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From mixed to hybrid facies volcanic debris 
avalanche at Colima Volcano: sedimentology 
and numerical modeling as evidence of trans-
port and emplacement mechanisms

Abstract  Numerous partial collapses of Colima Volcano have 
occurred in its history, accompanied by the emplacement of vol-
canic debris avalanche deposits (VDADs). The collapse that gener-
ated the Tonila VDAD (T-VDAD; ~ 1 km3; ~ 15Ka cal. BP) occurred 
during “wet” paleoclimatic conditions in a high humidity environ-
ment, and water within the volcanic edifice, which played a sig-
nificant role in the volcano’s instability and avalanche transport. 
This study aims to provide new data on the processes involved in 
the transport and emplacement mechanisms of debris avalanches 
based on a detailed granulometric and microtextural characteriza-
tion and numerical modeling. In general, T-VDAD exhibited mas-
sive dynamic behavior during its transport, without segregation 
process, although some variation of the grains-size occurs from 
proximal to distal reaches from the source. At microscopic level, 
evidence suggests particle–particle interactions of rapid, high-
energy, high velocity collisional nature, promoting comminution, 
which increases the fines content with distance. The general high 
content of fine material into the T-VDAD, combined with a signifi-
cant water content within the mass before the collapse, due to par-
tial edifice saturation, may have contributed to enhance its mobility. 
The T-VDAD mobility is here tested with the Titan2d numerical 
model; results show important paleo-topography implications and 
that the Coulomb frictional model with basal friction angles simi-
lar to previously tested cases best fits the areal propagation of the 
T-VDAD, confirming that, despite the fluid content that enhanced 
downslope transformation, the flow still behaved as a homogeneous 
and incompressible continuum with energy dissipation concen-
trated within its base.

Keywords  Volcanic debris avalanche · Volcano collapse · Colima 
Volcano · Sedimentology · Numerical modeling · TITAN2D

Introduction
The growth of active volcanoes is often characterized by episodes 
of partial collapse of their flanks and consequently the formation 
of volcanic debris avalanches deposits (VDADs). Recently, Dufresne 
et al. (2021) proposed a new global database containing 1001 known 
and inferred VDADs (mainly larger than 0.1 km3) from 594 volca-
noes in 52 countries; these numbers are expected to grow. The vast 
majority of these are Quaternary in age, but VDADs have been iden-
tified as far back as the Precambrian (Trofimovs et al. 2004; Rov-
erato 2016). The conditioning and triggering mechanisms of failure 
are various and complex. Endogenous or exogenous conditionants, 
such as over-steepened slopes, magma intrusions, hydrothermal 

activity, climate fluctuations, deformation of the basement, and 
faulting, can create the conditions for volcano collapse. Once a 
volcano reaches its critical point, a mechanism, an earthquake for 
example, is necessary to trigger the failure event (Siebert et al. 1987; 
Roverato et al. 2021). Volcano edifice flank collapses are accompa-
nied by the formation of volcanic debris avalanches (VDAs), which 
are commonly considered as granular flows that move under the 
force of gravity on the volcano’s slopes. There is an extensive bib-
liography (Palmer et al. 1991; Glicken 1996; Clavero et al. 2002; Sie-
bert et al. 2004; Bernard et al. 2008; Bernard et al. 2009; Zernack 
et al. 2010; Roverato et al. 2011; Paguican et al. 2014; Roverato et al. 
2018, Norini et al. 2020 among others) that clearly establishes the 
textural characteristics of these deposits, such as the jigsaw texture 
of their blocks and the surface morphology of the deposits, char-
acterized by mounds several tens or even hundreds of meters high, 
which, along with the presence of a horseshoe-shaped scar struc-
ture on the volcano, represent the typical features for interpreting 
the occurrence of a lateral collapse. However, the transport and 
emplacement mechanism of these debris avalanches is still a mat-
ter of debate, as to date, there is no universal model that describes 
those processes. Recent works have tried to shed light on this topic 
(e.g., Roverato et al. 2015; Paguican et al. 2021; Procter et al. 2021; 
Makris et al. 2023a, 2023b) although there is still controversy over 
the mechanisms that act within the granular mass and how these 
affect its mobility. This paper aims to provide evidence of the dif-
ferent mechanisms that act inside a moving debris avalanche and 
how these can contribute to its mobility. In particular, data from 
a debris avalanche that originated in the Late Pleistocene in the 
Colima Volcano, T-VDAD, previously described in terms of its ori-
gin, stratigraphy and distribution by Roverato et al. (2011), are here 
presented. A detailed granulometric characterization, microtextural 
study (using scanning electron microscopy), and the flow numerical 
model of T-VDAD are used here as a key tool to help understand 
the dynamics that occurred during the transport and emplacement 
of this large-scale granular flow.

Colima Volcano
Colima Volcano is one of the most active volcanoes in North Amer-
ica and is part of the Colima Volcanic Complex (CVC). The CVC is 
a group of andesitic volcanoes located in the western sector of the 
Trans-Mexican Volcanic Belt (TMVB), a continental volcanic arc 
that extends across central Mexico. The TMVB is the product of 
the subduction of the Cocos and Rivera plates beneath the North 
American Plate (Ponce et al. 1992; Pardo and Suarez 1993). This 
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magmatic arc has an approximate length of 1000 km and variable 
width ranging from 80 to 230 km, with a preferential east–west ori-
entation in its central and eastern portion. However, in its western 
part, it shows a northwest-southeast orientation and is related to 
the opening of the Gulf of California (Gómez-Tuena et al. 2007). 
The CVC is located in the Colima graben, which has a northeast-
southwest orientation and separates the Jalisco Block from the 
North American Plate to the west and the Michoacán Block to the 
east (Ferrari et al., 1994, Bandy et al. 2005). The CVC is composed 
of three andesitic volcanic edifices: Cántaro, Nevado de Colima, 
and Colima Volcano. These three eruptive centers are aligned 
north–south and are likely controlled by a local fault system which 
may have influenced the migration of volcanism to the south and 
the instability of the volcanic complex (Norini et al. 2010), which 

has experienced several volcanic collapses with the emplacement 
of multiple VDADs (Luhr and Prestagaard 1988; Stoopes and Sheri-
dan 1992; Komorowski et al. 1997; Capra and Macias 2002; Cortés 
et al. 2010, Roverato et al. 2011; Cortés et al. 2019; Capra et al. 2021). 
Colima Volcano (Fig. 1), also known as Volcán de Fuego, is the 
youngest edifice of the CVC and consists of the recent and active 
cone, which was built inside the Paleofuego scarp, a relict structure 
of an ancient sector collapse. Although previous works provided 
different ages for the formation of the Paleofuego collapse, thought 
in any case not to be older than 10 Ka (Luhr and Prestegaard 1988; 
Robin et al. 1987), Roverato et al. (2011) asserted that the Paleofuego 
collapse was indeed older than the T-VDAD event (> 15 ka) and 
that the deposit here studied originated from a discrete collapse 
of the recent Colima Volcano.

Fig. 1   Location map of the Colima volcanic complex (CVC) in the regional setting of the Trans Mexican Volcanic Belt (TMVB); MAT: Middle 
American Trench; Mx: Mexico City (inset top right). The aster image shows the location of the analyzed outcrops (both white dots and circles) 
useful for lithofacies characterization, thickness of the deposit and stratigraphic correlation, and the sampled outcrops Pcr# (white dots) for 
sedimentology studies. Dashed line shows the inferred dispersion of the Tonila volcanic debris avalanche deposit (VDAD)
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Tonila VDAD
The stratigraphy of T-VDAD was described in detail by Roverato 
et al. (2011). This deposit covers an area of approximately 200 km2 
and is delimited by the Naranjo River to the southeast and the Bel-
tran Ravine to the northeast (Fig. 1). Its volume is approximately 1 
km3, and radiocarbon dating of organic materials has yielded ages 
of ~ 15 ka cal. BP.

Tonila collapse occurred during the final phase of the last gla-
cial maximum (18–15 ka cal. BP), a period characterized by high 
humidity and the possible presence of a snow/ice cap on the vol-
cano’s summit, along with significant water circulation within the 
edifice (Roverato et al. 2011; Capra et al. 2013). The Tonila event 
was strongly influenced by paleoclimatic conditions, which played 
a significant role in the instability of the volcanic edifice and in 
the mechanisms of transport and emplacement of the avalanche. 
T-VDAD exhibits abundant clasts showing jigsaw-like structures, 
poor mixing often leading to the preservation of original stratig-
raphy and abrupt facies changes along the deposit, especially in 
proximal reaches (< 8 km from the source). These changes are more 
evident, mainly in those portions that show color stains due to dif-
ferent degrees of hydrothermal alteration (Fig. 2a). However, in 
marginal and distal reaches (> 15 km), there is a noticeable change 
in texture. It is characterized by an abundant, more homogeneous, 
and partially cemented sandy matrix (Fig. 2b) often surround-
ing more heterogeneous portions. This facies has been defined as 
hybrid (Capra et al. 2002; Roverato et al. 2011; Bernard et al. 2021), 
as it shows transitional characteristics between a debris avalanche 
and a debris flow, which is related to the presence of abundant 
water in the mass before its remobilization. The deposit is gener-
ally characterized by the abundance of clasts smaller than 256 mm 
and abundant matrix (matrix facies—Mf, following Roverato et al. 
2011). Furthermore, the Tonila event was characterized by a post-
collapse eruption, as evidenced by the presence of pyroclastic 
deposits directly in contact with the avalanche. Textural charac-
teristics of the pyroclastic material indicates hydromagmatic fea-
tures (see Roverato et al. 2013), demonstrating, once again, a high 
fluid circulation within the volcano edifice during the failure event.

Methodology
During our field campaigns, several outcrops were analyzed (Fig. 1), 
with prior detailed facies mapping necessary due to the high sedi-
mentological variability of the deposit. In proximal reaches, where 
the deposit is chaotic and unmixed, displaying different lithologi-
cal “domains” (terminology of Palmer et al. 1991), we sampled the 
interclast matrix, which describes the fine sediment that forms 
an embracing interconnected body of particles that support or 
fill gaps between clasts (terminology of Roverato et al. 2015). In 
medial/distal reaches, when the deposit becomes more homogene-
ous, samples are from the whole rock. A total of 11 samples from 
11 outcrops (Pcr#—Fig. 1) were collected (in bags of ~ 1 kg each) to 
investigate the possible longitudinal evolution of the deposit along 
a given dispersion axis (Fig. 1). For the coarser portion (> − 4φ), 
photographs (outcrop surface area > 1 m2) were taken for image 
processing. Samples were processed for the granulometric analyses 
by three different methods: the − 9φ to − 4φ (512 to 16 mm) fraction 
was analyzed by image analysis following the method proposed by 
Sarocchi et al. (2005); the − 3φ to 4φ (8 mm to 63 μm) fraction was 
measured by dry sieving at 1φ intervals; finally, a laser particle sizer 

(Fritsch–Analysette 20 photosedimentograph) was used to deter-
mine the 4φ to 9φ (63 to 2 μm) classes with a 1ϕ interval.

Standard Folk statistical parameters (Mean—Mz, standard 
deviation or sorting—σ, and skewness—Sk) were calculated using 
KWare SFT program (version 2.19.0168* from Ken Wohletz, 31 July 
2007). Grain size fractions are chosen because comparison of their 
distribution and abundance can allow the evaluation of the commi-
nution processes and any preferential comminution of size classes. 
The sorting coefficient (σ) describes the range in size required to 
encompass a given majority of the population around the mean. A 
low sorting coefficient thus describes a population with little spread 
around the mean (i.e., good sorting). A higher sorting coefficient 
indicates that the population is spread over a larger range of sizes 
(i.e., poor sorting). Skewness (Sk) measures the degree to which 
the population approaches symmetry. Positive skewness describes 
populations with large proportions of fine material (fine-skewed) 
and a tail in the coarser range of sizes, and negative skewness the 
opposite (coarse-skewed). A skewness of zero would describe a 
symmetrical distribution.

Sand particle surface features were examined using a JEOL-35C 
scanning electron microscope (SEM) equipped with a TRACTOR 

Fig. 2   Two photographs of the Tonila VDAD showing the facies vari-
ability between the proximal (a) and the medial/distal (b) reaches. 
White lines in photograph a highlight the different lithologies
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NORTHERN energy-dispersive detector at 15 kV and a 20-s acquisi-
tion at CGEO-UNAM (Queretaro, Mexico). We examined 10 sam-
ples collected on 7 sites (Pcr 20/35/31/32/67/59/65). Each sample 
consisted of 10 to 15 particles (both lithics and pyroxene crystals) 
from 2 mm to 500 μm in size. The samples were taped on top of 
aluminum cylinders and carbon coated.

The Titan2D numerical model (Patra et al. 2005) has been widely 
used to simulate dry granular flows such as pyroclastic density cur-
rents (Patra et al. 2020 and references herein) and volcanic debris 
avalanches (i.e., Cortes et al. 2010). The TITAN2D code employs 
depth-averaged shallow water equations for the conservation of 
mass and momentum. The 4.1.1 code version offers the Mohr–Cou-
lomb model for dry avalanches and the Pitman and Le (2005) two 
phases, for a continuous mixture of fluid and solids. Mohr–Cou-
lomb model is a simple stress-dependent model with friction 
terms for the interactions between the granular medium and the 
basal surface. The two-phase model is formulated to account for 
the dynamics of both solid particles (granules) and the interstitial 
fluid (typically air or water) within the flowing mass, taking into 
account the buoyancy effect coupled with pore fluid pressure. The 
theory of the models is extensively described by Patra et al. (2020) 
and Neglia et al. (2021). Here, both models are used to better under-
stand how the wet condition of the edifice prior to the collapse can 
have enhanced the T-VDAD mobility. To perform the simulations, 
the main input parameters are the volume of the sliding mass, the 
basal friction angle, and, in the case of the two-phase model, the 
volumetric proportion between solid and fluid. The sliding mass is 
designed with an ellipsoidal basal shape, where the main axis is ori-
ented toward the main collapse direction based on the deposit dis-
tribution, in this case in a range of 35° SE to 60° SE. Simulations are 
performed on a Digital Elevation Model with a 10-m pixel resolu-
tion (Alos-Palsar, 2011). The output of the simulation is a raster rep-
resenting the maximum flow thickness at each pixel. Simple raster 
algebraic operations are used to combine all simulations to obtain 
a final distribution map that includes all pixels that are inundated 
based on the different input parameters used (Table 3). One of the 
main limitations of the modeling presented here is that the current 
topography is far from the paleomorphology at the moment of the 
volcanic collapse. To limit this effect, the main cone was modified 
recreating the horseshoe scar by removing a 1 km3 mass that is in 
the range of the volume estimated for the T-VDAD (Roverato et al. 
2011) and eliminating the Los Hijos domes (see the “Flow numerical 
modeling” section) as, based on the first result, they produce a flow 
deviation not observed in the field. The depositional area was not 
modified due to several uncertainties about the topographic base 
of the T-VDAD. Finally, the “dry” (Mohr–Coulomb) and “wet” (Pit-
man and Le) models that the code offers (Patra et al. 2005; Neglia 
et al. 2021) are here used to define the conditions that could have 
promoted the flow mobility and the observed runout. Raster opera-
tions were performed using a GIS application.

Granulometric characterization
The charts in Fig. 3 display the granulometric distribution of the 
investigated deposit, from the selected proximal to distal outcrops 
(see Fig. 1). In general, granulometric distributions exhibit a poly-
modal pattern, with some samples exhibiting more marked modes 
between − 5ϕ and − 3ϕ for coarser fractions and 3ϕ/4ϕ for finer frac-
tions; a few others show modes in the silt range between 5ϕ and 

7ϕ. Overall T-VDAD is poorly sorted, with significant lateral facies 
variations. For instance, the charts Pcr35 and 32 (Fig. 3) exhibit sig-
nificant similarity but are quite different from sample Pcr34, even 
though all the three outcrops are relatively close.

T-VDAD apparently presents a granulometric variation with 
distance. For example, considering the two extremes, Pcr20 
(most proximal outcrop—6.3 km) and Pcr65 (most distal out-
crop—16.2 km), a change in granulometry (decrease in coarse 
particles and increase in sand and fines) with distance is notice-
able (Table 1). Pcr65 shows a notable increase in values for each 
fraction between 0ϕ and 3ϕ, along with a considerable increase in 
the silt–clay fractions (5ϕ–9ϕ). T-VDAD has gravel content ranging 
from 20 to 75% by weight, with a higher concentration between 
20 and 60% and an average value of 48% (Table 1). The sand con-
tent ranges from 22 to 67% by weight, with higher concentration 
between 30 and 50 with an average value of 45%. The matrix con-
tent (Table 1) is quite abundant in T-VDAD and varies from 24 to 
79% by weight, with an average value of 52%. The content of fines 
(silt + clay) has a fairly high percentage, ranging from a minimum 
of 2 to a maximum of 17% by weight, with a more abundant concen-
tration between 5 and 9% and an average value of 7%, while the clay 
content is low, with a maximum value around 0.7% and an average 
value of 0.4% by weight (Table 1).

Table 2 shows the statistical parameters (mean, standard devia-
tion, skewness—Folk and Ward 1957) organized from proximal to 
distal outcrops. The Mean (Mz) remains mostly negative, although 
it increases with distance. In Fig. 4, the diagram of distance from 
the source vs. Mean grain size (Mz), displays the general increase 
in fine particles with distance. Sorting (σ) varies between 2.62 and 
4.19 reflecting very to extremely poor sorting with no changes with 
distance (Fig. 5a) and Skewness (Sk) exhibits a slight decrease with 
increasing of distance (Fig. 5b). Thus, initially, coarser material 
composes the majority of the mass with the finer particles gener-
ating a “tail” in the grain size distribution. During transportation, 
accompanied by comminution, fines become the majority of the 
grain size distribution; however, a significant coarse component is 
preserved as a “tail.”

Microscopic textures
The microscopic analysis show textures consisting of different 
types of fractures, parallel grooves, and scratches giving place to 
different intensity, lips, percussion marks, staircase geometry, and 
broken crystals. The clasts generally exhibit heterogeneous mor-
phologies from elongated to spherical, with angular or rounded 
portions with perfectly rounded edges. Fractures are generally pre-
sent in both lithic fragments (Fig. 6a–c) and crystals (Fig. 6b, d). It 
is common to observe fractures in lithics propagating both in the 
clast matrix and in the crystals within the clast (Fig. 6b). In con-
trast, fractures in crystals generally do not propagate into the clast 
matrix. It is quite common to observe truncated crystals (Fig. 6e) 
and/or broken ones, as well as features defined as “stair-step” or 
“staircase” geometry due to tearing apart (Fig. 6f–h) (Komorowski 
et al. 1991; Caballero and Capra 2011). Figure 6i shows an irregular 
fracture with a small “pull-apart” structure that indicates the kin-
ematics of the movement of the two portions of the grain. Impact 
marks are abundant, as shown in Fig. 6l with a sequence of con-
secutive impacts, in contrast with a wider impact mark on a crystal 
shown in Fig. 6m. Other characteristic features include scratches 
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and grooves even if less common. Parallel grooves can be observed 
on a pyroxene crystal in Fig. 6n.

Flow numerical modeling
Based on the volume estimation of the T-VDAD (~ 1 km3, Roverato 
et al. 2011) and its extent (Fig. 1), simulations were executed using 
the “dry” (Coulomb) and “wet” (Pitman and Le) models (Table 3). 
For the frictional rheology, basal friction angles between 6 and 
9° were used, in the range of those used to reproduce debris ava-
lanches in other volcanoes (Le Friant et al. 2003; Cortes et al., 2010; 
Borselli et al. 2011; Sosio et al. 2012). The initial pile was accommo-
dated in the reconstructed horseshoe scar with a volume of ~ 0.8 
km3, estimated from the total volume of the T-VDAD of 1 km3, 
minus 20%, which could be related to expansion of the material 
during flow (Glicken 1996). The first results show that the collapsing 
mass was strongly affected by the Los Hijos domes, a topographic 
high on the slope of the main cone (Fig. 7a), by deviating a portion 
of the flow toward the SW, an area where the deposit has not been 
observed, and limiting flow inundation along the Montegrande 

ravine were the deposit show thickness up to 15 m (Roverato et al. 
2011). Consequently, the domes were digitally removed from the 
DEM, obtaining results (with the same input parameters) that best 
reproduced the area distribution of the T-VDAD (Fig. 7b). Flow 
overspill on the SW is still observable because of the uncertainty 
in defining the landslide scar, but with a much more reduced effect 
due to the removal of Los Hijos domes from the simulation. The 
final distribution map (Fig. 8) was obtained considering the maxi-
mum flow thickness at each 10-m pixel based on all simulations 
with variable parameters as indicated in Table 3 (Fig. I in supple-
mentary material). As previously mentioned, the depositional area 
corresponds to the present topography, so the main ravines that 
are now eroded in the T-VDAD did not exist at the moment of 
the event, including the Beltran ravine where the simulated flow 
channels into it and reaches the Naranjo river (Fig. 8). For the two-
phase simulations, the same pile volume was used, with basal fric-
tion angle between 24 and 28° (Neglia et al. 2021) and solid volume 
fraction between 0.8 and 0.9. None of the simulations were able 
to reproduce the observed areal distribution, with higher basal 

Fig. 3   Grain-size diagrams for the Tonila VDAD with distance from source
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friction angles forcing the flow to stop in the proximal reaches, 
while lower angles produced high-velocity flows that run straight in 
the direction of the collapse (see Fig. II in supplementary material).

Discussion
The Tonila VDAD presents as a “dry” deposit in proximal reaches 
showing characteristics of poor mixing (e.g., Fig. 2a), preservation 
of original stratigraphy, abrupt facies variations, with characteris-
tics changing to pervasive and homogeneous matrix facies (hybrid 
facies) in marginal and distal reaches (e.g., Fig. 2b). This represents 

a transformation from granular/frictional-dominated flow regimes 
to a debris flow–like type due to the water content and the increas-
ing fines content with distance. As the Colima Volcano was water 
semi-saturated during the Tonila event due to snow/ice melting 
and high environmental humidity (Roverato et al. 2011; Capra et al. 
2013), it appears reasonable that water played a role in the propa-
gation of the avalanche, even though it was not present in quanti-
ties that enable it to entirely become the transporting medium and 
transform to a cohesive debris flow. In fact, despite its apparent 
availability, water was not uniformly distributed throughout the 
Colima edifice and consequently not in the Tonila VDAD. Water 

Table 1   Gravel-sand-fines content (wt%) for samples of the Tonila VDAD organized from proximal to distal from the source

Sample Km from 
source

Gravel (− 8ϕ 
a − 2ϕ)

Sand (− 1ϕ a 4ϕ) Silt (5ϕ a 8ϕ) Clay (≥ 9ϕ) Fines (L + Arc) Matrix 
(− 1/9ϕ)

Pcr20 6.3 59.82 38.15 1.93 0.1 2.03 40.18

Pcr19 7 75.35 21.92 2.57 0.16 2.73 24.65

Pcr35 7.5 59.59 33.95 6.0 0.45 6.45 40.4

Pcr34 8 43.46 48.03 7.5 1.0 8.5 56.53

Pcr32 8.2 60.1 34.22 5.42 0.27 5.69 39.91

Pcr31 8.3 44.34 47.79 7.21 0.72 7.93 55.72

Pcr67 13.4 53.66 38.85 6.28 0.21 6.49 45.34

Pcr39 13.7 29.87 66.5 3.56 0.06 3.62 70.12

Pcr42 14.1 39.59 48.20 12.1 0.2 12.3 60.5

Pc59 15.3 44.01 50.34 5.27 0.38 5.65 55.99

Pcr65 16.2 21.04 61.55 16.7 0.71 17.41 78.96

Mean value 48.3 44.5 6.8 0.4 7.2 51.7

Table 2   Statistical parameters (Mz, σ, and Sk) for the Tonila VDAD 
organized from proximal to distal from the source

Samples Mean (Mz) Sorting (σ) Skewness 
(Sk)

Pcr20  − 2.41 3.4 0.28

Pcr19  − 3.74 3.17 0.27

Pcr35  − 1.97 3.55 0.45

Pcr34  − 1.19 4.19  − 0.11

Pcr32  − 2.37 3.48 0.35

Pcr31  − 1.26 3.55 0.16

Pcr67  − 2.22 3.99 0.17

Pcr39  − 0.17 2.62  − 0.02

Pcr42  − 0.61 4.15  − 0.09

Pcr59  − 1.11 3.65 0.03

Pcr65 0.78 3.28 0.1

Fig. 4   Diagram showing the trendline (trend orange arrow) of mean 
grain size (Mz) vs. distance from the source suggesting a general 
increase in fine particles with distance; the outcrops follow the axis 
of the dispersal directions shown in Fig. 1
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enhanced flow mobility and achieved saturation levels probably 
only in localized positions for short periods. It appears then that 
water, although is an important factor that influenced the propa-
gation of Tonila VDAD, was not the only factor acting during the 
avalanche mobility. We believe, therefore, that the effects of inertial 
collision of solid fragments played a very significant role rather 
than only water effects. It would suggest that particle–particle inter-
actions power the mobility of volcanic debris avalanches, as also 
recently demonstrated by Makris et al. (2020). The Tonila VDAD 
is characterized by a high matrix content, and this study indicates 
that the matrix production is primarily an interior-flow process and 
caused by brecciation/crushing and comminution of the lithologies 
during transportation. The granulometric analysis of Tonila deposit 
shows a general increasing of Mean grain size (Mz) with distance 
(Fig. 4), which could be also explained by the presence of water that 
may have played an important role in segregation processes with 
the progressive deposition of larger fragments with distance. How-
ever, progressive fragmentation and comminution processes pro-
duced a gradual clast-size reduction with distance from the source 
and gravel proportion decreased as the proportion of sand-sized 
particles increased; therefore, an exchange between the gravel and 
sand component is noticeable for T-VDAD (Table 1). The genera-
tion of finer material is thought to be responsible for the increased 
matrix with distance, and the average clast size is progressively 
reduced due to the gradual abrasion and fracturing of clasts in the 
agitated matrix (Perinotto et al. 2015; Paguican et al. 2021; Makris 
et al. 2023a). The sorting (σ) remained largely unaffected in the very 
poorly sorted range (Fig. 5a) while skewness decreased with the 
increased of distance (Fig. 5b). The decreasing trend of Sk suggests 
that a substantial amount of the coarse particles is preserved even 
though progressive comminution reduces the size of the initially 

dominant coarse gravel. It appears that a preferential comminution 
of finer particles prevails because fragmentation of the larger frac-
tions requires collision with grains of equal or larger size implying 
more energy dissipation (e.g., Davies and McSaveney 2009). This 
is also confirmed by the charts in Fig. 3 that show how a coarse 
mode was preserved as a second mode developed in the sand size 
range with the progressive increase in fines with distance. In other 
words, coarser particles immersed into the moving mass fragment 
less than the finer during transportation in agreement with Makris 
et al. (2020). It could justify the very poor sorting of T-VDAD as 
confirmed by the high values of σ along the entire deposit. The SEM 
analyses provides evidences of the surface textural characteristics 
of the Tonila deposit sand-size particles, suggesting that the forces 
involved during T-VDAD transport are mainly of collisional-type 
between particles. The collision between two grains is punctual, 
rapid, high-energy, and high-speed, resulting in deep impact marks, 
partial fractures of the particles/crystals, or through-fractures as 
also observed by Caballero et al. (2014). These latter authors show 
that sand particles comminute because of these high-impact col-
lisions, contributing to the increase the finer portion of the mass, 
while coarse particles do not break completely, developing smaller 
fractures that provide minor “flakes,” which contribute along with 
the finer particles to the overall population (Fig. 9). This increase 
of fine material further limits the interaction between larger parti-
cles. In contrast, if collisions are repeated and of lower energy, they 
can leave several lower-intensity impact marks in the same area of 
a particle without necessarily breaking or fracturing the particle. 
This fact can be explained by considering that some particles did 
not have enough space to move and thus interacted by vibrating. 
Shear stress acting in a moving avalanche is mainly reflected in the 
scratches and grooves on the particles, which also indicate different 
interaction intensities between them, defined by the depth of the 
marks. Overall, the microscopic evidence suggests a predominant 
normal grain-grain interaction during transport in a high-energy 
setting, while evidence of shear stresses is much less represented 
in our grain-size data.

Most volcanoes that experienced collapse consist of lava flows 
alternating with weaker and/or unconsolidated deposits that may 
be locally water-saturated and/or hydrothermally altered. These 
variabilities are difficult to consider during numerical simulations, 
and available models are based on a single rheological model. As 
previously observed by Sosio et al. (2012), the bulk friction angles 
required to simulate the basal resistance in a frictional rheology 
model are considerably smaller than the real mechanical proper-
ties of dry material (i.e., 38–44° estimated for rocks involved in 
the Mt. St. Helens collapse—Voight et al., 1983) considering that 
internal water and/or air pore pressure in some portion of the 
sliding mass can play an important role in reducing the material 
resistance or the presence of a lubricating saturated basal layer 
(i.e., Parinacota volcano, Chile; Clavero et al. 2002). Titan2d simu-
lations that best fit the observed areal extent of the T-VDAD were 
obtained with the frictional rheology, with angles between 6 and 
10°, in the range of values used for the 1980 Mt. St. Helens VDAD 
(Sosio et al. 2012). The “wet” two-phase model failed to reproduce 
the observed deposit distribution, confirming that the flow was not 
fully saturated. Downflow textural changes of the T-VDAD show 
that only the partially saturated portions of the flow had larger 

Fig. 5   a Sorting (σ) vs. distance from the source diagram illustrating 
no trends with distance; b skewness (Sk) exhibits a slight decrease 
with increasing distance (trend orange arrow)
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runouts, so only a mixed flow rheology model could be able to take 
into account this complex rheological behavior. Variable topogra-
phy has a minor influence on modeling of the area extent of large-
volume VDAs as long as the flow propagates in the absence of a 
strong topographical barrier. As here observed, the area extent of 
the T-VDAD is better reproduced only when the Los Hijos domes, 
which represent a topographic barrier of up to 200 m, are removed 
from the topography. The age of this dome structure was not previ-
ously defined, but, based on the results of the simulations, they are 
possibly younger than the T-VDAD event, so less than 15 ka. Other 
discrepancies between simulated flow and the inferred T-VDAD 
distribution, especially in the northern and distal limits, are the 
effect of simulating on the present topography where morphology 

results from the emplacement of at least five younger VDADs (at 
9370 years, 4280 years, 7040 years, 3600 years, 2550 years; Robin 
et al. 1987; Luhr and Prestegaard 1988; Komorowski et al. 1997; Cor-
tés et al. 2010, 2019). It is thus impossible to reconstruct the paleo 
topography prior to the T-VDAD, in contrast to successful modeling 
for VDADs where the post-VDAD surface is completely exposed 
(e.g., Socompa volcano, Chile; Kelfoun and Druitt 2005).

Conclusions
The sedimentological evidence presented in this study suggests 
that the mechanisms acting during the transport and emplace-
ment of volcanic debris avalanches do not operate uniformly 
within them. The textural complexity of these bodies, the high 

Fig. 6   Scanning electron microscope images of the Tonila VDAD lithics and crystals, showing different features found in the particles ana-
lyzed. a Fractures in lithic clast; b fracture propagating both in the lithic clast and in the crystals within the lithic clast (white arrows); c fracture 
in lithic clast; d fractures in pyroxene crystal; e truncated crystal; f staircase geometry and fractures; g stair-step geometry (white circle); h 
staircase geometry; i “pull-apart” fracture; l fractures and small impact marks (white circle); m bigger impact mark; n parallel grooves on a 
pyroxene crystal (white circle). Photographs e, i, h, m are from Roverato and Capra (2013)
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topographical variability of different volcanic environments, the 
various triggering mechanisms of collapse events, and the influ-
ence of exogenous factors belonging to different climatic regions 
force us to consider each avalanche event as unique, responding 
to its specific transport and emplacement mechanisms. Micro-
scopic analyses here presented possibly indicate that during 
the transport of the Tonila VDAD, the predominant mechanism 
involved in the transport was high-energy normal impact-type 
interactions, with evidence of shear stresses (scratches and 
grooves) being much less significant in comparison. Several deep 
impact marks, fractures of varying intensity, and partially bro-
ken crystals indicate collisional interactions between particles. 
The comminution of sand-size particles prevails during trans-
port compared to larger fractions, which requires collision with 
grains of equal or larger size implying more energy dissipation. 
Thus, comminution and disaggregation increase the amount of 
matrix in the moving mass, possibly enhancing its mobility. Fur-
thermore, due to the climate condition during the Tonila event, 

the presence of water was a factor influencing and controlling its 
transport. The water content in the moving mass contributed to 
increase mobility and facilitated lateral transformation of facies 
from “typical” features of volcanic debris avalanche to a more 
homogeneous matrix defined as hybrid facies with strong erosive 
power. The T-VDAD mobility tested with the Titan2d numerical 
model shows important paleo-topography implications, and that 
the Coulomb frictional model with basal friction angles similar 
to previously tested cases best fits the areal propagation of the 
Tonila VDAD. This confirms that, despite the water content that 
enhanced downflow transformation, the flow still behaved as a 
homogeneous and incompressible continuum with energy dis-
sipation concentrated within its base. The Tonila VDAD cannot 
be considered as a homogeneous mass with a viscous or visco-
plastic flow regime, such as in debris flows, and neither is it rep-
resentable by pure dry granular flow where particles-particles 
interaction predominates, but a combination of both these mech-
anisms that together favor its long run-out.

Table 3   Parameters used for Titan2d simulations. Only more representative results are here reported

For all simulations, pile dimension is 600 (H), 1200 (L), and 700 (w), and internal friction angle is 37°

Number Coulomb Two phases Basal friction angle Collapse direction (from 
E to S)

Volume 
frac-
tion

171 (DEM post Hijos) x 6°  − 30°

447 x 6°  − 30°

347 x 7°  − 45°

712 x 9°  − 45°

599 x 7°  − 60°

674 x 8°  − 60°

681 x 9°  − 60°

513 x 7°  − 35°

086 x 8°  − 35°

044 x 9°  − 35°

055 x 28°  − 45° 0.9

099 x 26°  − 45° 0.9
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Fig. 7   Results of Titan2D simulations over a topographic relief with (a) and without (b) the Los Hijos dome complex. Note that this topo-
graphic barrier is able to strongly control the emplacement of the Tonila VDAD in the south and western sectors. Dashed line shows the 
inferred dispersion of the Tonila VDAD
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Fig. 8   Final distribution map of the Tonila VDAD reconstructed based on the Titan2D simulations (Table 3 and Fig. II in the supplementary 
materials). Dashed line shows the inferred dispersion of the Tonila VDAD

Fig. 9   Sketch representing the impact of two fine sand particles (a); the comminution, due to high-impact collisions, contributes to increase 
the finer portion of the moving mass. On the other hand, the impact with a coarser particle (b) does not break the latter one but provides 
minor “flakes,” which contribute to the finer particles in the overall population. It could explain the very poor sorting of the Tonila VDAD as 
confirmed by the high values of σ along the entire deposit
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