocrysts as well as varying dynamics of crystal and vesicle nucleation and growth due to intense shearing (Figure 4). Interestingly in the Marapi PDC samples, no obvious traces of high-strain rates are visible despite the very similar calculated melt viscosities (5.6 × 104–1.1 × 106 for Marapi vs. 2.1.105–7.5.105 for the GKI deposit; Figure 9). Vesicles kept their dominantly spherical shape without any obvious deformation due to shearing in the melt. It is also possible for the Marapi samples analysed in this study to have been issued from the centre of the conduit and as such to not show evidences of intense strain rate as has been suggested in other systems (Polacci et al., 2003; Rosi et al., 2004; Bouvet de Maisonneuve et al., 2009). However, in these other studies, there was a clear macroscopical difference between the types of clasts representing distinct regions of the conduit, which were not seen during sampling for Marapi.
The high pre-fragmentation decompression rates found for the magmas responsible for the three studied deposits are a consequence of very high vesicle number densities. High VNDs reflect the magma’s ability to keep volatiles until fragmentation, thus resulting in strain-rates due to bubble expansion during decompression that are too important for the melt structure to relax (Dingwell and Webb, 1989; Gardner et al., 2000). In the case of the Marapi and GKI magmas, the relatively high magma viscosity has the dual role of resisting fluid flow due to the high relaxation time of its melt structure but also retaining volatiles more efficiently by resisting bubble expansion and coalescence (Dingwell and Webb, 1989).
The CCI magma’s low melt viscosity should not have efficiently kept volatiles coupled with it and should have led to intense lava fountaining at high decompression rates due to the formation of a two-phase (gas + phenocryst-poor melt) flow (Gonnermann and Manga, 2012; Houghton et al., 2016) resulting in inertial-fragmentation (Namiki and Manga, 2008; Namiki et al., 2021). However, the very low initial phenocryst content (<4 vol%), the relatively high-water content for a mafic magma (2.5–3 wt%) and the low silica content of the magma before eruption helped to significantly delay microlite crystallization and growth, despite the melt’s sub-liquidus, supersaturated state (Arzilli et al., 2019; Figure 10). In addition, the high ascent rate promoted intense volatile exsolution, which drove the whole system’s undercooling degree even higher. The large amount of diffusion-controlled crystal textures such as dendrites, spherulites and plagioclase/pyroxene/oxides intergrowth show that very high degrees of undercooling were at play during the ascent of the CCI magma (Lofgren, 1974; Brugger and Hammer, 2010b; Shea and Hammer, 2013; Marshall et al., 2022). In addition, the square-like shapes of vesicles suggest that this crystallization occurred during ascent simultaneously with bubble growth. Therefore, despite part of the volatile budget probably escaping during ascent, the large undercooling of the magma triggered its intense and very rapid crystallization after reaching a critical point of volatile exsolution during magma decompression (Figure 10). The intense strain rate derived from the important decompression rate could have been a deciding factor in the crystallization onset (Tripoli et al., 2019). This mechanism resulted in a major viscosity jump of several orders of magnitude, as is the case for a magma going from 0 to 10 vol% to almost 80–90 vol% rigid particles within minutes (Costa et al., 2009; Faroughi and Huber, 2015; Moitra et al., 2018; Arzilli et al., 2019), resulting in a sudden resistance to fluid flow and causing the magma to be disrupted into particles (Figure 11). At magma ascent rates on the order of what would be expected for hawaiian eruptions, the crystallization of 80 vol% of the melt within minutes would result in magma fragmenting in the same brittle way as more evolved and more viscous magmas that generate Plinian eruptions (Figure 10).
In the Marapi PDC, the observed extensive microlite crystallization, with microlite shapes being essentially dominated by fast-growth textures (Figure 3), are hard to reconcile with the highly-viscous/silicic melts as diffusivities of species are impeded by viscosity (Mungall, 2002). In addition, the absence of any deformed vesicles or microlites does not support a simultaneous growth of bubbles with microlite crystallization. The low undercooling in the reservoir compared to the CCI is also not sufficient to explain such extensive and fast groundmass crystallization. Therefore, it is likely that the high-crystallization rate of the Marapi PDC matrix occurred post-emplacement, due to high-cooling rates. As a result, fragmentation mechanisms for this eruption would solely be the result of bubble overpressure fostered by high melt viscosity (Figure 10).
Overall, conduit processes played a major role with the intense microlite crystallization in the matrix for the CCI magma (80 vol% microlites on a vesicle-free basis) that changed the rheology of the melt, eventually leading to strain-induced fragmentation. On the other hand, the Marapi PDC and the GKI show classical signs of brittle fragmentation driven mostly by bubble overpressure and/or high-strain rates promoted by the melt viscosity that was already high in the reservoir.
5.4 Processes of PDC generation
In the case of large caldera-forming eruptions, PDCs form usually by pyroclastic-fountaining, which implies that the mixture of gas and pyroclasts formed after fragmentation is not buoyant enough to rise and form an umbrella plume but instead falls to the ground and flows radially around the vent (Druitt, 1998; Branney and Kokelaar, 2002; Sulpizio et al., 2014; Trolese et al., 2019). Both the GKI and the CCI deposits, as they are large volume ignimbrites, fall in this category (Figure 10). Field and textural observations of these deposits indicate the presence of a large quantity of lithics and enclaves that were entrained during the rise of the magma in the conduit and the emplacement of PDCs. As both these deposits are part of the ultimate sequence of their respective ignimbrites, the emplacement processes could be due to the widening of the conduit because of the caldera collapse, causing the eruptive column to become less-buoyant. Texturally, the fact that these deposits both fall on the lower end of observed vesicularities (45–65 vol%) for Plinian deposits could be an indication of their lower buoyancy and another reason for why they were emplaced as PDCs (Colombier et al., 2017).
The Marapi PDC is of clearly lower volume compared to the CCI and the GKI. However, the generally round aspect of the clasts inside the matrix and the general texture of the pyroclasts (high vesicle number density, highly spherical vesicles) suggest a process that is associated with column collapse rather than a dome or flank collapse (Branney and Kokelaar, 2002). It is worth stressing that the clast chemistry, texture, crystal content and volatile content within this PDC are extremely similar to the very recently emplaced deposits of the 2014 and 2017 phreatomagmatic eruptions (Nurfiani et al., 2021), except for the much more primitive matrix glass in the PDC deposit. Therefore, Marapi is likely capable of producing moderate volume PDCs such as the one investigated if/when a larger volume eruption occurs.
6 CONCLUSION
PDCs are the most hazardous volcanic phenomena and can occur in a wide variety of settings and for all magma types. Overall, we have a better understanding of the processes that contribute to the formation of intermediate to silicic PDCs compared to rarer mafic PDCs. As such, we proceeded to a detailed petrological, geochemical and textural analysis of pyroclasts sampled in three PDC deposits similar in aspect but different in bulk rock composition. By using the trachytic Gunungkawi ignimbrite of Batur (Indonesia) and the andesitic PDC deposit from Marapi (Sumatra, Indonesia) as a benchmark, we gained insights into the processes that promoted the formation of the basaltic-andesitic Curacautín ignimbrite of Volcàn Llaima (Chile), which we believe are extendable to other mafic PDCs. We found that the Gunungkawi ignimbrite was likely formed in a classical way for silicic magmas, as fragmentation was driven by a combination of bubble overpressure and fast strain-rates due to the melt’s high viscosity and intense decompression rate. In the case of Marapi’s PDC, we found evidence for a similar bubble overpressure process driving magma fragmentation and an emplacement mechanism probably driven by column collapse. For the Curacautín ignimbrite, we come to a similar conclusion as recent studies on mafic Plinian eruptions (Moitra et al., 2018; Arzilli et al., 2019; Bamber et al., 2020; Valdivia et al., 2021; Marshall et al., 2022). An initial, very low phenocryst-content (<4 vol%), high volatile-content (>2.5 vol% H2O) and low storage temperature for this kind of composition (T = 1,050–1,100°C), would have resulted in delayed crystallization despite the melt being sub-liquidus. In addition, the low viscosity of the magma would have allowed high initial ascent rates (decompression rates at fragmentation on the order of 1 MPa/s) and triggered further undercooling of the melt. This resulted in a very intense and very short crystallization window during the ascent of the magma, generating a viscosity step of several orders of magnitude and promoting strain-induced fragmentation of the magma. The density of clasts and the widening of the conduit due to the caldera collapse were the likely causes of PDC formation instead of a sustained eruptive column.
Overall, we conclude that mafic PDCs can form due to the combination of peculiar storage conditions that lead to important controls from the conduit on the process of fragmentation. Investigating phenocryst contents, pre-eruptive volatile contents and differences between storage temperature and theoretical liquidus temperature seems to be effective to unravel the emplacement of low-silica ignimbrites. On the other hand, the storage conditions and initial ascent rates are much more important than conduit processes, especially decompression-induced crystallization, in controlling the formation of PDCs for more evolved magmas. We believe that some focus must be given to understanding the formation of large undercooled mafic magma reservoirs, as in the case of Llaima it was key for switching from a classical Hawaiian/violent strombolian eruption style to a catastrophic ignimbrite generating eruption.
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