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Abstract
Characterisation of surface deformation at stratovolcanoes is essential for a better understanding of the processes that can 
compromise edifice structural stability and potential for flank collapse. Spreading produced by the presence of a hydro-
thermal system or intrusion of a viscous magma body can produce similar deformation signatures, and both processes have 
implications for flank instability. In this work, we perform analogue models and consider examples from real volcanoes 
(Damavand, Ubinas, Semeru and Casita) so as to characterise and recognise surface deformation patterns produced by 
spreading due to the presence of a hydrothermal system and in response to magma intrusion. The experiments show that 
there are differences in the resulting surface deformation associated with each process. Magma intrusion results in a sharp 
transition between areas of subsidence and uplift, and is associated with faults with oblique strikes in the upper part of the 
edifice. Instead, asymmetric flank spreading is associated with hydrothermal system and results in flank bulging close to the 
base of the edifice. Although laboratory analogue models show different deformation responses that could be diagnostic of 
the associated processes, application in the field is difficult as often these diagnostic features are not preserved during evolu-
tion. However, basal bulging represents a potential diagnostic for the identification of asymmetric volcano flank spreading 
associated with hydrothermal activity, and the potential for instability. Remote sensing techniques can allow identification 
of such surface deformation features, providing a useful tool for hazard assessment and design of monitoring strategies at 
potentially unstable volcanoes.
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Introduction

Catastrophic flank collapse can occur at any volcano type, 
independent of its composition, shape, size, or geodynamic 
context (McGuire 1996; Acocella 2005; Carrasco-Nuñez et al. 
2011). Emphasis has been placed on instability of catastrophic 
flank collapse at stratovolcanoes, especially since the eruption 
of Mount St. Helens in 1980, when a lateral blast occurred in 
conjunction with a flank collapse due to intrusion (e.g., Voight 

et al. 1983; Siebert 1992; Carrasco-Nuñez et al. 2011). Flank 
collapse at stratovolcanoes is a highly hazardous process that 
can potentially impact large areas, secondary hazards, such as 
tsunamis and have caused about 20,000 fatalities in historical 
times (Siebert et al. 1987). Since 1500 CE, 25 flank collapses 
involving a volume of material greater than 0.1  km3 have been 
recorded at stratovolcanoes (Carrasco-Nuñez et al. 2011), a 
frequency of 4–5 events per century.

Of the 25 large historic volcano flank collapses, 16 were 
associated with a concomitant magmatic activity (64%), four 
of them were related to phreatic explosions, and in five cases 
no explosive component was identified (Carrasco-Núñez et 
al. 2011). The connection that exists between magma intru-
sion and catastrophic lateral collapse has been confirmed by 
discovery in the geological record of numerous examples 
where volcanic debris avalanche deposits contain juvenile 
magmatic clasts, or directly overlie nearly simultaneously 
emplaced eruptive deposits (Belousov et al. 2007; Tibaldi 
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et al. 2006). Most of the identified flank collapses, including 
all cases having a magmatic component (e.g., Mount. St. 
Helens in 1980; Voight et al. 1983), many cases are associ-
ated with debris avalanche deposits with no magmatic com-
ponent or eruptive deposit. This includes the collapses of 
Mombacho (Nicaragua) in 1540 CE and Unzen (Japan) in 
1792 CE (van Wyk de Vries and Francis 1997; Siebert et al. 
1987). The prime factors for edifice instability triggering 
collapse without a magmatic component have been related 
to processes such as (1) the action of faults underlying the 
edifice (Lagmay et al. 2000; Tibaldi et al. 2008), (2) volcano 
spreading over a weak basal layer (Borgia et al. 1992; Borgia 
and van Wyk de Vries 2003), and (3) the presence of a body 
of hydrothermally altered rocks inside the edifice (van Wyk 
de Vries et al. 2000).

Hydrothermal alteration plays a key role as a mecha-
nism for stratovolcano instability and lateral catastrophic 
collapses. This has been revealed by, first, the presence of 
hydrothermally altered materials in several volcanic debris 
avalanche deposits (e.g., Pevear 1982; Voight et al. 2002; 
Salaün et al. 2011); and, second, association of hydrother-
mal explosions with historical examples of flank collapse 
(Reid et al. 2001). For example, at Bandai volcano (Japan) 
in 1888 CE, a series of phreatic explosions (up to 20 per 
minute) occurred before the final event triggered collapse 
of the volcano’s northern flank (Sekiya and Kikuchi, 1890). 
The high number of stratovolcanoes with surficial evidence 
of active hydrothermal systems (e.g., presence of hot springs 
and/or soil and fumarolic gas emissions, hydrothermally 
altered zones) makes it very important to study the role that 
hydrothermal alteration could play in triggering collapse-
related hazards (Takahashi et al. 2018; Darmawan et al. 
2020; Matsunaga et al. 2020).

The role of hydrothermal alteration in creating an edifice 
unstablility is manifold. Alteration of volcanic rocks, for exam-
ple, can reduce their porosity and permeability (Berger and 
Henley 2011; Horwell et al. 2013), potentially promoting the 
development of high pore fluid pressures, which favours fractur-
ing and loss of strength (Lopez and Williams 1993; Day 1996; 
Reid 2004; Heap et al. 2021). Hydrothermally altered rocks are 
also mechanically weaker than fresh, unaltered rocks due to the 
development of secondary minerals (mainly clay minerals), 
which have lower strength, reducing the cohesion and friction 
values of the rock mass (Darmawan et al. 2020). In addition, clay-
rich altered rocks have a tendency to deform mainly by ductile 
mechanisms. As a result, formation of a weak and ductile body 
of hydrothermally altered rocks helps promote gradual spread-
ing of the edifice (van Wyk de Vries et al. 2000; Cecchi et al. 
2004). Ductile behaviour of the altered body is associated with 
a low deformation rate (van Wyk de Vries et al. 2000), making 
it difficult to detect geodetic monitoring technique, such as those 
applied to data from Interferometric Synthetic Aperture Radar 
(InSAR) or Global Positioning System (GNNS).

To date, the study of edifice instability in response to the 
formation of hydrothermally altered cores has been based on 
field observations (Rosas-Carbajal et al. 2016), remote sens-
ing (Michon and Saint-Ange, 2008), rock mechanics (Zim-
belman et al. 2003), numerical modelling (Kelfoun et al. 
2021), and analogue modelling (Cecchi et al. 2004; van Wyk 
de Vries et al. 2000; Andrade and van Wyk de Vries 2010; 
Rincón et al. 2015; Rincón et al. 2018). Previous analogue 
modelling studies have shown that the development of a 
concave–convex-shaped flank can be considered a diagnos-
tic feature of gradual asymmetric gravitational deformation 
in weak-cored edifices (Cecchi et al. 2004). As a result, the 
existence of concave–convex topographic profiles has been 
proposed as evidence for a flank spreading as, for example, 
at Semeru volcano, Indonesia (Solikhin et al. 2012). How-
ever, analogue modelling, as well as observations of historical 
events, such as at Bezymianny (Kamchatka) in 1959 and at St. 
Helens (USA), in 1980, have shown that cryptodome intrusion 
can also produce flank bulging result a concave–convex topo-
graphic profile (Donnadieu et al. 2003, Cecchi et al. 2004). 
These deformation features can be preserved for some time, 
even after the cessation of intrusion, and can be misinterpreted 
as active spreading (van Wyk de Vries et al. 2018). That is, an 
old intrusion can potentially influence the shape of the vol-
cano for a long time, with the shape strongly resembling the 
morphology of an edifice that is undergoing an active spread-
ing (Donnadieu et al. 2003).

Here, we present the results of analogue modelling of vol-
cano deformation in response to the presence of a weak core 
and viscous magma intrusion (∼1×109 Pa·s). The results of 
our experimental study inform on the deformation mecha-
nism responsible for flank bulging, and constrain for diag-
nostic criteria for instabilities produced by hydrothermal 
activity and intrusion, as based on edifice morphology and 
deformation structures apparent at the surface.

Experimental methodology

Experimental setup

Two analogue model scenarios were investigated: (1) H-type 
intended to recreate a spreading due to the existence of a hydro-
thermally weak core and (2) I-type which recreates cryptodome 
induced instability (i.e., due to viscous magma intrusion). A 
mixture of fine-grained sand (80%) and plaster (20%) was used 
to simulate the fresh rock of the volcanic edifice for both mod-
els (cf. Rincón 2019). Such granular material is commonly used 
to model deformation of volcanic rocks and to visualise brittle 
faulting (e.g., Merle and Borgia 1996; Delcamp et al. 2008; 
Rincón et al. 2015; Rincón et al. 2018). In both setups, the 
cones were constructed by pouring the sand from a jar onto a 
rigid base above a 1-cm-thick layer of the same material as the 
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cone. This avoid friction between the deformable (sand) cone 
and the underlying (rigid) surface (Fig. 1).

In the first setup (H-type), we simulated the mechanical 
properties of the hydrothermally altered rocks within the vol-
cano core with silicon (Bluesil GUM FB, PDMS) (Rincón 
2018). Following Cecchi et al. (2004), we simulate hydro-
thermal systems developing within and below the edifice. To 
simulate this, the hydrothermal system was placed experiments 
at the base of the cone. This was the case for 12 experiments 
(experiments H1, H3, H4, H6, H7, H9, H10, H12, H13, H15, 
H16, and H18 of Fig. 2). For five experiments middle-centred, 
the silicone was placed within the edifice 5.5 cm from the cone 
base (experiments H2, H5, H11, H14, and H17 of Fig. 2). 

Due to the diversity of possible shapes, sizes, and locations 
of the hydrothermally altered body inside a stratovolcano, we 
designed our experiment settings to recreate spreading caused 
by the presence of a hydrothermal core with different character-
istics. We considered three different variables: (1) core shape: 
cube, prism, and cone; (2) core size: large (10% of the cone 
volume) and small (5%); and (3) core position: base-centre, 
middle-centre, and base-side (Fig. 2). The combination of these 
three variables resulted in 17 possible experimental settings 
that reproduced 17 possible scenarios for the H-type model 
(Fig. 2). To validate the reproducibility of these H-type experi-
ments, experiment S6 was repeated nine times. Variability 
observed in cone morphology and faulting due to deformation 

Fig. 1  Experimental setup. 
(A) H-type volcano spreading 
by hydrothermal core and (B) 
I-type cryptodome intrusion. A 
tripod with the Kinect sensor 
attached is located at a height 
of 0.75 m above the table. The 
data obtained by the Kinect 
sensor is sent in real time to the 
acquisition

Fig. 2  Sketches of the experi-
ments involving the combina-
tion of simulated hydrothermal 
system parameters (shape, size, 
and location). The combina-
tion resulting for experiment 
HEXPERIMEN8 (in red) is 
logistically impossible
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was minimal and the same diagnostic features appeared in all 
nine tests (Online Resource 1). Our I-type experiment repro-
duces magmatic intrusion using syrup injected into the base 
of the cone following the methodology of Rincón et al. (2018; 
Fig. 1). We conducted a set of six experiments, where the only 
variable was the distance between the intrusion and the central 
axis of the cone. Experiments with distances less than 0.5 cm 
and distances between 1.5 and 3 cm are considered here, and 
results are similar to those of Rincón et al. (2018). We use a 
Microsoft® Kinect v2 sensor to track surface deformation and 
to quantify changes in the analogue model topography (Tortini 
et al. 2014) (Fig. 1). Microsoft® Kinect v2 combines an opti-
cal camera and an infrared distance measurement sensor. The 
precision of the device has been quantified by Rincón et al. 
(2022) and is ∼1 mm.

Scaling and materials

To compare surface changes and fault patterns produced by the 
analogue models with field data for natural systems, scaling of 
the experiments needs to be geometrically, dynamically, and 
kinetically defined (Hubbert 1937). For scaling, the range of 
parameters considered are the same as those used by Rincón 
et al. (2018). For both cases, length scale [L]* is  10−4 (i.e., 10 
m in the natural system 1 mm in the model), and cone height 
(hM) is 11 cm, so that a 1100-m high edifice is considered 
(hN). The cohesion of the material used for the model (σM) 
was estimated using a shear-ring test at the HelTec Lab of Geo-
ForschungsZentrum (GFZ)—Helmholtz-Zentrum Potsdam, 
Germany (Samaniego et al. 2015). This gave values of 50–100 
Pa, which simulate a fresh rock mass with a cohesion (σN) of 
9×105 - 2×106 Pa (≈ 1–2 MPa) (Seisdedos et al. 2012).

To simulate the hydrothermally zone, we used Rhodorsil 
GUM FB® silicone because of the tendency of hydrothermally 
altered rocks to deform mainly by creep (van Wyk de Vries 
et al. 2000; Cecchi et al. 2004). The viscosity of Rhodorsil 
FB® silicone is 1×104 Pa·s (Calvin et al. 2013), whereas the 

viscosity of the hydrothermal core in a natural system has been 
estimated to be around 1×1018 Pa·s (van Wyk de Vries and 
Matela 1998). This means that one minute of a H-type experi-
ment corresponds to around 10,000 years for the natural sys-
tem. In our I-type experiments, we used Lylle’s Golden Syrup 
TM to simulate intrusion of magma with a viscosity of around 
1×109 Pa·s, as proposed for the cryptodome of Mt. St. Helens 
in 1980 (Pinkerton and Stevenson 1992). According to scal-
ing (Table 1), our model fluxes into the intrusion (Qm) are ~2 
 cm3/s, and scale to a value for the natural system (Qn) of ~30 
 m3/s, which is similar to that for the Mt. St Helens cryptodome 
intrusion in 1980, i.e., 30  m3/s (Moore and Albee 1981).

Data analysis

Experiments were recorded monitored using the visible and 
distance images obtained by Microsoft®’s Kinect v2 sensor 
(Rincón et al. 2022). We used the visible images to map 
deformation structures (faults), and the distance images to 
quantify topographic changes. Spatial resolutions were 1920 
× 1080 pixels for visible images and 512 × 420 pixels for 
the distance images. Since we recorded data from a height 
of 75 cm, pixel sizes are 0.6 mm and 1.6 mm, respectively. 
Temporal resolution was 1 image per second recorded, every 
10 min during H-type experiments, and 1 image per second 
until the syrup reached the surface for I-type experiments.

To obtain quantitative values for surface deformation (e.g., 
degree of subsidence and/or uplift) of the cone during the 
experiments, we calculated the difference between the sequen-
tial distance images and a reference image, i.e., the first image 
acquired at the of the start of the experiment at time. For 
H-type experiments, we analysed images acquired after one of 
the minutes one (t1), two (t2), and three (t3). This, following 
our scaling, correspond approximately to 10,000, 20,000, and 
30,000 years in a naturel system. The selected times for I-type 
were five (t5), 10 (t10), and 20 (t20) minutes, representing 6, 
12, 19, and 25 days in the natural system.

Table 1  Scaling: Geometrical and mechanical parameter scaling and their values in the natural and modelled systems

Parameters Definition Model (M) Nature (N) Ratio (M/N) Units (IS) Dimensions

h Stratovolcano height 0.11 1100 1×10−4 M [L]
R Stratovolcano radius 0.15 15,000 1×10−5 M [L]
g Gravity 1 1 1 m×s-2 [LT−2]
ρv Stratovolcano density 1320 2500 5.5×10-1 kg  m−3 [M×L−3]
σv Stratovolcano cohesion 50–100 9×105 2.5×10−6 kg×m−1 [M×L−1]
Φ Friction angle 36–37 36–37 1 ° -
ts Deformation time spreading 0–600 0–3.2×1012 0–1.9×10−10 S [T]
ti Deformation time intrusion 0–1.200 0 – 2.2×106 0–5.5×10−4 S [T]
μsh Hydrothermal core viscosity 1×104 1×1018 1×10−15 kg×m−1×s−2 [M×L−1×T−2]
μm Magma viscosity 30 1.5×109 3.3×10−9 kg×m−1×s−2 [M×L−1×T−2]
Qm Magma flow 1.7×109 1–100 1.5×109 m−3×s [L−3×T−1]
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Results from analogue models

Deformation by spreading due to a hydrothermally 
weak core (H‑type models)

Most of the H-type models show visible deformation at the 
cone surface, both as topographic displacements and faulting 
(Fig. 3). The lager and closer to the surface the weak core 
simulating the body of hydrothermally altered rocks body 
is, the greater and more intense is the surface deformation 
(Fig. 3). The changes in surface morphology that are detected 
are mainly characterised by subsidence of the summit area (by 
up to 15 mm), so as to develop a characteristic flat (i.e., low 
slope) area at the summit (Figs. 3 and 4). In several experi-
ments, this subsidence was accompanied by a surrounding 
zone of small positive of ∼10 mm displacement. For most 
cases where the weak body is central to the cone interior, the 
faulting pattern is symmetrical, with the development of two 
main curved normal faults, bounding the subsidence zone, 
and dipping towards the centre of the cone to form a summit 
graben (see experiments H1, H2, H10, H11, H14, and H17 of 
Fig. 3). However, deformation around the flat summit area has 
a degree of asymmetry (see experiments H1, H2, H10, H11, 
H14, and H17 of Fig. 3). Experiments where the weak core 
was located off-centre within in the cone, the faulting pattern 
changes. For such cases, an early principal curved normal 
fault, located at the flank opposite to the weak core, develops 
dipping inward towards the interior of the cone (Fig. 3). In 
the hanging wall of this principal fault, one or several minor 
antithetic normal faults developed to generate a half-graben 
structure in a highly deformed flank. In addition, a prominent 
topographic bulge with up to 25 mm of positive displace-
ment grew close to the cone base downslope of the fault sys-
tem. Development of the bulge was presumably related to 
the development of a blind, gently dipping, inverse fault at 
the cone. The bulge of the edifice diameter, even for narrow 
weak cores (e.g., experiment H12 of Fig. 3). The location of 
maximum subsidence, however, located at the summit area, 
although extending onto the upper zone of the deformed flank 
(experiments H9, H11 and H15, in Fig. 3). The deformed 
flank develops a topographic profile with a characteristic con-
cave–convex shape (see experiments H3, H6, H9, H12, H15, 
and H18 of Fig. 4), a feature which has been already suggested 
as indicative of flank spreading (van Wyk de Vries and Fran-
cis 1997; van Wyk de Vries and Matela 1998).

In summary, surface deformation in off-centre H-type 
models has a distinctive asymmetrical pattern, with intense 
faulting forming an asymmetrical half-graben affecting the 
upper-half of the flank. In addition, a prominent bulge devel-
ops near the cone base, resulting in a concave–convex shape 
to the cone flank (see experiments H3, H6, H9, H12, H 15, 
and H18 of Figs. 3 and 4).

Deformation due to the intrusion of a viscous 
magma body (I‑type models)

Surface deformation detected at cones undergoing intrusion 
of a viscous magma body showed several features that were 
similar to those of the H-type models, including summit subsid-
ence. However in our I-type models, deformation was different 
between cases where the tube intrusion is centred or off-centre 
with respect to the cone summit, in agreement with the results of 
Rincón et al. (2018). When intrusion occurred directly beneath 
the summit, with faulting being mainly symmetrical with two 
main inward-dipping normal faults forming a summit graben. In 
three cases, the footwall zone of one of the faults delimiting the 
graben also showed a small positive displacement (i.e., bulging), 
as in experiments I33, I35, and I41 (Fig 5). This deformation pat-
tern is similar to that of experiments S1 and S2 (Fig. 3)

In the cases where the intrusion was below the flank (i.e., 
off-centre), deformation showed different pattern. This was 
characterised by early development of a curved normal fault 
perpendicular to the intruded flank and dipping inward to 
produce an asymmetric half-graben at the summit with up to 
25 mm of subsidence at the principal fault hanging wall. The 
zone of maximum subsidence was thus not at the summit zone, 
but slightly displaced to a point above the intrusion point (see 
experiments I4, I18, and I40 of Fig. 5). A topographic bulge 
appeared in the intruded flank always at the upper-middle 
zone of the flank (see topographic profile of experiment I4 of 
Fig. 6). Therefore, this deformation pattern can be similar to 
that observed some of the off-centre H-type models, but in the 
location of the bulge is different being in the upper-middle flank 
for the I-type cases, and at the cone base for H-type models) (cf. 
experiment H12 of Fig. 4 and experiment I4 of Fig. 6).

Another characteristic deformation pattern observed in the 
off-centre I-type models was development of normal faults 
trending ≈ 30° with respect to the first principal fault (see 
experiments I4 and I18 of Fig. 5). This faulting pattern devel-
oped late in the experiment, thus being a late-stage feature. 
Occasionally, also a “slump-like” structure also developed as 
a late-stage structure, defined by a U-shaped normal fault and 
a bulge, which formed at a highly oblique angle with regard to 
the initial principal fault (see experiments I4 and I40 of Fig. 5).

Discussion

Morpho‑structural features indicative of potential 
edifice instability due to flank spreading

Our H-type experiments, simulating the gravitational defor-
mation of a stratovolcano with a weak core of hydrothermally 
altered rocks, show that both centrally located (e.g., experiment 
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H1 of Fig. 3) and off-centre (e.g., experiment H15 of Fig 3) 
hydrothermally altered zones can result in asymmetric spread-
ing. However, the asymmetrical deformation to cause flank 
spreading in a preferential direction is only observed in models 
where the weak core is off-centre, in agreement with results 

of Cecchi et al. (2004) (see Fig. 7c). Characteristic fault pat-
terns included development of a normal principal fault (f1) 
which when coupled when coupled with a including a strongly 
deformed flank (Fig. 7c), compromises stability.

Our models show that deformation can occur even when 
the weak hydrothermally altered core comprise only 5% by 
volume of the edifice (see experiments H5, H11, and H17 of 
Fig. 3), showing that even quite small hydrothermal systems 
relative to the total volume of the edifice can potentially 
generate instability in stratovolcanoes. Thus, when defining 

Fig. 3  Results from spreading due to the presence hydrothermal core 
(H-type). Variation of the distance images at time t3 (3 min in the 
experiment ~30,000 years in nature), with the deformation structures 
overland. Lines a–b show the location of the profiles of Fig. 4

◂

Fig. 4  Red line: topographic profiles of the H-type experiments at time t3 (3 min into the experiment, ~30,000 years for the natural system), 
compared with initial profiles (black line). In grey: weak-cored geometry at the start of the experiment
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possible zones of weakness within a volcanic edifice, it is 
important to constrain the size, viscosity, and location of a 
hydrothermal systems within the edifice.

One of the most characteristic topographic features 
observed in our models of cone spreading in response to the 
presence of a weak core is the development of a flat (low 
slope) summit area due to edifice subsidence (i.e., the blue 
zone of Fig. 7). However, this graben-like flat area can be 
difficult to identify at natural systems, since subsequent lava 
flows from a summit vent can drape and mask topographic 

scarps produced by faulting. Furthermore, since both the 
symmetrical (Fig. 7a) and asymmetrical (Fig. 7c) spread-
ing of the edifice produce subsidence at the summit area, 
this criterion is ineffective for the identification of potential 
instability. Similarly, if deformation is the result of an old 
viscous magma body intrusion, our I-type models show that 
a graben-like flat area due to topographic subsidence devel-
ops also at the summit zone (see b and d of Fig. 7). The 
occurrence of a flat summit area is therefore also ineffective 
in indicating the trigger of deformation.

Fig. 5  Results from cryptodome 
intrusion experiments (I-type). 
Variation in the distance image 
from time t20 (20 min in the 
experiment ~25 days for the 
natural system), with deforma-
tion structures overlain. Lines 
a–b show the location of the 
profiles of Fig. 6
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Other diagnostic characteristics of deformation detected 
in our experiments include flank bulging. This can be 
detected even if later lava flows cover the area, due to both 
the change in slope. Donnadieu et al. (2003) compared duc-
tile core models and intrusion models and determined that 
both can produce a bulge at the edifice (i.e., the red zone of 
Fig. 7). Their results showed that a fault-related sharp transi-
tion between subsidence and uplift was typical of intrusion-
related deformation. This distinctive feature occurs in all our 
experiments (Fig. 6), supporting Donnadieu et al. (2003) as 
well as previous field observations (van Wyk de Vries et al. 
2014). In addition, our I-type experiments show that defor-
mation due to an intrusion of viscous magma located high 
in the edifice can result in a characteristic faulting pattern 

involving development of faults with different strikes that 
crosscut on the upper part of the deformed flank (Fig. 7b). 
The presence of this faulting pattern can therefore be con-
sidered as a potential criterion for the recognition of past 
edifice deformation caused by an intrusion. This faulting 
pattern occurs in our experiments at a late stage, when the 
intrusion is probably located high in the edifice above the 
main fault plane. At this point, the edifice is therefore in a 
highly unstable state (Rincón et al., 2018). Thus, we propose 
that this faulting pattern is rarely preserved at natural system 
due to the likely lateral collapse that follows their formation. 
Thus, their scarcity in the geological record argues for the 
development of such a fault system as being indicative of 
potential collapse.

Fig. 6  Two representative 
examples of I-type experiments. 
Red line: topographic profiles at 
time t20 (20 min in the experi-
ment ~25 days for the natural 
system) compared with initial 
profiles (black lines)

Fig. 7  Sketches of the charac-
teristics fault patterns and topo-
graphic changes (subsidence 
in blue, uplift in red) revealed 
by (a) spreading experiments 
when the hydrothermal core is 
centre, (b) cryptodome intru-
sion when the tube intrusion 
is centre (deformation pattern 
1 of Rincón et al. 2018), (c) 
spreading experiments when the 
hydrothermal core is off-centre, 
and (d) cryptodome intrusion 
when the tube intrusion is off-
centre (deformation pattern 3 of 
Rincón et al. 2018)
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Comparative analysis of our H-type and I-type models 
shows that flank bulging close to the cone base only occurs 
in cases where the edifice is suffering from asymmetric 
spreading (see experiments H6, H9, H12, H15, and H18 
of Figs. 3, 4 and 7c). The development of basal bulging is 
arises therefore a diagnostic morphological feature for the 
identification of asymmetric flank spreading which poten-
tially compromises edifice stability in the sector effected.

Application to natural systems

Flank bulging, with the development of a characteristic 
concave–convex–concave profile on the deformed flank, 
has been previously proposed as a morphological crite-
rion for identifying the development of flank spreading at 
several volcanoes, e.g., at Casita (van Wyk de Vries et al. 
2000), Mombacho (Cecchi et al. 2004), Piton de la Fournaise 
(Carter et al. 2007), Teide (Márquez et al. 2008), Semeru 
(Solikhin et  al. 2012), and Damavand (Eskandari et  al. 
2015). The occurrence of hydrothermally altered rocks at 
several of these volcanoes (including Casita, Teide, Dama-
vand) strongly supports that flank spreading can be produced 
by the existence of a core of weak rocks inside the edifice. 
In applying our morphological criteria to these proposed 
examples of flank spreading some notable features appear; 
in some cases providing new perspectives on existing con-
troversies regarding the role of flank spreading.

Casita (Nicaragua; 1405 m a.s.l.) is a ≈1000 m high dor-
mant stratovolcano, which is part of an elongated massif 
including San Cristobal volcano and La Pelona caldera. 
Casita is not a single cone, but a ≈ 7 × 5 km ESE-WSW-ori-
ented cratered ridge, formed by a series of cones and cut by 
sub-radial normal faults (Kerle & van Wyk de Vries 2001; 
van Wyk de Vries et al. 2000). Evidence for hydrothermal 
activity at Casita includes active fumarole fields, and this 
extensive hydrothermal activity has probably formed a weak 
core in the edifice (Van Wyk de Vries et al. 2000). Van Wyk 
de Vries et al. (2000) proposed that spreading is occurring 
on Casita’s eastern flank. A topographic profile across this 
deformed east flank (Fig. 8d) shows strong similarities with 
some of our cases where spreading is due to a weak core 
located centrally to the cone, since the convex part is located 
at the middle flank (cf. experiment H14 of Fig. 4), and not 
at its base. Asymmetric flank spreading (preferentially to 
the east) at Casita could be related to the buttressing effect 
of San Cristobal volcano at its western flank. According to 
our results, the unstable east flank is potentially less prone 
to large and deep-seated collapse than if the weak core was 

located off-centre. Instead, flank-over steeping and head 
scar faulting produced small landslides which can transform 
into small but highly mobile debris avalanches or lahars, 
as occurred on the SE flank in 1998 (Kerle & van Wyk de 
Vries 2001). The 1998 landslide left a small (≈ 1500 m 
wide) horseshoe scarp on the SE flank close to the deformed 
area (Kerle & van Wyk de Vries 2001).

Damavand volcano (Iran; 5670 m a.s.l.) is a large (400 
 km3) stratovolcanoes (Eskandari et al. 2015). It is a more 
than 2000 m high dormant composite cone with fuma-
rolic activity near the summit and hot springs on its flanks, 
located in the central Alborz Mountains ~50 km north of 
Tehran (Shirzaei et al. 2011; Eskandari et al. 2015). Despite 
the large difference on size, Damavand has some morpho-
logical features similar to Casita, with a characteristic con-
cave–convex–concave-shaped SE flank (Fig. 8a), bounded 
to the north by a shallow horseshoe scarp. The E-SE flank 
is also actively deforming at a rate of several millimetres 
per year Shirzaei et al. (2011). This deformation is eastward 
and downward on the upper concave flank, and eastward 
in the convex zone (Shirzaei et al. 2011; see their Fig. 3). 
This deformation pattern is like that occurring in our mod-
els with a centre weak core, with a bulge zone locate in 
the middle of the flank (e.g., H14 of Fig. 3). There is topo-
graphic asymmetry between Damavand’s base at the western 
and eastern flanks (Fig. 8a). This asymmetry could be the 
result of asymmetric spreading preferentially to the east. Our 
observations support previous suggestions by Shirzaei et al. 
(2011) and Eskandari et al. (2015) that Damavand’s south-
eastern flank can be potentially unstable due to asymmetric 
flank spreading. This constitutes a serious hazard and high 
risk, as a possible debris avalanche would impact the village 
of Ask and other localities in the Haraz River valley at the 
south-eastern foot of the volcano. The flank morphology 
also supports the proposal of Cecchi et al. (2004) that shal-
low horseshoe-shaped structures on volcano flanks can be 
produced by flank spreading so as to be a diagnostic feature 
of edifice deformation and instability.

Semeru volcano (Indonesia; 3676 m a.s.l.) is an active 
stratovolcano of ≈60  km3 and ≈ 2000 m in height, located 
at the southern end of the Semeru–Tengger volcanic massif 
on Java Island (Thouret et al.2007). Solikhin et al. (2012) 
proposed that the existence of a topographic bulge at the 
base of the SE flank is produced by thrust faults resulting 
from asymmetric flank spreading of the weak-cored volcano 
(Fig. 8c). According to our models, Semeru’s stability could 
be strongly compromised since the location of a bulge close 
to the base of an edifice is indicative of deformation over an 
off-centre weak core. Such a case will have a fault system 
geometry prone to producing large deep-seated collapses 
(see also Fig. 9 of Solikhin et al. 2012). However, inspec-
tion of volcano slope map cast doubts over the existence of 
a deformation-related bulge at the edifice base, since the 

Fig. 8  Topographic profiles (from SRTM and ASTER-DEM data) of 
natural cases showing flank deformation potentially associated with 
asymmetric spreading over a weak hydrothermally altered core. Red 
line marks the location of the proposed flank bulge for each case

◂
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change in slope defining the alleged southern bulge is quite 
small, discontinuous, and lobate, and does not extend across 
a significant part of the edifice base. This case highlights the 
need to analyse both the topographic profile as well as to the 
map distribution and extent of morphological and structural 
surface features so as to properly constrain, check and con-
firm the existences of spreading (Fig. 7).

We have also made a preliminary bibliographic survey 
of papers dealing with morphology, faulting patterns and 
geometry of hydrothermal systems at stratovolcanoes world-
wide. At cases potentially suggestive of deformation due to 
flank spreading, we have analysed satellite images (mainly 
from Google Earth) and Digital Elevation Models (Shuttle 
Radar Topography Mission SRTM and Advanced Space-
borne Thermal Emission and Reflection Radiometer-Digital 
Elevation Model Aster-DEM). Our goal was the identifica-
tion of other possible uncited examples of stratovolcanoes 
showing morphological features potentially indicative of 
flank spreading (i.e., concave–convex–concave flanks, pos-
sibly related to shallow horseshoe structures).

The most notable example found is Ubinas volcano 
(Ecuador; 5672 m a.s.l.), located in the Western Cordillera 
of the Andes. Ubinas is a large (≈ 56  km3) active stratovol-
cano and sits on the edge of a high plateau rising 1400 m 
above surrounding areas (Thouret et al. 2005; Rivera et al. 
2010). Fumarolic activity and hydrothermal alteration occur 
in the summit caldera (Gonzales et al. 2014). Topographic 
analysis shows that a concave–convex–concave-shaped 
flank (with an area ~2 × 1 km), and bounded by a horseshoe 
scarp, occurs at on southeast flank (Fig. 8b). The horseshoe 
scarp has been attributed to the occurrence of a large sec-
tor collapse that occurred volcano around 3670 year B. P, 
and involving hydrothermally altered blocks (Thouret et al. 
2005). Geophysical data shows that Ubinas has a well-devel-
oped hydrothermal system with a south-eastern trend and 
an asymmetric distribution (Gonzales et al. 2014). In fact, 
Ubinas is considered to be a highly unstable edifice, and the 
possibility of a flank failure of the hydrothermally altered 
zone (which is in the area of the previous collapse) is yet 
to be considered in the possible eruptive scenarios used for 
hazard assessment at this location (Thouret et al. 2005). The 
morphology and structure of the NE flank fit with our mod-
els where a centre weak core is located centrally the volcano 
edifice, since the convex part of the slope profile is located 
at the middle flank, and not at its base. This suggests that 
the area where volcano edifice stability is compromised is 
larger than that considered by Thouret et al. (2005), since it 
is not restricted to the horseshoe scarp but instead includes 
the entire deformed SE flank. This area is considered part of 
the high-hazard zone by Rivera et al. (2010), and potential 
lateral collapses from this unstable area, located upslope 
of Ubinas town, constitutes a hazard that must be consid-
ered. Previous monitoring flank deformation at Ubinas using 

InSAR has not shown any signal (Rivera et al. 2010). How-
ever, we suggest that monitoring of, potential slow but long-
term gravitational deformation of the SE flank is necessary 
due to the high risk associated with lateral collapse.

Conclusions

Our experiments show that both the existence of a hydro-
thermal altered weak core or intrusion of a viscous magma 
body can produce two different deformation patterns at 
stratovolcanoes, symmetric and asymmetric. Asymmetric 
deformation patterns can induce instability of the deformed 
flank producing structures that potentially induce, and can 
be the prelude to catastrophic collapse. We identify three 
morpho-structural criteria which could discriminate between 
asymmetric edifice deformation due to spreading. Spreading 
can be triggered by generation of a weak hydrothermal core 
or by intrusion of a viscous magma body. While a sharp 
transition between areas of subsidence and uplift is typical 
of intrusion-related deformation, the development of faults 
with oblique strikes crosscutting in the upper part of the 
deformed flank occurs only at intrusion experiments, and 
development of a bulge close to the cone base only occurs 
during asymmetric spreading. Diagnostic application of 
these criteria to natural cases is hampered by tendency of 
collapse at volcanoes deformed by off-centre viscous intru-
sions, which erases the characteristic late-stage faulting pat-
terns observed in our experiments. Development of basal 
bulging is the main diagnostic morphological feature for the 
identification of asymmetric spreading, potentially compro-
mising stability. The search for, and characterisation of, such 
basal bulges through remote sensing techniques or by setting 
up geodetic monitoring networks can provide an essential 
tool for hazard assessment and monitoring strategy at poten-
tially unstable volcanoes.
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