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Abstract. 

The gravitational instability and subsequent lateral collapse of a volcano is a common phenomenon 

observed in most types of volcanoes, from continental to oceanic environments. Both intrinsic and 

extrinsic factors contribute to volcanic collapse, including the volcano's internal structure, geological 

setting, and a range of volcanic and non-volcanic processes, including climatic conditions. 

Lateral collapse typically leaves a scar on the volcano's flank and produces a corresponding debris 

avalanche deposit. Debris avalanched deposits are characterized by distinct morphological features and 

internal facies that can reveal the causes of the instability and the interaction of the failure mass with 

the surrounding substrate and landscape. Lateral collapses can trigger secondary hazards such as 

magmatic and phreatic eruptions, tsunamis, lahars, river obstructions with the formation of natural 

dams, and submarine landslides, leading to potentially catastrophic environmental effects. 

Studying volcanic landslides is fundamental for improving our scientific knowledge of this geological 

process and understanding their associated hazards in the short and long term. Such knowledge can 

enhance social awareness, promoting urban resilience and ecosystem protection. 
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Introduction.  

The gravitational failure of volcanic slopes, starting with landsliding and generating volcanic debris 

avalanches, is a natural phenomenon that has been recognized on volcanoes worldwide, and in 

extraterrestrial examples such as Olympus Mons on Mars. These lateral collapse processes (i.e., 

volcanic landslides, as a more generic term) can affect active or dormant volcano edifices, from 

stratovolcanoes and shield volcanoes to simple cinder cones, in aerial to submarine environments, and 

are globally distributed, irrespective of the volcano composition or geodynamic setting (Box 5.4.1) [1]. 

Several historical events, including those that have caused hundreds of deaths, have been documented 

since the 18th century, but the direct observation of the 1980 Mount St. Helens (USA) eruption in 

particular advanced scientific knowledge of the factors promoting volcano flank instability, triggering 

mechanisms, and the characteristics of associated deposits.  

All volcanoes can fail under gravitational forces if strained by destabilizing factors. These factors are 

not necessarily eruption-related, and close monitoring is necessary to detect potential signs and causes 

of changing slope stability. Failure may be driven or accelerated by climatic factors or earthquakes, and 

the regional tectonic framework may also influence edifice stability, failure style and direction [E1, 2]. 

Edifice failure can induce sudden, deep-seated and large volume (up to tens of cubic kilometers) 

movements, with progressive fragmentation leading to transport of debris at velocities reaching tens 

of meters per second, distributing deposits for tens of kilometers, with catastrophic effects on the 

landscape. The geomorphologic characteristics of this process are distinctive, with a landslide scar 

commonly encompassing a sector of the former volcanic summit and flank, and the downslope debris 

avalanche deposit typically displaying a hummocky (mound-like) surface. Volcanic debris avalanche 

deposits can be spectacular in outcrop scale, with chaotic, multicolored textural features resembling a 

puzzle comprising intact portions of the volcano, which make them easily distinguishable from other 

volcaniclastic deposits, such as those from pyroclastic density currents or lahars (Part 3 Chapters 4.4 

and 5.1). Textural and lithological features of the deposit can help to identify the main causes of failure. 

Lateral collapse can directly affect the underlying magmatic system due to the rapid decompression of 

shallow magma bodies, potentially leading to energetic eruptions contemporaneous with or just after 

the collapse and with potential long-term effects on the structure and eruption rate of feeding systems. 

Secondary effects include tsunamis, lahars, and the formation of temporary lakes due to drainage 

blockage, with associated environmental and ecosystem impacts due to landscape burial, vegetation 

loss and hydrological effects.  

________________________________________________________________________________ 

 

Box 5.4.1. Debris avalanche world database. 

Database detailing volcanic debris avalanche deposits from 594 volcanoes across 52 countries. 

Approximately half of these deposits are situated in Japan, the Americas, and Russia. Since 1500 AD, 

there have been 28 documented edifice collapses with deposit volumes ≥0.1 km3, averaging more than 

5 events per century. A significant majority of these collapses were linked to explosive magmatic 



eruptions, primarily ranging from VEI (Volcanic Explosivity Index; Part 3, Chapter 2.7) 4 to 5. Some single 

volcanoes, such as Piton de Neiges (Indian Ocean), Taranaki (New Zealand), Shiveluch (Kamchatka, 

Russia), Harimkotan (Kurile Islands, Russia) and Augustine (Alaska), have experienced multiple lateral 

collapses and appear to be prone to repeated cycles of growth and failure [1]. 

 

 
Figure BOX 5.4.1. Distribution of volcanoes that have produced debris avalanche deposits. Note that 

Holocene and older volcanoes are included in this database [1]. The plot shows the relationship 

between VDA volume and runout distance. The map is modified after [1]; the locations of Holocene 

volcanoes are from the Smithsonian Institution’s Global Volcanism Program, and all others are from 

relevant publications and internet research. 

________________________________________________________________________________ 

 

The process: From volcanic landslides to volcanic debris avalanches. 

 

The structure and stability of any individual volcano is unique and determined by its evolution, setting 

and local environmental conditions, meaning that a single predictive model to explain edifice instability 



and landslide characteristics is unlikely. Nevertheless, several intrinsic and extrinsic factors can 

interplay to promote volcano lateral collapse. 

 

Factors contributing to volcano instability.  

 

The long-term vertical growth of volcanic edifices is limited by several factors that result in gravitational 

instabilities. As a result, many long-lived volcanoes will undergo multiple flank (the partial failure of a 

volcano slope) or sector (including the volcano summit) collapses during their lifetime, at recurrence 

rates of hundreds to tens of thousands of years. Several volcanic and non-volcanic processes can 

accelerate the destabilization of volcanoes and act as trigger mechanisms for collapse [3]. 

 

Intrinsic factors 

 

These factors are involved in volcano construction (Figure 5.4.1) [3]. Volcanoes are constructed by the 

accumulation of volcanic deposits, a process that can last from a few hours for small monogenetic 

edifices to millions of years for complex polygenetic volcanoes. Their building material consists of lava 

and volcaniclastic deposits, with varied cohesion, angle of internal friction and rock (mass) strengths. 

These materials are also intruded by dikes and sills. This leads to sharp discontinuities in strength, 

porosity and permeability, often at high angles, producing mechanically heterogeneous structures. In 

addition, mechanical and chemical alteration due to hydrothermal activity and magmatic intrusion can 

pressurize and weaken the core of the edifice during and beyond volcanic activity. Hydrothermal 

alteration generally leads to deep-seated landslides (Box 5.4.2). Volcano morphology is also modified 

by eruptive processes and these, along with lateral collapses, create topography and internal slide 

surfaces that control future growth patterns and instability. The inherited influence of past failures can 

lead to repeating events that typically decrease in size through time. As volcanoes expand, vent 

migration often results in asymmetric growth. Lastly, magmatic differentiation and changes in eruptive 

dynamics and rate have also been recognized as factors driving instability [4]. Detailed geological study 

of the landslide scars and analysis of debris avalanche deposits can help reconstruct the intrinsic factors 

affecting volcano instability. 

 

Extrinsic factors 

 

Extrinsic factors can be grouped into four categories (Figure 5.4.1) [3]. (1) The nature of the volcano’s 

basement, known as the geological setting, controls in part how the volcano can deform under its own 

weight. The competence and structure of the basement rock formations, including the presence of 

weak or dipping substrata, can promote gravitational spreading and instability (e.g. Socompa volcano, 

Chile; [5]). Failure of the substratum is often associated to V-shaped landslide scars (e.g. Mombacho 

volcano, Nicaragua; Box 5.4.2) [6]. (2) The geodynamic setting, corresponding to the tectonic stresses 



applied to the basement and the volcano, can affect volcano morphology by controlling the preferential 

direction of intruding magma and by deforming it along with the basement. Both the edifice 

morphology and stress field can influence collapse directions, which are often parallel or perpendicular 

to regional fault systems [E1]. (3) The topographic setting, referring to the slope and aspect of the 

volcano’s basement, is a major unconformity. Poor coupling and/or steep dip of this unconformity 

influence both the growth and stability of the volcano. The influence of the topographic setting is 

highlighted by the preferential direction of large landslides originating from volcanoes located on the 

edge of topographic ridges and cordilleras (e.g. Citlaltépetl volcano, México; Shiveluch, Russia; Sangay, 

Ecuador). (4) The climatic setting can affect the stability of the volcanic edifice through static load 

changes, weathering, and erosion [7]. Climatic drivers affecting slope stability include glacier retreat, 

permafrost degradation, increase in water circulation, and change in sea level. Permafrost degradation 

and water circulation will enhance chemical weathering, erosion, and pore pressure, all reducing rock 

strength (e.g., Meager, Canada; Mt Rainier, USA; Nevado del Huila, Colombia). Potential relationships 

between volcano instability and local sea-level change have been proposed, linked to periods of rapid 

erosion and debuttressing of volcano flanks (i.e. Tenerife, Spain), to loss of edifice strength via pore 

fluid pressurization and/or hydrothermal activity during sea-level rise (i.e Lesser Antilles; Hawaii, USA), 

or to subsurface stress field changes and deformation that influence magma ascent and eruption (i.e. 

Planchón-Peteroa, Chile). 

 

Triggering mechanisms. 

Trigger mechanisms are short-term or final phenomena preceding lateral collapse, although a single 

trigger is not always identifiable, particularly for pre-historic events. The most common triggers are 

linked to intrusions or eruptions, associated with rapid changes in the volcano’s center of mass and/or 

a loss of strength from volcano-tectonic earthquakes or enhanced hydrothermal activity. Intrusion and 

eruption can often produce deep-seated failure, while the rapid accumulation of volcanic deposits 

generally causes shallow landslides. Non-volcanic triggers include tectonic earthquakes, which can 

weaken edifices and load slopes prone to failure, influenced by pre-existing faults or discontinuities, 

and meteorological events, particularly those associated with intense rainfall, which promote slope 

failure through increased pore fluid pressure.  

           



 
Figure 5.4.1 Sketch representation of the intrinsic and extrinsic instability factors that can destabilize a 

volcano. Red stars represent volcano-tectonic and deformation seismicity. See the text for more details. 

The figure is modified after [3]. 

 

Box 5.4.2. Mombacho volcano landslides. 

Mombacho (Nicaragua) is a globally representative type-example for volcano landslides. It is a medium-

sized composite volcano, built mainly of andesitic lava flows and pyroclastic deposits. It has two young 

major lateral collapse amphitheaters and avalanche deposits [6]. Around AD 300, the El Crater landslide 

occurred on the mid-upper slopes due to severe internal hydrothermal alteration, leaving a bowl-

shaped scar and dispersing deposits for 12 km from the source. In AD 600, the Las Isletas landslide 

formed on the northeast flanks, entering Lake Nicaragua and forming an archipelago of hundreds of 

islands. In this event, the volcano failed on a stratigraphic plane of weakness, forming a triangular 

shaped scar, with an inclined floor. The deposit is composed of fresh lava and pyroclastics alongside 

material derived from deeper substrata. Las Isletas is interpreted as developing through slow 

gravitational spreading on this weak substrata, before sudden acceleration. El Crater, in contrast, 

developed through long-term hydrothermal weakening, with spreading and faulting facilitating internal 

fracturing and hydrothermal circulation; the climatic setting of tropical cloud forest with high rainfall 

fed this system. For both landslides, seismic activity may have promoted failure. An older collapse, the 



Dante deposit, is found to the SE of the volcano and there are two other smaller landslides (Figure Box 

5.4.2). 

 
Figure Box 5.4.2. (top) Shaded relief and altitude image from Copernicus 30 m DEM of Mombacho 

volcano (Nicaragua) with El Crater and Las Isletas debris avalanche deposits (DAD, outlined by black 



dotted lines). Their landslide scars are clearly visible, as is the internal hummocky terrain. The 1570 

debris avalanche deposit is shown, as well as a smaller scoria landslide and the much older El Dante 

deposit. (bottom) Simplified sketch of the origin and evolution of lithologies of El Crater and Las Isletas 

debris avalanche deposits (yellow dotted line cross section). The position of active fumaroles is shown 

as a yellow spiral and a potential landslide scar is shown by a small fault symbol on the west side of El 

Crater. 

 

Instability remains a concern at Mombacho, particularly from smaller volcanic landslides. In 1570, an 

avalanche-debris flow from the walls of El Crater destroyed the original town of Mombacho. The El 

Crater fumaroles have recently become more active, changing composition and increasing in extent. A 

conspicuous fault to the west of the scar has the potential for a landslide on the order of tens of millions 

of cubic meters, and the scar is now also a site for degassing, as seen by reduced vegetation (Figure Box 

5.4.2). 

_____________________________________________________________________ 

 

The deposits.   

 

Volcanic debris avalanches: recognition, morphology, texture and sedimentology   

 

The earliest descriptions of deposits resulting from volcano collapse and other mass movements (dry 

mudflows, debris avalanches, volcanic landslides) go back to events at Raung, Indonesia, Bandai-San, 

in 1888, and other Japanese volcanoes, Bezymianny, Kamchatka, in 1956, and Katmai-Novarupta, 

Alaska, in 1912. Yet it was not until 1980, when the Mount St. Helens collapse was directly observed 

and documented, that the origin and emplacement processes of volcanic debris avalanche deposits 

became internationally recognized [2].  

In many regions, evidence of past collapses and their deposits remains poorly documented. Given the 

extensive size of volcanic debris avalanche deposits, remote sensing techniques hold strong potential 

in identifying the distinctive morphological features and spectral properties of these deposits, mapping 

their extent and, consequently, better understanding their emplacement processes.  

The source area of debris avalanche deposits often shows a scar structure with a wide breach to one 

side. From this breach, hummocks and ridges spread, where unobstructed, radially outwards across the 

landscape and become successively smaller with distance (Figure 5.4.2) [8]. The spreading of volcanic 

debris avalanches is at least partially accommodated by listric normal faults resulting in an irregular 

surficial topography marked by elevated hummocks, whose morphology is modified further by 

spreading, dewatering, or by contemporaneous volcanic processes (e.g., lahars or tephra deposition) 

and subsequent erosion.  

Large, backward rotational toreva blocks at the base of the breach are a typical feature; so-called after 

the Toreva landslide in Arizona, where they were first described [9]. These almost intact blocks of the 



original edifice can be up to several kilometers wide and some hundreds of meters high. Preservation 

of source stratigraphy, despite internal deformation, is a typical feature of such deposits and is found 

not only for torevas but also for larger blocks within distal depositional areas (Figure 5.4.2). In volcanoes 

surrounded by irregular topography, debris avalanches may enter deep valleys, have longer runouts 

(>45 km) than unconfined ones, and result in thicker deposits (>50 m) with elongated, flow-parallel 

hummocks, as well as megaclast-rich lithofacies farther down the valley [2]. 

Figure 5.4.2. 

(top) View from the south of the Jocotitlán volcano (México), and the debris avalanche deposit that 

resulted from the 9.6 k B.P. sector collapse. (bottom) The eastern flank failure was driven mainly by the 

edifice spreading on the weak substrate material; the proximal deposit consists of sliding blocks (SB) 

that laterally evolved to hummocks until stopped against topographic highs of the Tertiary basement 

(section a-a’). The sector collapse of the main cone is associated with a block facies deposit, with conical 



hummocks, radially spreading, and decreasing in size until they encounter topographic highs where 

substrate bulldozing can be observed (section b-b’). Vertical exaggeration 2X. Image © GoogleEarth. 

 

Facies description.  

 

The wide variability in source lithologies, failure and emplacement mechanisms produces a 

corresponding variety of sedimentological characteristics of volcanic debris avalanche deposits. 

Fourteen distinct facies have been recognised in one descriptive scheme [8], which are dependent on 

the nature of the failed material. The most widely applied facies model is that of Glicken [10], developed 

on the Mount St. Helens 1980 deposit, which was a dry avalanche that was mostly channeled down the 

North Fork Toutle River. The two end-member facies of Glicken’s nomenclature are the block facies 

and the mixed facies (formerly named ‘matrix’ facies, but later renamed by [10] to avoid confusion with 

the sedimentological definition of ‘matrix’) (Figure 5.4.3). Mapping of these facies revealed large-scale 

distributional patterns that served to interpret flow phases, travel paths and relative velocities, and to 

reconstruct the evolution of the entire events, from failure and synchronous eruption through to 

deposit emplacement.  

 

The block facies generally consists of coherent, unconsolidated to poorly consolidated fragments of the 

source volcano (up to >100-m across) that are relatively intact in their stratigraphy, with some 

structural deformation and jigsaw-fractures. These materials can be highly brecciated into a fine sand- 

to silt-sized matrix and can be a complete gradation between block facies and mixed facies (Figure 

5.4.3). 

 

The mixed facies is a highly variable unsorted, ungraded, and unstratified mixture of all rock types from 

the collapsed edifice, including juvenile materials, and fragments of the substrata (sediments, wood, 

soil). Particle sizes are usually <0.25 m but can contain several-meter-sized fragments embedded in a 

polylithologic matrix (Figure 5.4.3) [8]. 

 

Another facies model emerged for partially water-saturated debris avalanches in the mostly unconfined 

runout settings on the ring plains around Mt. Taranaki in New Zealand. Lithofacies descriptions are 

used to emphasize the lithological attributes of each mapping unit [8]. Three distinct lithofacies exist in 

this model (axial-A, axial-B, and marginal lithofacies), based on internal structure (decrease in clasts 

content from axial-A to axial-B, up to 90% of matrix in the marginal lithofacies) and surface morphology 

(decrease in mounds highs from axial-A to axial-B up to a flat surface for marginal lithofacies), and 

occupy discrete positions within the deposits. Due to the large amounts of fine-grained material already 

present in the source lithologies of these events, especially in regions affected by extensive 

hydrothermal alteration, direct transformation from debris avalanches to cohesive debris flows are 



common in these types of lateral collapses, and reflected in their deposit characteristics (Part 3, 

Chapter 5.1).  

 

Regardless of facies model and avalanche type, the basal contacts show distinctive features. A basal 

facies varies in thickness from a few millimeters to several meters and consists of a mixture of 

avalanche and substrate material. The contact to in-situ substrate is typically sharp, can be planar, 

undulating or grooved, and may even feature sheared-off rocks from the substrate. Folding, faulting, 

shearing, clastic dykes and diapirs often exist at this contact, propagating into the avalanche deposit, 

and may record syn-movement deformation. Rip-up clasts and fluidized substrate may be incorporated 

high into deposits, due to ongoing transport, and flame-injections indicate continued (local) movement 

and deformation during deposit emplacement or stationary overload akin to aggradational (e.g., 

deltaic) deposits (Figure 5.4.3) [8].  

 

Grain sizes, shapes and textures. 

 

The heterogeneity of the source stratigraphy, and variations in fragmentation and disaggregation 

during transport produce poorly sorted deposits with highly variable grain size distributions. 

Microscopic analyses of surface features of sand-sized grains in the deposits have been used to provide 

a better understanding of particle interaction processes during transport [2, 8]. Grain morphologies are 

generally highly irregular, including elongated or spherical shapes and rounded or sharp edges with 

multiple corners. Surface textures consist of different types of fractures, percussion marks, staircase 

geometry, broken crystals, scratches of different intensity, lips, parallel grooves, and ridges. 

Microfractures, percussion marks, and broken crystals represent punctual, rapid inter-particle contacts, 

indicating that grains moved with some degree of freedom and interacted predominantly by collision. 

On the other hand, parallel ridges, parallel grooves, scratches, and lips may indicate prolonged 

interaction between particles, suggesting a more constrained environment. 

 



 



Figure 5.4.3. Textural features of volcanic debris avalanches deposits. a) Block facies exposure, with a 

chaotic arrangement of blocks of fractured lavas (dotted lines) and pyroclastic sequences (Nevado de 

Toluca, Mexico); b) Block facies with a highly fractured lava blocks (dotted lines), some of them highly 

shattered (Tonila debris avalanche deposit at 6.5 km from the source,  Volcán de Colima, Mexico); c) 

Injections (clastic dikes) of a fluidized basal unit into a coarse fractured block facies (El Zaguan volcanic 

debris avalanche deposit, Nevado de Toluca, Mexico); d) Close up of a lava fragment showing jigsaw 

crack texture: e) Mixed facies showing clasts embedded in a homogeneous fine matrix; some rounded 

clast (white arrows) represent clasts incorporated from the substrate (Tonila debris avalanche deposit 

at 15 km from the source, Volcán de Colima); f) Block facies showing pervasive hydrothermal alteration 

(Nevado de Colima, México). 

 

Instability in volcanic islands and marine environments. 

 

Scale and geometry:  

In common with terrestrial settings, partially and fully submerged volcanic landforms are also prone to 

volcanic landslides and catastrophic mass wasting. These events have a particular significance due to 

their potential for tsunami generation (Part 4, Chapter 3.3), because of their capacity for increased 

volume and runout via mobilization of seafloor sediment during their transport (substantially 

expanding their spatial impact), and simply because of the scale of some volcanic island landforms, 

which makes them host to some of the largest mass movements on Earth (Figure 5.4.4). 

Instabilities on and around volcanic islands are a ubiquitous process, evident from morphological scars 

and deposits in marine volcanic environments that span a wide spectrum of dimensions and slope 

gradients. In the largest cases, deposits can contain several thousands of cubic kilometers of mobilized 

material [11] and can extend over hundreds of kilometers in distance, far exceeding the volume and 

runout of the largest subaerial debris avalanche deposits. Across examples in both oceanic intraplate 

settings, such as offshore the Hawaiian Archipelago, La Réunion, and the Canary Islands [11], and 

subduction settings, such as the Lesser Antilles [12], submarine debris avalanche deposits have similar 

morphological features, which are also shared with their subaerial equivalents. This suggests that 

similar processes control volcano instability and landslide behavior across all these environments. 

However, the potential for substrate interaction and secondary failure, triggered by initial volcanic 

debris avalanche emplacement, is enhanced in submarine environments and has been widely identified 

[12]. 

 

Role in island morphological development. 

Volcanic island and seamount morphology can be strongly influenced by mass-wasting processes. 

Emergent and near-vent landforms commonly show horseshoe structures with wide opening angles as 

observed in historical lateral collapses (e.g., Anak Krakatau, Indonesia, 2018; Ritter Island, Papua New 

Guinea, 1888), which may span the land to sea interface and influence subsequent vent positions and 



the accumulation of products, in turn affecting future instabilities. Debris avalanche and other mass-

wasting deposits can accumulate thick volcaniclastic aprons around volcanic islands, often on 

submerged flanks (e.g., La Réunion). More distally, longer-runout deposits and secondary seafloor 

sediment failures can leave a widespread imprint of mass wasting processes in adjacent basins [12]. 

A range of island-flank morphologies suggests that failures may include both gradual and rapid phases, 

from the deep-seated slumps particularly evident around some ocean islands, such as Hawaii, to much 

more rapid phases of movements. Long-lived, fault-bound slumps have been linked to gravitational 

spreading and may be facilitated by island construction on marine sedimentary substrates and by 

elevated construction rates. As with the other previously described gravitational collapse processes, 

slumps form distinctive scars but are not associated with rapid, catastrophic phases of movements [13]. 

More rapid and, in many instances, more shallowly seated volcanic landslides occur across all islands 

and submarine geodynamic settings and produce debris avalanches with similar morphological 

characteristics to their subaerial counterparts.  

 

Methods and challenges with reconstruction. 

Understanding how submarine landslide deposits were emplaced is crucial, since emplacement 

dynamics determine the magnitude of the associated tsunamis. This has been a source of debate, due 

to uncertainties associated with slide physics and dynamics to describe how collapsed material enters 

the ocean, and in terms of whether failure is gradual, staged, or can occur in more catastrophic single-

phase events. Historical events (e.g., Unzen, Japan, in 1792 or Anak Krakatau, Indonesia, 2018) attest 

to the potential for sudden failure and the transfer of landslide energy into the generation of 

devastating tsunamis (Part 4, Chapter 3.3). Whether this can simply be scaled up to the extremely large-

volume collapses of intraplate ocean islands, remains uncertain. Evidence of stacked turbidites in distal 

deposits offshore the Canary Islands or Lesser Antilles islands implies complex failure processes, but 

tsunami deposits at high elevations have been used to demonstrate extreme wave magnitudes, 

implying rapid and catastrophic failure (Figure 5.4.4). Marine geophysical surveys have increased our 

ability to characterize landslide deposits around volcanic islands and have highlighted the complexity 

of emplacement processes, particularly those involving substrate interaction. Geophysical observations 

and sediment cores offshore the Lesser Antilles demonstrate that emplacement of volcanic debris 

avalanches in marine settings can trigger widespread and voluminous failures of preexisting low‐

gradient seafloor sediment [12]. The most likely mechanism for generating large‐scale seafloor 

sediment failures appears to be the propagation of a decollement, from proximal areas that are loaded 

and incised by the overriding avalanche [12, 13]. Primary deposits also show evidence for 

transformation to secondary debris flows and the triggering of turbidity currents that can extend for 

hundreds of kilometers. 

 



 
Figure 5.4.4: (top) Cross-section profiles through some examples of volcanic island mass-movements. 

Ritter Island (island arc) and El Hierro (intraplate) represent examples of large-scale lateral collapses in 

island settings, generating debris avalanche deposits. El Hierro contrasts with the deep-seated and 

long-lived Hilina slump on Kilauea, Hawaii, with movement on a basal decollement that may transition 

to more rapid phases of movement. (bottom) Schematic summary of distinctive features in volcanic-

island settings that promote lateral collapse and that distinguish collapse-deposit characteristics, 

runout and associated hazards. 

 

Volcanic debris avalanche mobility. 

 

The mobility of a debris avalanche is mainly controlled by its initial gravitational potential energy, the 

downslope topography, internal deformation and basal friction during transport. A general correlation 

between the volume of the collapsing mass and debris avalanche maximum runout has been proposed 

(Box 5.4.1), but other factors can enhance mobility. For example, the nature of the source material (e.g. 

hydrothermal alteration, highly fractured or granular rocks, or the presence of fluids), and the 

characteristics of the substrate materials influence grain size and bulking, which in turn affects how 

kinetic energy is dissipated in basal friction, fragmentation and heat loss until the final emplacement. 

Basal and internal structures, as well as surface morphologies, are evidence of transport and 

emplacement mechanisms.  

 

 



Influence of the environment 

The sedimentary environment and topography over which a debris avalanche travels, influence how it 

dissipates kinetic energy until it comes to rest. Obstacles force the debris avalanche to convert some 

of its kinetic energy into gravitational potential energy, and to consume some of it in the form of 

frictional loss. Confinement in valleys limits lateral spread and can increase runout by reducing the 

surface for friction loss and increasing the thickness of the debris avalanche [2]. The slope of the 

substratum also plays a major role, as it controls the amount of initial gravitational potential energy. 

Bulking of substrate materials has two opposing effects on avalanche mobility: 1) it dissipates kinetic 

energy through friction and 2) it increases its volume and, consequently, its intermediate gravitational 

potential energy. The nature and water content of the entrained materials can modify the mobility of 

a debris avalanche by adding lubrication to the base or transforming it into a debris flow [8]. 

 

Surface morphology and internal structures as evidence of transport and emplacement. 

Within volcanic debris avalanche deposits, jigsaw cracked blocks, hummocks, faults, and accumulation 

ridges are typical features. Jigsaw cracks, primarily formed by unloading of the collapsing mass [10], 

evolve by progressive fragmentation. The irregular hummocky topography reflects transport conditions 

including interactions with underlying topography and the initial composition of the failure mass. 

Hummocks and torevas are the morphological expressions of brittle extension and are related to the 

strain and deformation regimes within the debris avalanche. Their formation starts as fracturing, as the 

spreading of the landslide forces the upper brittle layer to split and drop against adjacent blocks. 

Hummocks tend to become smaller as the debris avalanche spreads farther away from the source area, 

but they can also form compressional ridges and hummock clusters away from the source and towards 

the topographic barriers, where fold and thrust structures can form (Figure 5.4.2). In analogue 

laboratory experiments, elongated hummocks, longitudinal ridges and flow bands are suggested to 

result from the homogeneously sized and homogeneously competent materials involved [14]. 

However, in the range of mass movements, their formation is suggested to be an intrinsic tendency of 

granular material with heterogeneous grain size distribution, and their expression as elongated 

hummocks, longitudinal ridges or flowbands depends on a combination of material property, external 

influences, and emplacement velocity [15]. Finally, the accumulation of debris at the front of the distal 

zone indicates strong frontal deceleration and the bulldozing of substrata along the runout path (Figure 

5.4.2). 

 

Emplacement mechanisms  

Field observations of debris avalanche morphologies and internal structures have inspired several 

hypotheses on their dynamic behavior and mobility. None involves large-scale or turbulent mixing. Any 

combination or transformation of these models can occur in a single volcanic debris avalanche, and 

different regimes may dominate during their transport [14]: 1) Plug flow model: in valley-confined 

settings, material can flow as a plug of coherent sliding material, with limited internal deformation, and 



a laminar boundary layer of highly deforming shear zones at the base and against the valley walls. 

Deformation happens when shear stress exceeds the yield strength of the granular mass; 2) 

Translational slide model: in unconfined or initially unconfined topography, as the avalanche initiates, 

listric normal faults rooted in the detaching décollement plane accommodate the initial collapse, 

dividing the sliding flank into the toreva domain and normal-fault-dominated upper flank, and the 

hummock domain and transtensional- and thrust-fault-dominated lower flank; 3) Multiple shear zones: 

pockets of shear and slip surfaces or plug zones can develop inside the debris avalanche as it moves, as 

a result of fragmentation of already fractured clasts, creating interclast matrix at multiple isolated 

locations within the moving mass. The degree of fragmentation depends on the lithology and strength 

of clasts [14]. 

 

Models: from initiation processes to debris avalanche distribution. 

 

Onset of failure and geometry of debris avalanches 

Scaled analogue models and numerical simulations have been used to understand how factors such as 

long-term fault movement, substrata, and the presence of a weak core affect the evolution and stability 

of volcanoes [E1, 14]. They have also been used to investigate the internal and surficial features formed 

after failure, during movement, and to understand the geometric, dynamic, and kinematic 

characteristics. In these models, scaling ensures the validity of comparisons with natural examples. 

Analogue models that release sand from a trapdoor source onto a curved ramp and distinct element 

numerical modeling allow the observation of structures that form through brittle deformation. Normal 

and strike-slip faults form in areas of spreading and folds by thrust faulting are observed during 

deceleration. These faults converge onto a low friction sliding base [14].  

Other analogue models that assume gravitational spreading at the onset of failure have two principal 

elements: a low viscosity basal layer, often represented by silicone, and a conical stratovolcano built of 

sand. At initiation, a graben perpendicular to the avalanche direction and rooted in the ductile layer 

forms first, and large listric normal faults converge near the base and serve as the main failure surface. 

The location and angle of the underlying ductile layer affect the size, depth, and steepness of the 

resulting failure surface and, therefore, the size of the failed mass [14]. Hummocks, which are the 

stretched remains of tilted and rotated blocks of the original edifice, are formed during emplacement. 

Their morphology depends on their original position in the initial slide and the initial structural 

relationships within the failed mass, and changes with spreading, breakup, or merging during 

emplacement. Their morphology and spatial distribution are influenced by the number of faults that 

form during emplacement. In model cross sections, normal faults affect the brittle upper layer, 

consistent with the idea that the upper brittle layer is deformed by pure shear stretching, while simple 

shear dominates at the base of the extending mass [14].  



Dynamics and mobility of volcanic debris avalanches. 

Numerical simulations offer a distinctive means to quantify the dynamics of volcanic debris avalanches 

and to explore the resultant tsunami generation in oceanic contexts [16]. The precise position and 

characteristics of the released mass, the parameters used for the numerical simulation, the rheological 

laws, and the approximations inherent in physically based models represent uncertainties that remain 

an active area of research and represent an ongoing challenge. Analogue experiments aid in 

constraining these uncertainties. Despite their inherent limitations, simplified depth-averaged models 

are frequently utilized for field-scale studies but are less accurate than full 3-D models. These simplified 

models rely on the thin-layer approximation for landslides and on shallow-water or long-wave 

approximations for tsunamis, assuming that the landslide thickness or water depth is significantly 

smaller than the landslide downslope extension or tsunami wavelength, respectively. Application of 

these models to geological cases enhances our understanding of how past flank collapses have led to 

their observed deposits [16]. The high fluidity of long-runout volcanic debris avalanches, characterized 

by runup deflection, has been simulated using depth-averaged granular flow equations and 

depositional features at Socompa, Chile [17]. Notably, accurately representing the effect of varying 

topography in simulations is crucial for obtaining deposits that are consistent with observed data. Some 

factors, such as event volume and the presence of an erodible substratum, significantly impact runout 

distance and deposit shape. 

In term of hazard assessment related to seismic or volcanic activity, gravitational instabilities on steep 

subaerial or submarine slopes can lead to landslides, which play a significant role in the evolution of 

volcanoes. Numerical simulations of volcano instability and landslide-generated tsunami are thus 

essential as they could have a significant impact on population and infrastructure. These simulations 

can also help to understand the chronology and dynamics of landslides [16]. Taking into account past 

events and calibrating models with these parameters, or by using constraints from analogue modeling 

and information of the past activity, numerical simulations of debris avalanche can be used to produce 

maps that are useful for hazard management and planning [16] (Part 4, Chapter 3.1). 

 

Consequences of edifice collapse 

 

Syn-collapse eruptive scenarios: explosive activity. 

Large-scale volcanic collapse abruptly removes lithostatic pressure from the magmatic and 

hydrothermal systems located within and beneath the edifice [2, 18]. This process may trigger syn-

collapse explosive activity, the character of which depends on the interplay of two major factors. The 

first factor is the magnitude of the lithostatic pressure release, linked to the thickness of the failure 

mass removed from above the volcanic conduit. Deep-seated collapses thus induce relatively larger 

pressure release and may be associated with intense syn-collapse explosions or rapid accelerations in 



magma ascent. The second factor that determines the mechanism of the eruptive response is the 

internal structure of the magmatic-hydrothermal system of the collapsing edifice. Three end member 

responses to lateral collapse can be envisaged [18]: 1) No active hydrothermal and magmatic systems 

are present, and failure is thus similar to non-volcanic debris avalanches and does not trigger any syn-

collapse eruptive response, (e.g., the 1800 BP collapse of Iriga volcano, Philippines); 2) There is an active 

hydrothermal system, but no recent magmatic activity. Collapse may induce intense phreatic 

explosions, as occurred in the 1888 Bandai collapse, Japan; 3) There is magma present at shallow or 

surficial levels, leading to syn- and post-collapse magmatic explosive eruption. The outcome of this 

scenario depends on the depth of the magma relative to the collapse surface (Figure 5.4.5). Laterally 

directed blasts can occur if the rupture surface intersects a shallow magma body (lava dome and/or 

cryptodome) (e.g. the 1956 Bezymianny, Kamchatka, and 1980 Mount St. Helens, USA, collapses) or 

vertically directed explosive eruption columns may form after collapse, where magma sits at slightly 

deeper levels (e.g., the 1933 Harimkotan collapse in the Kurile Islands). Laterally directed magmatic 

explosions (directed blasts) are the most hazardous of all syn-collapse eruptive responses because they 

lead to the formation of extensive devastating pyroclastic density currents (Part 3, Chapter 4.4). 

Collapses may depressurize systems with more complex internal structures, triggering explosions with 

both phreatic and magmatic components in various proportions (e.g., the 1964 Shiveluch collapse in 

Kamchatka), or exposing a previously subaerial vent to seawater, resulting in sharp shifts in explosive 

eruption style (e.g., the Anak Krakatau, 2018, Indonesia). 

          
 

Fig. 5.4.5. Sketches illustrating the positions of magma bodies inside volcanic edifices in relation to 

rupture surfaces of historical gravitational collapses, and the corresponding syn-collapse explosive 

responses. In the case of laterally directed blasts: Bezymianny – combination of dome and cryptodome; 



Mount St. Helens – cryptodome; Soufrière Hills, Montserrat – dome. At Lamington, the rupture surface 

intersected the uppermost part of the cryptodome (modified after [18]). 

 

Impacts of collapse on the magmatic system.  

In addition to their effects on shallowly stored magma, lateral collapses depressurize the deeper 

magma storage system, with a range of potential consequences [19]. These effects are dependent on 

the depth and geometry of stored magma and whether sufficient volumes of magma are present to be 

mobilised within post-collapse eruptions. Collapse does not necessarily increase the likelihood of 

subsequent magmatic eruptions, but there are nevertheless several examples globally where volcanic 

collapses have been followed by elevated eruption rates, on timescales of hundreds to thousands of 

years, in some cases involving distinct compositional shifts. In several cases, collapse is associated with 

a shift to the eruption of denser and more mafic magmas. These observations imply that lateral 

collapses can have long-term consequences for magma reservoirs, facilitating the ascent of magma 

from shallow levels and leading to replenishment from deeper levels, thus marking major eruptive 

cycles in the long-term (from hundreds to thousands of years) evolution of individual volcanoes. In 

cases where collapse induces temporarily elevated eruption rates, collapse amphitheaters can rapidly 

become infilled, obscuring the evidence of past lateral collapse and reestablishing a relationship 

between the edifice load and underlying magma system close to that which existed before collapse. 

Large flank collapses (> 1km3) can lead to preferential focusing of eruptive activity within failure scars, 

thus forming a new cone displaced in the direction of the preceding collapse and focusing eruptive 

products within the collapse structure (e.g. El Reventador, Ecuador).  

 

Post-depositional secondary processes. 

Volcano lateral collapse and debris avalanche emplacement can drastically change the natural 

environment of the surrounding area. Lahars, triggered by water escaping from deposits (derived from 

groundwater or melting ice), may be initiated within hours of emplacement (e.g. Mount St. Helens), 

but the very large volumes of sediment introduced into the environment can result in effects that 

persist for years after the event, promoting sediment aggradation downstream, with a drastic 

consequence in distal alluvial areas. River obstructions and the formation of dams are also common 

effects in volcanoes flanked by deep valleys. Dam rupture can induce the formation of catastrophic 

lahars affecting areas hundreds of kilometers away from the original collapse source. These natural 

dams can last for days to years, or they can remain stable, depending on the river flow discharge or the 

characteristics of the obstructing material (permeability and grain size). The best examples of long-

lasting (thousands of years) volcanic natural dams can be observed at Parinacota, Chile and Iriga, 

Philippines [20]. Some surviving lakes, such as the Coldwater and Castle Creek lakes at Mount St. 

Helens, are artificially controlled by a piping system to avoid water overtopping. Lacustrine sequences 

intercalated with volcaniclastic deposits along narrow ravines are the main evidence of the past 

existence of paleolakes that eventually failed, as observed for several past events at Volcán de Colima, 



Mexico and Chimborazo, Ecuador. A permanent river blockage can also alter the aquatic wildlife 

habitat. The formation of the lake can promote a stable environment for ostracod and other lacustrine 

species, enhance conditions for the growth of different grass species and agricultural practices that 

could have facilitated the settlement of ancestral populations (Part 4 Chapter 3.1).  

 

Summary  

Gravitational failures of volcanic slopes, leading to landslides and debris avalanches, are common 

across various volcano types and environments. These collapses can occur in both active and dormant 

volcanoes, influenced by factors such as the geological and tectonic settings, the internal structure of 

the edifice, and enhanced by volcanic or non-volcanic triggers. Volcano collapses can result in rapid, 

large-volume debris avalanches that cause extensive environmental damage, characterized by 

distinctive hummocky deposits and depicted by different lithofacies that usually reflect the internal 

structure of the mass prior to the collapse and the substrate. Their mobility is mainly controlled by the 

initial gravitational potential energy, the downslope topography, internal deformation, and basal 

friction during transport. Analogue and numerical models have been used to better understand factors 

controlling initial volcano instability and volcanic debris avalanche morphology and mobility. Such 

events can control the post-failure magmatic evolution of the volcano and can trigger secondary 

hazards such as laterally directed blasts, tsunamis, lahars, and landscape changes with significant 

ecological impacts. Since the timing and magnitude of such events are not always directly correlated 

with monitoring signals, it is crucial to deepen our understanding of volcanic debris avalanche 

processes, particularly in densely populated volcanic regions. 
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