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Introduction: Volcanic debris avalanches mobilise large volumes and achieve long runouts with high destructive potential. However, the propagation processes that generate them are not currently explained by theoretical or numerical models, which are unable to represent deposit observations. Evaluation of the dynamics represented in deposits is therefore vital for constraining su ch models. The Abona volcanic debris avalanche deposit is located on the southern flank of the island of Tenerife, Spain. The deposit exhibits universal microfracturing and cataclasis. Fluidal features such as fluidal mixing of lithological units and diffuse boundaries, and mixed matrix are observed throughout the deposit.
Methods: Field description including sedimentology and facies identification and the evaluation of their distribution have allowed the generation of a new conceptual model for the propagation dynamics of this volcanic debris avalanche, and potentially others with similar properties. The deposit is indurated making the detailed study of its sedimentology difficult, especially clast-size analysis. A novel method utilising structure from motion photogrammetry and photographic sampling was employed.
Results: The universal cataclasis of the material and fluidal features suggest that the lack of a major competent material component allowed the mass to fragment and enabled fluidised granular flow behaviour. It is proposed that shear was periodically distributed throughout the body of the avalanche in chaotic temporary shear networks rearranging according to the instantaneous distribution of the mass. Stress and agitation were not temporally or spatially homogenous during propagation. This is also reflected in the unsystematic erosion of the substrate according to the variable basal shear accommodation.
Discussion: It is proposed that lithological properties are potentially a determining factor for the propagation mechanisms, stress distribution, and consequently the evolution of a volcanic debris avalanche from the initial collapse to its emplacement. This study highlights the importance of dedicated field examinations of sedimentological, morphological, and structural features for providing constraints for models of volcanic debris avalanche dynamics and the factors dictating them. The novel methodology proposed has the potential of broadening the number of events that can be studied and enhancing the understanding of these complex and hazardous phenomena.
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1 INTRODUCTION
Volcanic debris avalanches (VDAs) are large landslide events generated by volcanic edifice flank collapses (Ui, 1983; Siebert, 1984; Shea and van Wyk de Vries, 2008; Roverato and Dufresne, 2021) and are a common occurrence in the history of most volcanoes (Siebert and Roverato, 2021). They mobilise volumes up to tens of km3, and less often up to hundreds of km3, with runout distances up to 100 km (Dufresne et al., 2010b). Their runout and volume poses a hazard while they can trigger secondary hazards such as volcanic eruptions, debris flows, and tsunamis on ocean island volcanoes (Siebert, 1984; Leyrit, 2000; van Wyk de Vries and Delcamp, 2015; Di Traglia et al., 2018), making them potentially one of the most destructive phenomena for communities living close to volcanoes (Hürlimann et al., 1999). The scale of the tsunami triggered by the flank failure in Anak Krakatau volcano (Indonesia) in December 2018 highlights the potential of cascading hazards (Walter et al., 2019).
VDAs are characterised by long runouts compared to what is predicted by simple frictional models of a sliding solid block (Legros, 2002). This is a characteristic shared with their non-volcanic equivalent rock avalanches (RAs) in mountainous environments which was first studied by Heim (1932). However, it was only after the 1980 Mount St. Helens VDA (Glicken, 1996) that scientific interest towards VDAs increased, with various studies examining VDA dynamics. Many theories have been proposed to explain the mechanisms that enable VDA and RA long runouts. Nevertheless, no single proposed model can explain the enhanced mobility while being consistent with field observations in all events (reviewed in Davies, 1982; Erismann and Abele, 2001; Hungr, 2002; Legros, 2002; Collins and Melosh, 2003; Friedmann et al., 2006; Manzella and Labiouse, 2008; Davies and McSaveney, 2012). Some of the proposed mechanisms suggest intergranular mediums such as water or steam to explain the phenomenon; however, such evidence is not observed in all long runout deposits (Hewitt et al., 2008). Others imply other auxiliary exotic mechanisms such as a frictional heat-generated basal pseudotachylyte/frictionite layer (Erismann, 1979). Today, propagating VDAs/RAs are considered to behave as dense granular flows where grain interactions are the most important energy dissipation process (Voight et al., 1983; Campbell, 1990; Schneider and Fisher, 1998; Davies and McSaveney, 1999; Makris et al., 2020). However, the mechanisms enabling long runouts remain controversial and unresolved (Legros, 2002; Pollet and Schneider, 2004; Banton et al., 2009; Davies and McSaveney, 2012; Perinotto et al., 2015).
A major factor for the lack of understanding of VDA propagation processes and dynamics results from the difficulty of models and theoretical concepts to interpret and represent field observations of the sedimentology and structure of VDA deposits (VDADs) (Perinotto et al., 2015; Johnson et al., 2016). Due to the rarity of recent events, there is a lack of well-preserved deposits. Older deposits are commonly indurated, preventing the detailed study of sedimentology, and especially clast-size analysis. Scarcity, inaccessibility and complexity of deposits encourage alternative study methods such as analogue (e.g., Iverson et al., 2004; Dufresne, 2012; Yang et al., 2015; Manzella et al., 2016; Hu et al., 2020) and numerical modelling (e.g., Campbell et al., 1995; Thompson et al., 2009; 2010; Davies et al., 2010; Cuomo, 2020) to be employed instead of field investigations. However, any model regarding the propagation and emplacement of VDAs/RAs must be consistent with their morphological, sedimentological and structural features (Cruden and Varnes, 1996; Pudasaini and Hutter, 2007; Shea and van Wyk de Vries, 2008). Propagation is here defined as the flow regime phase of a VDA, and emplacement refers to the final deceleration and deposition of the material (Paguican et al., 2021). Although VDA/RA deposits are complex, detailed study of their internal architecture and sedimentology can provide information regarding their dynamics (Dufresne and Dunning, 2017) as demonstrated by dedicated field studies (including but not limited to Smyth, 1991; Glicken, 1996; Roverato and Capra, 2013; Roverato et al., 2015; Dufresne et al., 2016b; Dufresne and Dunning, 2017; Paguican et al., 2021). These sedimentological studies have contributed to the understanding of propagation and internal processes by examining local variability in sedimentology, clast-size and facies distribution, morphology of deposits and substrate perturbation. Such studies enable the reconstruction of the propagation history (Dufresne et al., 2010b) and defining constraints for the development of models reflecting the dynamics and energetics of VDAs.
Clast-size analysis is a key element of sedimentological studies as it allows the study of the evolution of the deposit sedimentology and composition through the different phases of the propagation and the identification of possible mechanisms, including fragmentation (Dunning, 2004; Crosta et al., 2007; Dufresne and Dunning, 2017). The quantitative examination of clast-size distribution in the deposits can offer evidence regarding the distribution of stresses, as exemplified by the study of Dufresne and Dunning (2017), illustrating the sedimentological signature of zones of magnified shear stress. When a deposit is indurated or lithified, clast-size analysis is not possible using conventional sieving or laser diffraction (Merico et al., 2020). The consolidation of the material in ancient deposits is suggested by Tost et al. (2014) to have prohibited the study of VDA/RA deposits (Merico et al., 2020). The novel methodology presented in this study allows the clast-size analysis of indurated/lithified deposits. Employment of the proposed methodology in other indurated deposits would extend sedimentological information of VDADs through the addition of more case studies.
This study examines the Abona VDA (Ab-VDA), located in the south of the island of Tenerife, Spain (Figure 1A). Although the deposit is indurated, field observations combined with a novel clast-size analysis methodology allow its examination. The aim is to evaluate the dynamics through assessment of the propagation and emplacement processes that generated the deposit. Analysis of the findings and comparison to other deposits and models aims to ultimately evaluate potential propagation mechanisms that enable the long runouts of VDAs. In order to interpret the deposits, our field investigations generated outcrop maps of the distribution of facies, textures, structures and internal sedimentology (Bernard et al., 2017). The deposit is initially described through its general structure, facies distribution and sedimentological features. The implications of these features for the dynamics of the Ab-VDA in association with other deposits and theoretical and numerical models are also discussed. Finally, this analysis permits the proposal of a new VDA model for the stress accommodation, propagation processes and the formation of the internal architecture and sedimentology which is consistent with the observed structural features and kinematic implications (Shea and van Wyk de Vries, 2008). The findings offer information regarding VDAs which evolve into flows, as well as the factors which might enable such behaviour. The processes suggested offer constraints for conceptual models regarding VDA dynamics and stress distribution.
[image: Figure 1]FIGURE 1 | (A) The Island of Tenerife with the Cañadas caldera (dotted line); the red rectangle indicates the extent of c. (B) Location of the Canary Islands. (C) Extent of the Abona volcanic debris avalanche deposit as inferred by Dávila-Harris et al. (2011), with study locations and the locations where sampling for clast-size analysis was carried out.
2 GEOLOGICAL AND REGIONAL BACKGROUND
2.1 Geological background
Tenerife is the second largest ocean-island volcano on Earth (after Mauna Loa, Hawaii). The island is composed of 90% by volume of a basaltic shield (Hürlimann et al., 1999). This is overlain by the Cañadas stratovolcano, post-shield volcanic complex. This composition reflects the dual, simultaneously active basalt and phonolite magmatic system. Basaltic volcanism began >12 Ma ago and is still active, with the most recent basaltic eruption in 1909 AD (Martí et al., 2010).
The Cañadas edifice is composed of basalt to phonolite lavas and pyroclastic deposits, generated by several eruptive events in the last 3.0–3.8 Ma (Hürlimann et al., 1999; Cas et al., 2022). The evolution of the edifice was characterised by several constructive phases while destructive processes have also been important, with vertical and lateral collapses contributing to the geomorphic evolution of the island (Martí et al., 1997; Martí et al., 2010). Tenerife has hosted large landslides with volumes of 50–500 km3 and travel distances of up to 100 km (TEIDE GROUP, 1997; Hürlimann et al., 2000; Masson et al., 2002). Large-volume VDAs are responsible for the formation of the major valleys on the flanks of Tenerife between the Upper Pliocene to Middle Pleistocene (Hürlimann et al., 1999; Martí et al., 2010; Dávila-Harris et al., 2011; Cas et al., 2022). The central volcanic complex has hosted major explosive eruptions from the phonolite magma system also generating the present-day Cañadas caldera (Martí et al., 2010). Today, the volcano structure includes the Teide and Pico Viejo stratovolcanoes, and the explosive caldera Cañadas complex (Figure 1B) of >1.8 Ma history with various collapse events (Dávila-Harris et al., 2011; Cas et al., 2022). The current phase corresponds to the constructive phase of the Teide/Pico Viejo complex inside the caldera.
2.2 Abona volcanic debris avalanche—edifice and deposit morphology
The Ab-VDAD was initially classified as a debris flow breccia (Bryan et al., 1998), although later identified as a VDAD by Dávila-Harris et al. (2011). It was generated 733 ± 3 ka ago by a lateral collapse of the Cañadas volcano during an ignimbrite-forming explosive eruption, as supported by petrological evidence and geochronology by Dávila-Harris et al. (2011). The fact that the trigger of the collapse is identified with relative confidence is not common, as most VDADs are difficult to assess with precise time constraints, and even then, triggering mechanisms might have left no evidence in the geological record. The Ab-VDA propagated and was deposited from the Cañadas volcano and towards the southeast, in the region of Abona for at least 21.6 km from the failure scarp thought to be its source (Figure 1). It covers 90 km2, and extends further into the ocean (Dávila-Harris et al., 2011). The widespread exposure suggests that the deposit covered the entire region of Abona (Dávila-Harris et al., 2011). The Ab-VDA forms part of the Helecho Formation, which corresponds to the Lower Bandas del Sur Group (Dávila-Harris et al., 2023) and the Guajara Cycle (Cas et al., 2022).
3 METHODOLOGY
3.1 Structure and facies mapping
Due to the sedimentological heterogeneity in the Ab-VDAD, detailed facies mapping was necessary prior to sedimentological sampling. At different outcrops the structure, stratigraphy, lithology and other features were identified using the methodology described by Roverato et al. (2015) and Bernard et al. (2017). This allows for targeted sampling along the deposit in specific facies. Initially, the mapping allowed the generation of a structural overview (Bernard and van Wyk de Vries, 2017), identifying outcrops to be sampled for clast-size distribution differences as well as their potential longitudinal evolution along the deposit.
3.2 Clast-size sampling
In this study we have employed a novel combination of techniques and sampling strategies for clast-size analysis of the indurated Ab-VDAD. Size distributions were sampled exclusively for clasts (not matrix) in the MF at seven locations along the deposit (Figure 1C) to evaluate potential longitudinal evolution and variability of clast sizes and proportion of matrix. The method employed was based on manual photographic grid sampling analysis of clasts from scaled orthophotos generated parallel to the outcrop surface (e.g., Ibbeken et al., 1998; Blair and McPherson, 1999; Casagli et al., 2003; Attal and Lavé, 2006; Crosta et al., 2007; Zhang et al., 2015; Ferraro et al., 2018; Harvey et al., 2022).
A frequency-by-area approach methodology was proposed by Chayes (1956) for the mineral composition of cross sections and is based on an area-volume relationship supporting that the ratio of the area occupied by mineral A to the total measurement area is a consistent estimate of the volume percentage of mineral A in the sample (Chayes, 1956, p. 13; Glicken, 1996). This was adopted by Glicken (1996) exclusively for the sampling of the coarse component of samples. The results of the described methodology are different in nature, but theoretically equivalent to the frequency-by-weight output of sieving analysis (Kellerhals and Bray, 1971). Image-based clast-size analysis methods are non-intrusive and provide a more efficient way to extract size distributions of non-cohesive material (Detert and Weitbrecht, 2020) and an alternative in cases where sieving is not an option. Additionally, while sieving methods produce grouped data, photographic analysis produces continuous data which allow more accurate statistical analysis (Buscombe, 2008).
The methodology proposed here utilises photogrammetry, using the commercially available software Agisoft Phtoscan, to combine data from multiple photographs in a single orthophoto sample. Measurements were made on samples at two scales: at the outcrop scale to ensure representation of the coarsest particles from the >1 m scale up to ∼ 5 mm, and smaller sample windows for finer particles up to 2 mm. Large-scale samples represent areas up to <32 m2 and better represent larger clasts, without compromising the resolution of the sample. Conversely, in smaller-scale sample windows (up to ∼10 m2), smaller particles are better represented due to the smaller area represented in every pixel. The resolution achieved by these smaller samples was <0.21 mm/pixel, allowing the sampling of particles up to >0.28 mm. Although the small sample windows had no upper size boundary, due to their small area, they were not suitable for representing larger clasts. Nonetheless, the area represented was up to ∼10 m2 to ensure a sufficient sample size. The results from the two scales were combined to generate the clast-size distribution of the whole size range.
Glicken (1996), as well as other researchers (e.g., Crosta et al., 2007; Shugar and Clague, 2011), have used photographic methods to measure the area occupied by each and every particle over a threshold size in a single photograph to predict the area cover of a particular size range as a proxy for the volume percentage (instead of grid-counting), in accordance with the photo-sieving methodology proposed by Ibbeken and Schleyer (1986). Instead, in the methodology proposed here, the clast-size distribution was determined by grid-sampling individual clasts in an extensive orthophoto sample and calculating the area occupied by each size range. In the environment of the ImageJ software, the desired grid can be generated and geometric properties of clasts can be automatically calculated (Spychala et al., 2021) when their boundaries have been manually drawn (Berends, 2018). Only the particles intersected by grid nodes were measured. The minimum Feret’s diameter, defined as the smallest possible distance between two parallel tangents of an object, was used as the size measurement as it can be considered equivalent to the property by which particles are classified when sieved. Where a node was located over matrix, this was noted in the measurements to allow calculation of the percentage of matrix relative to clasts following the methodology described by Blair (1987).
Although this methodology allows the clast-size analysis of the indurated deposit, it is restricted by the limitations of photographic analysis. Therefore, the full size range cannot be sampled because particles smaller than 2 mm could not be accurately and consistently measured. This was especially true of similar-colour particles in the matrix. Additionally, the sedimentological term matrix is an assemblage of smaller particles surrounding coarser particles (Bates and Jackson, 1984), and is therefore, scale-dependent rather than assigning a particular size (Vezzoli et al., 2017). Therefore, a lower boundary had to be established to maintain consistency when comparing matrix-proportion between the samples. For the purposes of this quantitative analysis matrix was considered to be composed of any particle of sand size or finer (<2 mm).
While the area of the large-scale sample orthophotos was generated to cover the largest possible area permitted by the outcrop exposure, and thus include the maximum heterogeneity, the clast sample size, for both the small- and large-scale samples, was chosen according to the guidelines of Bunte and Abt (2001) to ensure a <5% error around the mean with confidence of >95%. The calculation of the sample size requirement takes into consideration the median and sorting of the population generated by a pilot sample. One limitation of this methodology is that it does not allow lithological component analysis since lithologies cannot be reliably identified in small particles in the photographic samples. A full evaluation of the methodology, its uncertainties and limitations is included in the Supplementary Appendix S2.
4 COMPOSITION, STRUCTURE AND SEDIMENTOLOGY OF THE AB-VDA
The deposit is exposed across ∼10 km from the first outcrop, 11.5 km from the current inferred scarp (location 1) to the coast (location 13) ∼22 km from the inferred scarp (Figure 1C). The deposit does not outcrop more proximally than 11.5 km. The thickness of the deposit varies from 2–3 m in some locations up to a maximum thickness of 62 m (at location 4). The Ab-VDAD is predominantly composed of less competent scoria, clasts of ignimbrite lithologies and pumice fall material and substrate-incorporated pumice while it only contains a minor component of lava lithologies (Dávila-Harris et al., 2011). In marginal locations which represent the material deposited near the external boundaries of the avalanche, the deposit thins and disappears on the slopes, illustrating that the avalanche was locally constrained and channelised by ravines in the paleotopography as illustrated in Figure 2. Therefore, at least in some sections, the flow was subdivided into different streams. Six exposed and accessible outcrops have been sampled and studied in terms of clast-size distribution. These locations are illustrated in Figure 1C, with further details in the Supplementary Appendix S1.
[image: Figure 2]FIGURE 2 | Section of the outcrop at location 3. The red dashed line represents the boundaries of the deposit thinning against the slope of the paleotopography.
4.1 Facies composition and distribution
The deposit is a very poorly sorted, heterolithic breccia which exhibits characteristic VDA block and mixed facies (Dávila-Harris et al., 2011). Here the term edifice block facies (EBF) (equivalent to the block facies of Glicken, 1991) is used instead of block facies. The term was introduced by Bernard et al. (2021) and is here used because only blocks from the original collapsed edifice are observed and no blocks considered to have been incorporated from the propagation path substrate. The term matrix-rich facies (MF) is also used instead of mixed facies (after Roverato et al., 2011) for consistency with the most recent literature. The EBF is composed of undisaggregated or poorly disaggregated portions of the original edifice, and the MF is composed of a heterolithic poorly sorted mixture of clasts and matrix. The facies distribution is chaotic and unsystematic, while outcrops exhibit both facies in proximity. The term matrix refers to finer grains surrounding larger particles (Mehl and Schmincke, 1999), which is scale-dependent rather than assigning a particular size (Vezzoli et al., 2017).
4.1.1 Edifice block facies (EBF)
The Ab-VDAD EBF is composed of unconsolidated, or poorly consolidated, portions of the original edifice (referred to as blocks) emplaced in the deposit unmixed with the surrounding material, retaining lithological distinctness (Bernard et al., 2021). Blocks are universally microfractured and to some degree disaggregated as clasts in their interior are displaced relative to each other. Disaggregation implies the displacement of these components, altering their original relative placement in the structure and fabric of the rock mass. Fracturing refers to the break-up of a block resulting in a fabric of individual component clasts. Lithologies composing blocks include the more competent hydrothermally altered and fresh lavas; the less competent and resistant scoria, ignimbrite and pumice fall lithologies clasts and substrate-incorporated material (Dávila-Harris et al., 2011). However, the proportion of the competent lavas compared to the less competent material is minor throughout the EBF. This is evident at location 2 where the main characteristics of EBF are illustrated in Figure 3. The shape of blocks is distorted and elongated to lenticular shapes, as exemplified by the pumice and scoria units in Figures 3C, D. Nonetheless, blocks retain lithological homogeneity and distinctness compared to surrounding material. Despite the fracturing and distortion, lithological units are preserved in the interior of blocks (Figure 3). Sections of remnant stratigraphic sequence are preserved where these units maintain their original order as illustrated by the sequence of lithological units in Figure 3C. These lithologies are interbedded and stretched to assume fluidal mixing forms (Figures 3B, C). Each unit is composed of a poorly sorted diamicton of monolithological cataclased material. Cataclasis refers to the fracturing, comminution, disaggregation by the displacement of component parts and production of matrix that generates a granular diamicton fabric. Uninterrupted EBF domains extend for more than 100 m; however, undisaggregated portions of remnant stratigraphy are only observed in sections <12 m in length. The EBF with elongated remnant stratigraphic sequence and variable degrees of preservation forms pockets of less disaggregated material in a chaotic deposit where the degree of disaggregation is not systematically distributed. Such remnant stratigraphy is only preserved in pockets within the deposit at locations 5, 12 and 13, as exemplified in Figure 4C illustrating a pocket of EBF and preserved stratigraphy surrounded by MF. The area between undisaggregated blocks is filled by the intrablock matrix as illustrated in Figure 4.
[image: Figure 3]FIGURE 3 | Several features from edifice block facies (EBF) of location 2: (A) Overview of a characteristic section from this location. Preservation of stretched lithological units as monolithological diamictons. The blue and red rectangles correspond to the extent of d and b respectively. (B) Fluidal form intrusion of one unit into another with no mixing. (C) The lithological units are here coloured to highlight their fluid-like behaviour, and preservation of stratigraphic sequence. IM, intrablock matrix; L1, lava unit 1; L2, Lava unit 2; L3, Lava unit 3; L4, Lava unit 4; DS, Dark scoria unit; RS, Red scoria unit. (D) Lava units and weaker scoria units exhibit different degrees of cataclasis even though they are found in adjacent positions. The lava unit at the left of the image is less comminuted with larger clasts compared to the dark scoria and red scoria units at the centre of the image. (E) The lithological units observed in c are here observed at a different area of the same location in a similar stratigraphic sequence.
[image: Figure 4]FIGURE 4 | The internal structure of the Abona volcanic debris avalanche deposit at location 12. (A) The outcrop presents both the matrix-rich facies (MF) as well as the edifice block facies (EBF), and both interblock and intrablock matrix. The area of the red rectangle represents the extent of b and c. (B) The bold white dashed line encompasses the EBF which is surrounded by the MF. The contact between the two facies is diffusive. The finer white dashed line encompasses preserved stratigraphic sequence. The boundary between the matrix and the distinct lithological units is also diffusive. (C) Same extent as b. The section of preserved stratigraphy is composed of different lithological units of scoria: S1, S2, S3, S4; and pumice: P. Different units have been coloured to highlight their stratigraphic sequence and fluidal mixing. Dashed circles highlight rounded clasts.
Within the EBF, the intrablock matrix is composed of poorly sorted mixture of heterolithic clasts within a heterolithic matrix. A clast refers to any rock which would not break if passed through a sieve, or was immersed in water, after the definition by Glicken (1991). The lithology of the clasts and matrix represents the lithologies present in the vicinity, within each block. This is evident locally around monolithologic blocks where the nearby matrix is enriched in that lithology. Pumice deposits make this particularly evident, as the nearby matrix has a visibly different composition enriched in the white pumice as illustrated in Figure 5. Here, the intrablock matrix adjacent to a pumice unit is visibly enriched by the diffusing pumice material (Figure 5). The degree of mixing within the intrablock matrix exhibits some variability but is always lower than the interblock matrix, which is completely mixed and heterogeneous in the Ab-VDAD. The intrablock matrix (as well as the intrablock) exhibits no internal structures or features.
[image: Figure 5]FIGURE 5 | (A) Edifice block facies (EBF) from location 3 containing a unit of pumice. (B) The intrablock matrix proximal to this unit is enriched in pumice due to the progressive diffusion of material to the matrix.
4.1.2 Matrix-rich facies (MF)
The MF is exposed in all the locations studied, from the most proximal to the most distal. Its abundance suggests it constitutes the dominant facies component of the deposit although the proportion could not be quantified due to the interrupted exposure. The MF is similar to the equivalent facies reported in other VDADs (e.g., Glicken, 1991; Bernard et al., 2021) and is notably uniform throughout the deposit. The MF consists of a well-mixed, heterolithic, very poorly sorted mixture of subangular-to-subrounded clasts and interblock matrix composed of material from the source edifice (Figures 4, 6A), pumice incorporated from the substrate during propagation (Figure 7), and a small amount of juvenile phonolite clasts. The juvenile clasts have chilled margins and were likely incorporated from a dome collapse (Dávila-Harris et al., 2011). Particles in the MF range from microns up to clasts of <6 m, as shown in Figure 6C. Its composition represents the lithologies that also occur in the EBF. However, a greater degree of mixing and homogenisation produces a distinctive heterolithic matrix which differs from the cataclased but unmixed diamicton of the EBF, as well as the less heterolithic and less mixed intrablock matrix. The difference is illustrated by the comparison of Figure 4B with Figure 6A. The intrablock matrix of Figure 4 is much less poorly sorted, less polylithological and includes a greater proportion of clasts relative to matrix. The percentage of the matrix relative to clasts is highly variable. Although well mixed, the MF also contains a minor quantity of microfractured MF blocks with lenticular shapes (Figures 6A, B and large clasts (e.g. Figure 6C). These represent portions of the original edifice that although included in the MF have not been completely disaggregated. However, the MF lacks any stratification, grading or internal features.
[image: Figure 6]FIGURE 6 | (A) Matrix-rich facies in location 2 including a lenticular block with its outline indicated by the dashed white line. This is an orthophoto generated using structure from motion photogrammetry. (B, C) illustrate features from location 4. (B) A portion of the matrix-rich facies (MF) composed of poorly sorted clasts, interblock matrix as well as a monolithological microfractured block. (C) The annotated MF clast is the largest encountered in the deposit and has a maximum diameter of 6 m.
[image: Figure 7]FIGURE 7 | Basal contact between the Abona volcanic debris avalanche deposit and the substrate at location 12. The red rectangle represents the extent of the insert at the bottom left of the figure. The insert highlights the incorporation and diffusion of substrate material (dark grey) into the matrix-rich facies (MF) (light grey) due to abrasion.
4.2 Internal structure and sedimentology
4.2.1 Fracturing and cataclasis
At the metre and down to the finer than centimetre scale, the material in the EBF is universally fractured and cataclased. The cataclasis of the material generates lithological units composed of larger clasts in a finer matrix assuming the fabric of a diamicton while remaining unmixed and preserving their lithological distinctness as exhibited by different lithological units in Figure 8. Blocks suit the term of fragmental rock clasts used by Alloway et al. (2005) as fractured, deformed blocks in some cases preserving stratigraphic sequence (Figures 3, 4). The products generated by the fracturing and comminution are the particles constituting the intrablock matrix and the MF. Clasts range in roundness from subangular to subrounded and even rounded (e.g., Figure 4, roundness highlighted in Figure 4C). Other than the mentioned microfracturing, and the scarce shear displacement of some larger fractured clasts, no larger-scale brittle deformation, fracturing or faulting has been observed in the Ab-VDAD. In these clast components, displacement is caused by the shear stress parallel to the flow direction generated by differential rates of propagation. Such examples are illustrated in Figures 9A, B.
[image: Figure 8]FIGURE 8 | Monolithological diamictons. (A) Location 6. Cataclased diamicton in contact with the MF, with diffusive boundaries and lenticular shape. (B) Location 5. Lava unit exposed in three dimensions due to the preferential erosion of the weaker lithologies around it. The cataclasis generated larger clasts and less matrix in comparison to the other lithologies. (C) Block of scoriaceous material at the most distal location 13.
[image: Figure 9]FIGURE 9 | Brittle features of the Ab-VDAD. (A) Fractured clast with components displaced parallel to the propagation direction (location 4). (B) The relative displacement between clasts originating from the same particle illustrates the shear in the material (location 5). (C) Fractured block with components preserving their relative position in a jigsaw fabric. This was observed in location 4 but was a rare occurrence for the deposit.
The degree of fracturing in blocks is not exclusively associated with the distance travelled by the Ab-VDA, as also suggested for other deposits (e.g., Reubi and Hernandez, 2000). The EBF exhibits a variable degree of cataclasis and disaggregation, especially between different lithological components, even at the same outcrop. Qualitative assessment of the Ab-VDAD suggests that less competent lithologies, such as scoria, exhibit more cataclasis than the more competent lavas, as also suggested by Dávila-Harris et al. (2011). The degree of cataclasis varies from pulverized dust to coarse breccias. The differential degree is most obvious where strata composed of competent lava lithologies are in proximity to strata of more cataclased scorias as demonstrated in Figures 3B, D, where parts of the same block, with different lithology exhibit dissimilar degrees of cataclasis and resultant clast sizes. Scoriaceous material, which is weak and porous, is the most strongly cataclased lithology producing a microfractured diamicton composed of clasts in a fine interblock matrix of sand-sized and finer particles, shown in Figure 8C. This style of cataclasis in weaker lithologies has been encountered throughout the Ab-DAD (Figures 3, 4B). In contrast, the more competent lava lithologies, clasts produced are larger and the proportion of matrix is smaller (Figures 3D, 8B).
4.2.2 Fluidal behaviour and features
At the larger outcrop scale, no brittle fracturing or faulting is exhibited. In the EBF, lithological units preserve their distinctness and outline despite assuming distorted thin, elongated, lenticular forms. Where lithologies are interbedded and stretched, they assume fluidal mixing forms where portions of one lithology intrude another unit (Figures 3, 4), preserving their local homogeneity and giving the deposit a form similar to the mixing of viscous fluids as shown in Figure 3C.
Lithological units within the EBF have diffuse boundaries where adjacent to the MF (Figure 10A), or intrablock matrix (Figure 10B). The material from the periphery of a specific unit appears to diffuse outwards from its boundary into the matrix, while gaps created between the diffusing particles are intruded by matrix material. This is illustrated in Figures 10A, B by the lighter-coloured matrix mixing with the darker undisaggregated block material at the boundaries.
[image: Figure 10]FIGURE 10 | Diffusive contact (A) between the edifice block facies and the matrix-rich facies; and (B) between edifice block facies preserved unmixed lithological unit and intrablock matrix. Both from location 11.
Location 12, illustrated in Figure 4A serves as a good example of the internal structure of the Ab-VDAD. This outcrop is composed of MF, which surrounds fractured and partially disaggregated EBF blocks. The contacts between the two facies are diffuse with material from the EBF diffusing into the interblock matrix (Figure 4B). The blocks are composed of elongated lenticular monolithological units with preserved stratigraphic sequence and intrablock matrix (Figure 4C). The mixing of the stratigraphic units illustrates the fluidal behaviour (Figure 4C). Contacts between different units within the block and between the intrablock matrix are also diffusive. The intrablock matrix is composed of the lithologies within the block. Similarly, at location 5 (Figure 3) monolithological units with fluidal features are preserved surrounded by a pumice-rich interblock matrix. Some contacts are not diffusive, but instead, take the form of fluid-like injection of one unit into another, and in the intrablock matrix (Figure 3B).
4.3 Clast-size analysis
Figure 11 illustrates that clasts greater than −9.5φ are only encountered in locations more proximal than 13.05 km (loc. 2). However, other than this observation there is a lack of similarity or evolution with distance in the form of the histograms representing the clast-size distributions of Figure 12. The cumulative plots illustrates in Figure 11A also suggest a lack of systematic clast size variation. Figure 11B illustrates the evolution of the different clast-size percentiles along the deposit. P10, P25 and P50 show very little variability. P90 and P75 exhibit a reduction until 17.8 km; however, this trend is subsequently not consistent. Median clast sizes vary between 19 mm and 61.5 mm (Table 1). The clast-size distributions illustrated in Figures 11A, 12, as well as the statistical percentile analysis presented in Figure 11B, illustrate no consistent systematic variation or longitudinal evolution correlated to the distance from the source along the 10 km that the deposit is exposed.
[image: Figure 11]FIGURE 11 | Clast size analysis results (A) Cumulative plots of the sampled clast populations from all the samples. The legend includes the distance of each location from the source. (B) Representation of the 90th, 75th, 50th (median), 35th and 10th percentiles at the different study locations along the deposit. (Note that the upper and lower sections of location 4 are considered together for this plot).
[image: Figure 12]FIGURE 12 | Clast-size distributions for clasts in the matrix-rich facies at different locations along the Abona volcanic debris avalanche deposit from proximal to distal.
TABLE 1 | Clast-size analysis at different locations along the Ab-VDAD. Location 4 is represented by 2 samples, one is from deeper closer to the base and one from shallower in the deposit, illustrated in Supplementary Appendix S3.
[image: Table 1]The analysis reveals a variable proportion of matrix between 36% and 65% at different locations of the MF (Table 1). The proportion of matrix is also variable within the same outcrop as illustrated in Table 1 by the two samples carried out for different positions within location 4 (15.67 km from source). This was the tallest outcrop (62 m), presenting high vertical variability in the MF. Sampling was carried out for the matrix at the upper and lower sections of the outcrop (Supplementary Appendix S3). Closer to the base the deposit contains a higher block component, being blockier, compared to the shallower part of the deposit. The lower sample contains a matrix proportion of 35.6%, while the lower contains 54.7% matrix. The difference is also reflected in a greater mean and median clast size in the lower section compared to the upper (Table 1).
4.4 Substrate interactions
The substrate over which the Ab-VDA propagated is a pumice fall deposit (Moradas Fm.—738 ± 4 ka) in locations more proximal and up to location 10 (Figure 1). In the more distal locations, after location 10, the substrate is the pumice-rich ignimbrite of the Helecho Formation (Cobón Member—733 ± 3 ka) (Dávila-Harris et al., 2011). Between the Moradas formation and the deposit, a thin layer of soil is preserved. The soil represents the brief hiatus in eruptive activity that preceded the Ab-VDA (733 ± 3 ka) (Dávila-Harris et al., 2011). Substrate deformation features observed in the deposit at different locations include bulldozing (where deformed but not incorporated) (Figure 13A), ploughing (where incorporated) (Figure 13B), flame injections (Figure 13C), faulting (Figure 13D) and sharp abrasive erosional contacts (Figure 7). Bulldozing is the pushing and compressing of substrate material into mounds due to the frictional shear of propagating VDA material. Ploughing, on the other hand, is the process whereby the pushed material is detached from the substrate and incorporated en masse (Dufresne et al., 2010a). Substrate incorporation is directly observed at locations that expose the basal contact of the Ab-VDA (e.g., Figure 7), as well as from the existence of pumice from the substrate higher up in the body of the deposit. At the basal contact portions of the substrate have been preserved in the process of being detached as illustrated in Figures 13B–D).
[image: Figure 13]FIGURE 13 | Interactions between the Abona volcanic debris avalanche deposit and the substrate. (A) Substrate bulldozing (location 10); (B) ploughing (location 7); (C) small-scale flame injection (location 12); (D) monolithological block in contact with the substrate, and faulting in the substrate due to the weight of the VDA (location 12); (E) the soil layer in the substrate is uneroded and almost unaffected by the passage of the avalanche at this segment (location 12); (F) the soil layer is locally preserved while eroded in adjacent segments of the contact (location 3).
The perturbation of the substrate is highly variable and unsystematic throughout the deposit, even at the metre scale, and there is no systematic variation with distance from the source. Penetration of the substrate occurs by both blocks and matrix. The pumiceous soil layer between the pyroclastic deposits and the deposit is in places preserved (Figures 13E, F), while in others in the same outcrop missing or disturbed (Figure 13F).
5 DISCUSSION
5.1 Internal morphology and sedimentology
5.1.1 Brittle fracturing
All the material in the Ab-VDAD EBF is microfractured and cataclased, with monolithological units assuming the fabric of a diamicton, while highly mixed domains constitute the interblock and intrablock matrix. Undisaggregated material with original textures is almost non-existent in the deposit, despite unfractured and undisaggregated jigsaw blocks being a typical feature of other VDADs (Siebert, 1984; van Wyk De Vries et al., 2001; Makris et al., 2023). Jigsaw-fractured clasts, like the one illustrated in Figure 9C, are few and restricted to specific locations within the deposit. In general, a VDA mass suffers rapid fragmentation and coarse disaggregation at the initial edifice collapse stage (Voight et al., 1983; Glicken, 1991; Longchamp et al., 2016). Nonetheless, in the Ab-VDA, the cataclasis exhibited throughout the deposit (except a minor number of large clasts) suggests syn-propagation progressive fragmentation (Dávila-Harris et al., 2011; Perinotto et al., 2015; Roverato et al., 2015; Paguican et al., 2021) rather than an impulse of fragmentation due to the initial collapse. Syn-propagation fragmentation due to grain-to-grain contact is thought to be generally minimal in VDAs. However, depending on lithology and strength, fragmentation of intact rock can also occur through grain interactions. This has indeed been suggested by Dávila-Harris et al. (2011) for the avalanche and is supported by studies on other VDADs proposing fragmentation as a continuous process, such as Socompa VDA (van Wyk De Vries et al., 2001), Parinacota (Clavero et al., 2002), Taranaki (Roverato et al., 2015) and the study of VDAs of La Réunion Island by Perinotto et al. (2015).
Fragmented particles that do not experience further crushing, but are smoothed and rounded by frictional abrasion in the agitated mass to undergo further size reduction (Schneider and Fisher, 1998; Perinotto et al., 2015; Paguican et al., 2021). In the Ab-VDAD clasts composed of weaker lithologies are locally subrounded-rounded, as illustrated in the examples in Figures 4B, C. Rounded clasts are not a typical feature of VDA/RA deposits. In fact, in RA deposits, composed of more competent material, all clasts are angular due to brittle fractures. Less competent lithologies do rarely exhibit scratching or snubbing of corners in those cases (Hewitt et al., 2008). This feature potentially indicates the weakness of the material composing the Ab-VDAD.
In the Ab-VDAD, the rate of comminution of particles with distance is likely to be a function of lithology and rock strength, as also observed in other studies (e.g., van Wyk De Vries et al., 2001; Clavero et al., 2002; Roverato et al., 2015). This process is particularly relevant to volcanic flank collapses as it is potentially intensified by the lower competence and potential hydrothermal alteration of material prior to failure (Thompson et al., 2009; van Wyk de Vries and Delcamp, 2015). This property constitutes the material easier to comminute and pulverise as suggested by Roverato et al. (2015) for the case of the Pungurehu VDA. Scoriaceous material appears to be the least competent encountered in the Ab-VDAD. Its cataclasis produces a diamicton composed of clasts in a fine interblock matrix, also described by Roverato et al. (2015). However, a similar cataclasis pattern is observed for all the lithologies in the Ab-VDAD to different degrees.
5.1.2 Fluidisation, spreading and stretching
At the outcrop scale, the most obvious feature of the deposit is the general stretching and thinning of lithological units in the EBF, which nonetheless preserve their lithological distinctness and stratigraphic sequence as illustrated in Figures 3, 4. The outline of the Ab-VDA blocks and their constituent lithological components becomes distorted by stretching as also described by Campbell et al. (1995) and Roberti et al. (2017), however, components maintain their relative position as they form bands in an arrangement of remnant stratigraphic sequence. Stretching and extension have been observed in other VDA/RA deposits (e.g., Siebert, 1984; Siebert et al., 1995; Schneider and Fisher, 1998; Clavero et al., 2002; Bernard et al., 2008; Shea et al., 2008; Roberti et al., 2017) after first described by Heim (1932) in the Elm RA (Switzerland). Stratigraphic sequence preservation has been observed for the Blackhawk RA (Shreve, 1968; Johnson, 1978) as well as VDADs (Ui and Glicken, 1986; Ui, 1989; Bernard et al., 2021) such as the Mount St. Helens (Glicken, 1991), and even for analogue (e.g., Hsü, 1975; Manzella and Labiouse, 2013) and numerical models (e.g., Campbell et al., 1995; Thompson et al., 2009).
Stretching of the EBF is interpreted to be a result of the laminar spreading of the mass during propagation. In a laminar flow regime, the spreading of granular material occurs parallel to the flow direction resulting in the stretching and thinning of units. Since particles are almost exclusively displaced parallel to the flow direction, lithological units preserve stratigraphic sequence. Sequence preservation suggests a spatially and temporally universal lack of large-scale turbulence and mixing in the Ab-VDA, as also suggested by other studies (Campbell et al., 1995; Reubi and Hernandez, 2000; Voight et al., 2002; Shea and van Wyk de Vries, 2008; Magnarini et al., 2021). Turbulence leads to chaotic distributions of flow direction and velocity within a fluid. The laminar fluidal behaviour is suggested to be the result of mechanical fluidisation of the material (Davies, 1982), as is also supported by the fluidal mixing of lithological units exhibited in Figures 3C, 4C. Also, the diffuse contacts suggest the fluid-like behaviour of clasts similar to agitated units in a fluid and gradual displacement and mixing due to agitation in a fluidised granular flow (van Wyk De Vries et al., 2001). The absence of fluid-escape or other interstitial fluid-related structures, sorting or laminated layers suggests a negligible initial and incorporated fluid content. Such features would have likely been at least partially preserved given the lack of turbulence and preservation continuity of stratigraphic sequences even at the most distal locations. Nonetheless, models of dry granular flows also generate fluidal contacts (Campbell et al., 1995; Thompson et al., 2009) like those observed in the Ab-VDAD and other deposits (e.g., Davies, 2015; van Wyk de Vries and Delcamp, 2015). However, the occurrence of stretched blocks throughout the height of the deposit is dissimilar to their occurrence only deeper near the base in other deposits such as the Chimborazo VDAD examined by Bernard et al. (2008). This observation suggests that stress, agitation and fluidisation of the mass were periodically distributed throughout the deposit and were not restricted to the base of the Ab-VDA.
5.1.3 Sedimentology and clast-size analysis
In VDAs/RAs, progressive fragmentation and comminution processes have been illustrated to produce a signal of gradual clast-size reduction with distance from the source (Bianchi Fasani, 2003; Crosta et al., 2007; Bustos et al., 2022) and gravel proportion decreasing as the proportion of sand-sized particles increases (Roverato et al., 2015; Makris et al., 2020). Perinotto et al. (2015) also propose that the generation of finer material due to progressive comminution was responsible for the increased matrix with distance from the source that they observed. Therefore, an increase in the proportion of matrix compared to blocks with distance from the source would be expected in the Ab-VDAD. It would also be expected that the average clast size would be progressively reduced due to the gradual abrasion and fracturing of clasts in the agitated matrix (Schneider and Fisher, 1998; Perinotto et al., 2015; Paguican et al., 2021).
Nonetheless, in the Ab-VDAD the proportion of matrix is highly variable in different locations both in the interblock and intrablock matrix and there is no systematic longitudinal evolution in the proportion of matrix and size of clasts composing the MF (Table 1). High variability has been observed within other VDA/RA deposits, but also between them (Hewitt et al., 2008). Likewise, the clast size percentiles in the MF of the Ab-VDAD do not exhibit a systematic longitudinal evolution (Figure 11; Table 1). Although a size reduction in the first 17.8 km can be inferred from the P90 and P75 percentiles evolution (Figure 11B), no consistent systematic correlation to the distance travelled is observed in data for the 10 km along which the deposit is exposed. A number of reasons are potentially responsible for the ambiguity of this signal:
1. The addition of material from the EBF to the MF interferes with the progressive fining of the clasts in the MF, which are the subject of the sampling. This addition of material is also not uniform, occurring at variable rates in the deposit. Although progressive cataclasis is likely to contribute to the content of fines in the MF with distance travelled, the distribution of the fining likely depends on the distribution of the stresses agitating the mass encouraging mixing and adding material from the EBF to the MF.
2. Since parts of the same block, with a different lithology exhibit different degrees of cataclasis (Figure 3D), the rate of comminution in blocks is not exclusively associated with the distance travelled. Instead, the degree of comminution is also a function of the lithology and the local stresses according to its location in the Ab-VDA. The lithological heterogeneity of the deposit results in an uneven distribution of comminution rate due to lithologies with different strength comminuting at different rates. Examining the Pungarehu and Cubilche VDADs, (Roverato et al., 2015; Roverato et al., 2018 respectively) observed that weaker lithologies, such as scoria, are more rapidly comminuted. This is in agreement with the observation of higher degrees of cataclasis in scoria compared to lavas in the Ab-VDAD (Figures 3D, 8). Scoriaceous material becomes cataclased to produce fine clasts in a fine intrablock matrix (Figure 8C). In contrast, lava lithologies produce coarser, more angular clasts and lower quantities of matrix (Figure 8B). This results in unsystematic interference in the relationship between comminution and the distance from the source.
3. Stress is not distributed uniformly in the deposit. This is the result of the uneven chaotic distribution of stress in ephemeral shear networks according to the instantaneous arrangement of the weight of the mass (as discussed in Section 5.3). Therefore, this enforces an unsystematic distribution of stress, and consequently comminution rate.
5.2 Substrate implications
The nature of the substrate deformation and erosion caused by a mass movement can offer information regarding its propagation dynamics (Dufresne et al., 2010b). Substrate folding, faulting and detachment features similar to those exhibited by the Ab-VDAD have been studied in various VDA/RA deposits (e.g., Schneider and Fisher, 1998; Belousov et al., 1999; van Wyk De Vries et al., 2001; Clavero et al., 2004; Bernard et al., 2008; Hewitt et al., 2008; Shea and van Wyk de Vries, 2008; Dufresne et al., 2010a), allowing evaluation through comparison of the propagation dynamics they represent. The pumice and pumice-rich ignimbrite substrate were mechanically weak, deformable and easy to erode during the propagation of the Ab-VDA. Detachment of the substrate into flame injections, substrate inclusions and the absence of the thin soil layer, as, for example, in Figure 13, suggests an erosional base locally. The substrate is mostly eroded by basal abrasion and ploughing. Basal abrasion is the process in which particles at the base slide parallel to particles in the substrate and mobilising them resulting in sharp erosional contacts (Gauer and Issler, 2004) like the one illustrated in Figure 7, in contrast to ploughing where the flow intrudes the substrate and pushes material out (Figures 13A, B). Impact erosion (e.g., Bernard et al., 2008; Dufresne, 2012) has potentially had a minor effect in the Ab-VDA, as illustrated by Figure 13C where the impact of a clast on the pumiceous topsoil layer is likely to have forced a flame injection.
Bulldozed, faulted, and ploughed substrate is evidence of local shear stresses between the Ab-VDA and the substrate. Below the Ab-VDAD this effect does not propagate deeper than 0.3–0.5 m (Figures 13B, D). This implies that due to the low coherence of the material, shear could not be effectively transmitted from the flow to the substrate. Compressional features, such as bulldozing and faulting, have been documented in other VDA/RA deposits with erodible substrate (e.g., Evans et al., 1994; Shea and van Wyk de Vries, 2008; Wang et al., 2019) as well as recreated in analogue experiments (Dufresne, 2012). The analogue experiments of Dufresne (2012) explore the relationship between a granular flow and different erodible substrate conditions using different granular materials to simulate diverse substrate properties. The findings support that low-friction material, like the pumice that constituted the substrate of the Ab-VDA, were readily mobilised and coupled with the granular mass. It is therefore likely that particles from the substrate under the Ab-VDA were easily detached through abrasion due to low cohesion, as demonstrated in Figure 7, which illustrates the incorporation of individual clasts from the substrate to the propagating mass. Small-scale flame injections similar to what is illustrated in the Ab-VDAD (Figure 13C) were also formed in the experiments where low friction material was briefly sheared between the avalanche and the substrate forming small clastic dikes before being incorporated. Therefore, the small scale of these features in the deposit also suggests a limited-strength substrate. The lack of large injections and scarcity blocks of the substrate in the Ab-VDAD reflects the low cohesion of the material that cannot be incorporated in one intact piece (Bernard et al., 2008). Incorporated components were quickly disaggregated as described by Hewitt et al. (2008) unlike other VDA/RA deposits where substrate blocks are preserved unmixed, like, for example, the Tschirgant RA (Dufresne et al., 2016b), the Nevado de Toluca VDAD (Caballero and Capra, 2011) and Cubilche VDAD (Roverato et al., 2018).
The substrate was locally bulldozed and eroded while in other areas remained undisturbed (e.g., Figure 13F). This unsystematic erosional pattern suggests a spatially variable accommodation of shear stress at the Ab-VDA base. In locations where high shear stress was accommodated at the base during the propagation, shear stress was transferred to the substrate, eroding or deforming it. However, where shear was accommodated in the body, the substrate remains intact. The lack of shear concentration at the base inhibited the degree of substrate perturbation. The uneven distribution of substrate perturbation suggests that the Ab-VDA was not principally travelling as a plug with shear stress concentrated at the base, but as a fluidised granular mass where shear was distributed across the whole body of the flow.
5.3 Shear accommodation, propagation and emplacement model
VDAs result from flank collapses, propagating as slides immediately after the initial collapse and progressively evolving into granular flows (Voight et al., 1983; Siebert, 1984; Glicken, 1991; Scott et al., 2001). The behaviour of dry VDAs/RAs as dense granular flows with a partially collisional regime, where momentum transfer predominantly occurs through collisions, has been reinforced by several studies (e.g., Pierson and Costa, 1987; Iverson, 1997; Iverson and Denlinger, 2001; Dufresne and Davies, 2009; Roverato et al., 2015; Makris et al., 2020). Therefore, distinct element modelling (DEM) of individual interacting particles is suitable for investigating the dynamics of such granular flows, as supported by studies such as Cleary and Campbell (1993) and Crosta et al. (2001). The DEM simulations of Campbell et al. (1995) and Thompson et al. (2009) are of simplified granular flows with no bond between particles in the mass since their initiation. Particles are free to interact and are only affected by their collisions’ momentum transfer, friction and potential energy transformed to kinetic. With these initial conditions, and no other external mechanisms, the collapsed masses evolve into granular flows. These simulations are successful in reproducing VDAD field observations of fluidal contacts, disperse boundaries and pockets of preserved stratigraphic sequence, like the ones observed in the Ab-VDAD. Characteristics of the simulated avalanches are also consistent with the laminar spreading and thinning of lithological units. Therefore, these models are suitable for the evaluation of propagation dynamics and processes of VDAs, which are characterised by a disaggregated and fragmented mass comparable to a granular flow as in the Ab-VDA. For this reason, their results are discussed in comparison with field observations in proposing a propagation model for the Ab-VDA.
The initial collapse of the Ab-VDA is likely to have been critical for the coarse fragmentation and disaggregation of the original mass (Figures 14A, B) due to the existence of an extensional regime (Longchamp et al., 2016), rapid unloading of lithostatic pressure (Belousov et al., 2007), and impact stresses (Voight et al., 1983; Glicken, 1991; Glicken, 1996; Bernard et al., 2008; Thompson et al., 2010). Areas that suffer the greatest strain and disaggregation at this stage are predisposed to evolve to the MF due to subsequent gradual homogenisation during propagation (Figure 14B) (Thompson et al., 2009; Roverato et al., 2015; Makris et al., 2023). According to Campbell et al. (1995), the preservation of jigsaw-fractured blocks reflects local minimal agitation during propagation. The scarcity of jigsaw-fractured blocks in the Ab-VDAD supports that the disaggregation was not a process that occurred by the impulsive stress of the initial collapse, or during a violent termination of the mass. In lack of agitation except in specific impulses fractures would have been preserved in undisaggregared material (Campbell et al., 1995; Reubi and Hernandez, 2000; Clavero et al., 2002; Thompson et al., 2010). Instead, the diamicton texture of the Ab-VDA EBF suggests that the entirety of the mass periodically experienced strain and agitation during propagation (Figure 14C).
[image: Figure 14]FIGURE 14 | Schematic representation of the propagation and emplacement processes of the Abona debris avalanche. (A) Original stratigraphy prior to flank collapse. (B) Fracturing and disaggregation. The coarse fracturing leads to blocks with preserved stratigraphic sequences in the edifice block facies (EBF), whereas more intensely fractured areas evolve into the matrix-rich facies (MF). (C) Once the flank has disaggregated into a granular mass, ephemeral shear stress accommodation networks fluidise the material both in the MF and the EBF. Pockets of preserved stratigraphic sequence are preserved within the EBF where low degrees of stress and agitation have been accommodated (insert).
Further fragmentation and disaggregation transform the material into a granular mass where independent particles could engage in collisions (Ogawa, 1978; Campbell, 1990; Iverson, 1997; Roche et al., 2006). The elimination of particles greater than −9.5φ and reduction of the P90 and P75 percentile clast sizes in the first 17.6 km of the Ab-VDA (Figures 11, 12) are likely to be a signal of the fracturing and comminution. Once the mass fractures, disaggregates and becomes granular a VDA can behave as a granular flow and assume fluidal behaviour at least locally (Figure 14C) (Voight et al., 1983; Glicken, 1996; Schneider and Fisher, 1998; Hewitt et al., 2008; Makris et al., 2020). Fluidal contacts between lithological units (Figures 3A, C, 4B, C) and diffuse boundaries (Figure 10) suggest that the material constituted a granular fluidised mass enabled by the agitation/vibration and collisions of independently interacting particles generating a granular temperature (Ogawa, 1978; Campbell, 1990; Iverson, 1997; Armanini et al., 2005; Roche et al., 2006). The process was likely enhanced in the Ab-VDA by the abundance of less competent lithologies like scoria and pumice, which require little energy to fracture and evolve into a granular material. Granular temperature measures the random vibration of particles and the agitation in the mass (Brilliantov and Pöschel, 2010). The concept of granular temperature is vital for understanding the behaviour of rapid granular flows as highlighted by Campbell (1990). As the agitation in a granular material increases and particle collisions are more frequent, relative to frictional contacts, the material dilates and behaves similarly to a fluid (Campbell, 1990; Brilliantov and Pöschel, 2010; Johnson et al., 2016). This behaviour is achieved by the transition from a quasistatic frictional regime, with predominantly persistent frictional contacts, to a rapid granular flow collisional regime (Drake, 1991; Campbell, 2005). In a collisional regime, particles are frequently engaged in collisions, to the extent that the mass approaches the behaviour of a molecular gas or fluid (Johnson et al., 2016). The transition to the fluidised behaviour, illustrated in Figure 14C, results in the reduction of effective friction due to the propagation achieved by particles when they are momentarily relieved of the static burden of the overlying weight after a collision, in the time they are not involved in frictional contacts (Melosh, 1979). The mixing which resulted in the homogenous MF and the incompletely mixed intrablock matrix in Ab-VDA is not the result of turbulence, but rather gradual homogenisation due to the agitation and diffusion of granular particles (Perinotto et al., 2015; Roverato et al., 2015) as visualised in Figure 10, and explained in Makris et al. (2023). Gradual homogenisation is the result of agitated particles vibrating and gradually displacing and chaotically mixing. Diffuse boundaries due to the agitation, vibration and displacement of the particles lead to the diffusion of units away from the boundary, and particles from the matrix filling the gaps. This behaviour is best demonstrated by the diffuse boundaries in Figure 10. The mixing eventually results in a homogenous unit such as the intrablock matrix illustrated in Figure 3C, and from the interblock matrix in Figure 6A.
The lack of faults and brittle deformation in the deposit supports a fluidised Ab-VDA with no sections that sustained adequate coherence for brittle behaviour. Similarly, the universal microfracturing and fluidal features in the Ab-VDAD support that stresses were distributed throughout the mass (Pollet and Schneider, 2004; Friedmann et al., 2006; Dufresne et al., 2016a; Wang et al., 2019), and were not concentrated in long-lived shear zones either at the base or in the body of the flow (Figure 14). Nonetheless, the observation of preserved stratigraphic sequences and stretched continuous lithological units demonstrate that the emplacement remained laminar, without turbulence as also suggested in the DEM simulations of Thompson et al. (2010). The fluid-like behaviour combined with the laminar spreading produced the lenticular stretched shape and fluidal features in the EBF (e.g., Figure 3). However, it is unlikely that VDAs are pure rapid granular flows with an exclusively collisional regime (Campbell et al., 1995; Johnson et al., 2016). It is more probable that particles in the Ab-VDA were engaged in frictional contacts for the majority of the propagation, thus adopting a behaviour between a rapid and quasistatic granular flow regime. Shear was accommodated in chaotically distributed, ephemeral energy chains, as distributed in Figure 14C, constituting temporary shear networks as described by Davies and McSaveney (2009), Thompson et al. (2009) and Dufresne et al. (2016a). Such shear zones are not necessarily continuously or constantly active during propagation. These energy chains form according to the instantaneous distribution of the self-weight of the material and are dissimilar to the uniform distribution in liquids or homogenous solids (De Blasio, 2011). Therefore, intergranular stresses are temporarily concentrated in these short-lived, interlinked assemblages aligned to the shear direction (Sammis et al., 1987; Anthony and Marone, 2005; Mair and Hazzard, 2007; Sammis and King, 2007; Furbish et al., 2008). In such a deforming granular medium, grain bridges are continuously forming and breaking, producing highly heterogeneous deposits (Hooke and Iverson, 1995), as observed in the Ab-VDAD. Consequently, stress accommodation and granular behaviour were likely temporally and spatially variable in different sections of the Ab-VDA. Stress distribution heterogeneity within the propagating material is also suggested by Magnarini et al. (2021) through their study of the El Magnifico RA deposit (Atacama, Chile). This heterogeneity is also evident in the quantitative clast-size analysis, which reveals an unsystematic clast-size distribution variation with propagation distance. Moreover, the ephemeral and unsystematic distribution of the shear accommodation is evident from the spatially variable substrate perturbation, discussed in Section 5.2. The ephemeral nature means that shear leaves no detectable trace in the sedimentological record as short-lived shear networks rearrange to different configurations through the deposit (Davies and McSaveney, 2009). Indeed, in the Ab-VDAD no zones of concentrated shear with distinct sedimentology are exhibited in the deposit, either at the base or within its body. Ephemeral shear accommodation in slip microsurfaces distributed throughout the mass and the base result in the cataclasis, disaggregation of the mass and the creation of the interblock and intrablock matrix. Internal shear accommodation (as opposed to basal) is more common in VDAs than they are in RAs (Dunning, 2004; Crosta et al., 2007; Davies and McSaveney, 2009). Roverato et al. (2015) suggest that the easier pulverisation of weak volcanic material, like scorias, is likely to encourage the formation of a fine matrix capable of accommodating shear. It is therefore likely that the source of the Ab-VDAD was a flank composed of weak material which was potentially already fractured or hydrothermally altered or weathered (Glicken, 1991; Palmer et al., 1991; Belousov et al., 1999; Bernard et al., 2008; Shea et al., 2008; Roverato et al., 2015). Therefore, the Ab-VDA has suffered more widespread disaggregation compared to VDAs/RAs composed of more competent material, such as the Tenteniguada VDAD (Makris et al., 2023). In the Thompson et al. (2009) model the unsystematic distribution of stresses leads to pockets of material remaining less disaggregated, where less stress has been accommodated. Pockets of EBF preserved stratigraphic sequence in the Ab-VDAD, as illustrated in Figure 4, represent areas that happened not to experience high stresses during propagation. The properties exhibited by the Ab-VDAD offer field evidence to support these processes, which have so far only been proposed theoretically.
The DEM simulations mentioned reproduce a process in which a purely gravity-driven homogenous avalanche can evolve into a flow due to increasing momentum and kinetic energy from its initial potential energy (Thompson et al., 2009). The sedimentological features of the AB-VDA are in agreement with the process of collective motion, distributed stresses and spreading in a laminar manner that the granular flow produces in Thompson et al. (2009). The findings support that the Ab-VDA was purely gravitational with no additional auxiliary friction-reducing mechanisms. The initial coherent sliding mass evolved into a flow with distributed shear stress generating in situ fragmentation, as described in the VDADs examined by Reubi and Hernandez (2000). The syn-propagation fracturing and disaggregation of the mass were driven by the kinetic energy from the initial acceleration resulting in interparticle collisions as in the process described by Perinotto et al. (2015).
5.4 Implications for volcanic debris avalanche long runout and mobility mechanisms
Paguican et al. (2021) propose three potential flow regime models for the runout dynamics of VDAs. 1) The plug flow model involves a coherent, poorly disaggregated mass transported over a highly deformed low friction shear layer at the base (Voight et al., 1983; Takarada et al., 1999). 2) In the transitional slide model spreading of the mass is accommodated in listric normal faults merging in a basal sliding plane (van Wyk De Vries et al., 2001; Paguican, 2012). The observations presented here suggest that the Ab-VDA is not compatible with the models of plug flow and translational slide due to the lack of a basal shear layer, and listric faults respectively. The presented findings add to the evidence that a low frictional basal layer is not the universal explanation for the mobility of long runout VDAs/RAs (Johnson et al., 2016). The third, 3) multiple shear zone model (Paguican et al., 2021) proposes the existence of zones of shear accommodation hosted by a matrix created by weaker lithologies within the body of a flow. These zones form a network around, harder, difficult-to-fracture lithologies, effectively sheltering them from shear stress (Roverato et al., 2015). This is not observed in this deposit either, potentially due to the lack of a significant amount of competent material. Therefore, a new alternative shear accommodation variation of the third model is here proposed for the Ab-VDA, where shear is distributed throughout the fractured granular mass, as also suggested by Campbell et al. (1995) for loose granular material. The proposed model is of a partially fluidised granular flow with distributed shear in temporary shear networks.
Since the 1960s hypotheses and models have been proposed regarding the enhanced mobility of VDAs/RAs based on morphology, internal architecture, sedimentology, theoretical approaches, and numerical and analogue models (reviewed in Davies, 1982; Erismann and Abele, 2001; Hungr, 2002; Legros, 2002; Collins and Melosh, 2003; Friedmann et al., 2006; Manzella and Labiouse, 2008; Davies and McSaveney, 2012). Among those, for the Ab-VDA Dávila-Harris et al. (2011) suggest that the progressive fragmentation of the mass is most consistent with the acoustic fluidisation mechanism proposed by Melosh (1979), with shock waves propagating through the solid moving mass. According to Melosh (2015), vibrations create transient, high-frequency pressure fluctuations (or acoustic waves) in the propagating mass, that fluidise the homogenous debris through local variations in contact forces. These pressure fluctuations instantaneously relieve the overburden weight on individual clasts that become free to slip. This process creates an agitated laminar flow with low mixing between units and is capable of enhancing the mobility of granular flows (Collins and Melosh, 2003). The numerical modelling of Collins and Melosh (2003) suggests that under high-frequency pressure vibrations, a granular mass will develop into a fluid-like flow with uniform viscosity. The observations from the Ab-VDAD are in agreement with the velocity profiles reproduced by the DEM simulations of Campbell et al. (1995) and Johnson et al. (2016) and the processes and sedimentology generated are compatible with the acoustic fluidisation hypothesis (Johnson et al., 2016). Acoustic fluidisation could be the source of the distributed shear in an agitated mass with collisional contacts between particles generating a fluid-like behaviour in a flow that remains laminar. The simulations of Campbell et al. (1995) even reproduce the stratigraphic preservation, despite the bulk fluidisation of the flow, as also observed in the Ab-VDAD. This is the result of the uneven distribution of stress implied by the acoustic fluidisation mechanism (Melosh, 1979; Magnarini et al., 2021).
On the other hand, dynamic fragmentation is another process potentially active during the propagation of the Ab-VDA. Dynamic fragmentation is the effect generated by the fracturing of intact rock under rapid strain and confining pressure and can preserve the dilated state in a granular material as supported by studies such as Davies et al. (2010) and Zhang and McSaveney (2017). Prior to fracturing, particles deform plastically under the shearing motion around them. When these forces exceed the local strength of a particle, it breaks and generates fractures. A proportion of the stored elastic energy is then released with the fractures radiating from the centre of mass of the clast. The elastic energy released during disintegration could contribute to the enhanced mobility of VDAs/RAs. This theory is disputed by Rait and Bowman (2016) with shear tests suggesting that kinetic energy produced in this manner is quickly dissipated in the matrix with no long-lasting impact. Nonetheless, Paguican et al. (2021) suggest that elastic energy in combination with acoustic fluidisation waves might be responsible for fracturing and dilatancy of a granular mass. Whether elastic energy or acoustic waves enhanced the mobility of the material cannot be confirmed by the findings of this study, but both these theories are consistent with the field observations of the Ab-VDA. Both mechanisms do not require the presence of exotic processes, which confirms the ability of VDA to show high mobility by internally generated mechanisms.
6 CONCLUSION
The distribution of facies and structures and sedimentological analysis, in comparison with conceptual and numerical models and other VDA/RA deposits, have led to the following conceptual model for the propagation dynamics of the Ab-VDA:
1. The source mass was composed mainly of pyroclastic material and a small proportion of lavas (Figure 14A). Due to the high cataclasis of the material it is assumed possible that the material could have been hydrothermally altered or weathered, weakened and preconditioned for fracturing. The destabilisation and collapse of the mass occurred during an explosive eruption.
2. The initial slide phase led to a coarse disaggregation of the mass and generated fractures, splitting the mass into blocks that preserved their internal sedimentary sequence. Areas that sustained more strain were more intensely fractured and later disaggregated and evolved into the MF through gradual homogenisation (Figure 14B).
3. Once the mass moved out of the failure scarp it evolved into a flow and experienced laminar spreading. This is likely because the front of the flow was travelling faster than the proximal part, leading to the extension and elongation of the mass, including embedded blocks. This was enabled by the high degree of microfracturing of the material constituting the mass granular, with particles capable of moving independently and engaging in collisions (Figure 14C). Collisional/vibrational contacts between particles in the mass gradually led to the microfractured diamicton texture of the block facies through both disaggregation of existing fractures and comminution due to grain interactions. The agitation gave the mass a granular temperature causing it to behave as a fluidised granular mass. This led to the fluidal features and diffuse contacts observed in the deposit. Mixing within the blocks was minimal, caused by gradual homogenisation. This behaviour was enabled due to the weakness of the material and the resultant disaggregation that allowed spatially distributed shear instead of concentrated shear at the base or in shear zones.
4. The shear stress of this movement was distributed unsystematically in ephemeral networks throughout the body and the base of the mass. The spatially and temporally variable nature of the shear accommodation is also reflected in the inconsistent influence of the flow on the substrate. Areas where shear was high exhibit bulldozing and substrate incorporation while in areas of low shear the substrate remains unaffected. The low coherence of the substrate is evident by the disaggregation of incorporated material and the shallow deformation beneath the flow that did not allow shear to be transmitted deep underneath the Ab-VDA.
5. The unsystematic distribution of stresses and therefore mixing and comminution in the mass is responsible for the lack of a longitudinal evolution in the clast size and the proportion of matrix illustrated in the deposit through the quantitative clast-size and matrix-content analysis of the MF.
6. The result of these processes is the emplacement of a microfractured deposit with pockets of EBF and preserved stratigraphy surrounded by the MF (Figure 14C).
The present findings add to the evidence that challenges the view that all long runout VDAs/RAs propagate as a plug on a low frictional basal layer accommodating the shear of the propagating mass (Campbell et al., 1995; Johnson et al., 2016). They add to the body of recent evidence that the shear is distributed randomly in ephemeral networks throughout the avalanche as well as the base (Davies and McSaveney, 2009; Dufresne et al., 2016a). The observations are also compatible with both the theories of acoustic fluidisation and dynamic fragmentation that could have been active during the propagation of the mass.
This study highlights the importance of field studies for understanding VDA propagation dynamics. The novel methodology for the sedimentological examination of indurated deposits presented here provides a new tool to study deposits that were not considered before, increasing the capacity for collecting field evidence and to further understand VDA/RAs and the hazard they pose.
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