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[1] Most laboratory experiments of caldera collapse have
dealt with reservoir emptying below a flat-lying overburden
without an overlying analogue volcanic edifice on top. The
overload and the role of topography are then neglected so
that the final flat floor within the caldera is directly linked to
the initial one. In addition, caldera subsidence is commonly
attributed to the collapse of the top of a magma chamber
linked to eruptions delivering large amounts of volcanic
products. Analogue experiments show that the deformation
of a weak clay-rich core resulting from the hydrothermal
alteration in a volcanic edifice can, in certain conditions,
reproduce the structures of a caldera. In particular, it is a
way to explain the flat floor of a caldera when resurfacing
resulting from new eruptions or destructive processes seems
unlikely. Citation: Barde-Cabusson, S., and O. Merle (2007),

From steep-slope volcano to flat caldera floor, Geophys. Res.

Lett., 34, L10305, doi:10.1029/2007GL029784.

1. Caldera Formation

[2] Caldera formation is commonly associated with erup-
tion of volcanic products and attributed to the collapse of
the roof of a reservoir resulting from magma withdrawal.
This can result either from a single eruption draining
efficiently a huge volume of magma or from recurrent
eruptions and multiple dyking events leading to an incre-
mental or step by step collapse of the reservoir [e.g.,
Lipman, 1997; Munro and Rowland, 1996]. Whatever the
models, the collapsed surface corresponds approximately to
the dimensions of the underlying reservoir.
[3] In some cases, geophysical data together with field

data show that there is not a reservoir large enough to permit
such a collapse. For example, the classic caldera model is
unlikely for the Enclos Caldera at Piton de la Fournaise on
Reunion Island [e.g., Rousset et al., 1989; Nercessian et al.,
1996; Briole et al., 1998;Malengreau et al., 1999] or on the
French Polynesia Island of Nuku Hiva [Legendre et al.,
2005; Maury et al., 2005].
[4] Hot fluid circulation of both groundwater and mag-

matic gas deeply alters volcanic rock and produce volume
loss together with clay-rich zones able to flow under their
own weight. Recent studies have shown that such altered
rocks form large zones within edifices and initiate sector
collapses [López and Williams, 1993; Day, 1996; Vallance
and Scott, 1997; Voight and Elsworth, 1997; van Wyk de
Vries et al., 2000; Reid et al., 2001; Cecchi et al., 2005].
Also, the core of the volcano may become unstable if
conditions of weak lateral confinement exist at the boundary

of the hydrothermal system, which then flows laterally. The
ensuing collapse of the central part of the edifice may then
create a caldera-like structure apparently similar to classical
calderas but named ‘‘caldera-like’’ as the drained material is
not magma but altered rock [Merle and Lénat, 2003; Merle
et al., 2006].

2. Caldera Floor Topography

[5] The classic image of a caldera structure is that of a
huge cauldron with a flat floor surrounded by a ring fault
exhibiting a circular vertical cliff of several hundred meters
high. The question is rarely asked as to how and by which
mechanism such a flat floor can form starting from a steep-
slope cone. Many young caldera structures are filled by
thick volcanic sequences and rare are those that are eroded
to the original surface. Very little evidence is thus available
to evaluate the degree of disruption of the floor and the
initial intra-caldera slopes.
[6] Concerning previous experimental studies on caldera

formation, only recent studies took the initial topography of
a volcanic cone into account. Using a cone with a slope of
10� and a flattened apex, Troll et al. [2002] describe both
piecemeal subsidence as a consequence of inflation and
deflation of the chamber and piston subsidence linked to
simple chamber emptying, but the final topography is not
described. Walter and Troll [2001] outline, in experiments
of chamber deflation under a cone, an initial apical sagging
and a tilt of the flanks until a delayed bench-like collapse of
the caldera floor. Lavallée et al. [2004] points out the
problem of initial topography in scaled physical models
and illustrates the real influence of pre-existing relief upon
the style of caldera subsidence due to magma withdrawal.
[7] In this paper, we investigate experimentally the for-

mation of caldera-like structures resulting from the ductile
flow of very large hydrothermal systems. As opposed to
previous experiments on that matter [Merle and Lénat, 2003;
Merle et al., 2006], no reduction of lateral stresses to trigger
or speed up the collapse process is introduced in the exper-
imental procedure. We pay special attention to the slope
modification of the initial cone during the deformation.

3. Experimental Procedure

[8] In many previous experiments on caldera formation,
the reservoir was simulated using a balloon or a bladder
filled with air or water and buried within a cohesive material
[Kennedy et al., 2004; Lavallée et al., 2004; Holohan et al.,
2005]. Sometimes, viscous materials like golden syrup,
silicone or dry ice are directly emplaced into the cohesive
material [Komuro, 1987; Acocella et al., 2000; Roche et al.,
2000]. In some experiments, inflation of the balloon pre-
dates deflation to simulate a complete process from magma
arrival to magma emptying. In experiments conducted here,
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the goal is to investigate the effect of a low-strength zone
simulating the hydrothermal system localised in the core of
a cohesive edifice and no inflation process has to be
simulated.
[9] The experimental setup consists of a piece of silicone

upon which a steep-slope cone of cohesive material is built.
A layering of different colours helps to highlight the
structures after deformation. The diameter of the cone is
in the range from 5 to 30 cm (i.e., 5 to 30 km in nature) and
its slope is about 30 degrees. The internal structure is
observed via cross-sections cut through the models after
deformation. The topography of the analogue model is
preserved by pouring new sand on top of the model, which
is then wet with water, to make possible to cut cross-
sections in the solidified model.

4. Scaling

[10] The clay-rich altered core is considered to behave as
a viscous fluid and is simulated by silicone putty emplaced
in the central part of the analogue model [e.g., van Wyk de
Vries et al., 2000]. The brittle part of the edifice is simulated
by a dry sand/plaster mixture as in most analogue experi-
ments on volcano deformation [e.g., Donnadieu and Merle,
1998].
[11] The shape of hydrothermal systems is poorly known

as their boundaries have no sharp limits and are difficult to
image accurately via geophysical approaches. When study-
ing the geo-electrical model of the central part of Piton de la
Fournaise volcano, Lénat et al. [2000] detected the upper
limit of a zone of low conductivity (0–20 ohm.m) in the
Enclos caldera inferred to be the hydrothermal system. The
overall shape of the zone mimics a low-slope cone. From

this information and to simplify the experimental procedure,
we choose to test both conical and cylindrical shape ductile
structures in our experiments.
[12] Similarity conditions are achieved through a set of P

dimensionless numbers [see Merle and Borgia, 1996],
which must be of the same order of magnitude in nature
and experiments (Tables 1 and 2). The Reynolds number is
the only one to be different in nature and experiments.
However, the very small values of P6 (10

�17 in nature and
10�10 in experiments) show that the inertial forces are
negligible with respect to the viscous forces both in nature
and experiments. Thus, this number need receive no further
consideration.

5. Results

[13] A control experiment has first been carried out where
a piece of silicone was buried into a pile of horizontal sand
layers. Such a configuration is perfectly stable and no
deformation can be observed.
[14] A set of experiments with a 30�-slope cone has then

been conducted varying the shape and thickness of the
silicone. These experiments do not reveal notable differ-
ences in the whole deformation process, even when using a
slightly conical or a cylindrical piece of silicone, so that all
following experiments have been done with a low to
medium height-to-diameter ratio cylinder (Figure 1). Sub-
sequently, cone slope variation has been tested.
[15] The most informative experiments are those built

with steep-slope cones (>25�). Deformation starts instanta-
neously and reveals three successive stages. The first one
corresponds to rapid flattening on top of the cone without
lateral bulging. This deflation stage delimits a large upper
flat area. This is the major change of the shape of the
analogue volcano observed during the whole duration of the
experiment. The second stage corresponds to the progres-
sive appearance of a circular ring fault surrounding the flat
zone formed previously. The third and last stage is associ-
ated with the collapse of the flat zone along the ring fault,
leading to a caldera-like structure. Its topography contrasts
remarkably with the undisturbed external slopes of the cone
(Figure 2). A slight steepening of these external slopes is
sometimes observed next to the ring fault during the
caldera-like formation and may generate local sector
collapses.
[16] Cross-sections reveal that the brittle cone has flat-

tened without any internal faults or fractures. The shape
of the silicone has evolved with time and the initially

Table 1. Parameters

Variable Definition Nature Model

B Diameter of the cone 5–30 km 5–30 cm
D Diameter of the ductile core 1–15 km 1–15 cm
H Offset along the normal fault 1–2 km 1–2 cm
h Height of the brittle cone 1–3 km 1–3 cm
ø Angle of friction 33�–37� 33�–37�
g Gravitational acceleration 9.81 m/s2 9.81 m/s2

rv Density of the brittle cone 2500 kg m�3 1300 kg m�3

rh Density of the ductile core 1600 kg m�3 1000 kg m�3

t0 Cohesion 107 Pa 50 Pa
t Time span for caldera formation 300 y 1 h
h Viscosity of the ductile core 1016 Pa.s 5 � 104 Pa.s

Table 2. The 7 Dimensionless Numbers

Definition Calculation Nature Model

Geometric ratios P1 =
B
D

5.2 5–2

() scale 1 km = 1 cm P2 =
H
D

1–1.3
Brittle material

Angle of friction P3 = f 33�–37� 33�–37�
Gravitational stress/cohesion P4 =

rvgh
t0

2.5–7.3 2.6–7.7
Ductile material

Gravitational force/viscous force P5 =
rhght
h 14.8–44.5 7–21.2

Reynolds number P6 =
rhh

2

ht 1.7 � 10�17 � 1.5 � 10�16 5.6 � 10�10 � 5 � 10�9

Density ratio P7 =
rv
rh

1.5 1.3
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horizontal or convex upper limit has become concave
downward, centered below the former summit of the cone.
The ring fault outlines the circular edge of the silicone,
which has intruded upward within the fracture, up to the
surface in some experiments (Figure 2).
[17] Other experiments have been conducted diminishing

the slope of the overlying cone. The deformation starts more
slowly than in steep-slope experiments and may not reach
the formation of a caldera-like structure. With slopes less
than 15 degrees, a slight depression forms on top of the
analogue volcano and no ring fault can be detected. When
slopes are nearly flat, no deformation occurs. This indicates
that the slope of the cone has a major influence on the
deformation process.

[18] Decreasing the thickness of the silicone leads to a
smaller offset along the ring fault as less ductile material
can flow underneath. The deformational process can even
be inhibited when there is not enough silicone to allow
ductile flow.

6. Interpretation

[19] Given the lack of deformation for a flat topography,
it appears that the formation of a caldera-like structure is
due to the presence of a cone above a ductile body and is
dependant upon the boundary conditions along the edge of
this body. The distribution of the load (rgh) above the
silicone is not uniform and a radial and horizontal

Figure 1. Sketch of the model. A ductile core of silicone is embedded into a brittle cone.

Figure 2. Caldera-like formation. Summit flattening (stage 2) occurs early and is followed by the formation of the ring
fault (stage 3) along which collapse takes place (stage 4). Photographs of both panoramic and cross-section views reveal a
flat caldera-like floor surrounded by steep slopes.
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overburden gradient, (drgh/dx, Figure 3), is evidenced from
high loading at the centre of the silicone, that is under the
summit of the cone, to low loading along the edges. This
radial gradient promotes the deformation of the silicone that
narrows in the centre due to the weight of the summit of the
cone and flows laterally to the low overloaded edges. This
ductile deformation is accompanied by the subsidence of the
upper part of the cone, which forms the upper flat area. It is
noteworthy that the flat floor is formed before the onset of
the caldera-like collapse.
[20] Further deformation is dependant on the intensity of

the overburden gradient. With low slopes (i.e., low over-
burden gradient), the deformation may stop and the evolu-
tion to the formation of a caldera-like structure does not
occur. With steep slopes (i.e., high gradient), the silicone
that is blocked laterally by the analogue volcano flank may
overcome the vertical overburden, which is relatively low
there, and start to rise up. At the surface, this stage is

associated with the initiation of the ring fault that fore-
shadows the collapse. However, offset remains limited at
this stage as, very much like classic calderas, a real collapse
of the roof requires enough drainage of the ductile material.
For this to occur, the hydrothermal zone must be large
enough and as close to the surface as possible, which
permits the overburden resistance to be overcome. Then,
the altered rock of the hydrothermal system would be
squeezed upward along the edges, enlarging the ring fault,
which is unrecognisable at depth (cross-section in Figure 2)
and causing the slight slope increase next to the ring fault.
In most experiments, the silicone pierces the surface along
the ring-fault, and flows slowly downward (Figure 2). Such
emptying of the ductile body is very efficient and speeds up
the caldera-like collapse.
[21] In experiments, the silicone flows as a viscous

material when reaching the surface. This is a limitation of
the analogue modelling, which cannot reproduce the rheol-

Figure 3. Load distribution above the weak zone. In steep slope (>25�) experiments, the high overburden gradient in the x
direction allows the upward ductile flow along the edge to overcome the strength of the overlying brittle material, which
does not occur with gentle slope (<15�) experiments.

Figure 4. Complementary gentle slopes (<15�) experiment. Weak lateral confinement is achieved from normal faulting
lowering part of the edifice. The same three successive stages of deflation, faulting, and collapse as shown in Figure 2 are
observed with time.
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ogy changes probably sustained by the hydrothermally
altered rock during its rise and cooling along the ring fault.
In nature, rather than a viscous flow, it would appear at the
surface as a mix of breccias and clay in variable proportions.
[22] Locating the ductile body below a certain depth, that

is below the base of the volcano, inhibits the process as the
cone effect becomes too low to trigger deformation. To a
very good approximation, a ductile body deeply buried
under the base of the volcano makes the experimental
conditions identical to that of the control experiment.
[23] In a complementary experiment, the effect of a fault

lowering part of a volcano has been tested, according to the
process proposed by Merle et al. [2006]. They studied the
formation of the caldera-like structure on Nuku Hiva Island,
supposed to result from weak lateral confinement of the
hydrothermal system. The authors used simplified models,
with flat-lying topography, to demonstrate the consistency
of the model. When using a low-slope cone instead of a flat
topography, the three successive stages described above can
again be observed. Firstly, the summit of the cone flattens at
the onset of the deformation to form a large upper flat area.
Secondly, slow subsurface lateral spreading of the silicone
initiates a ring fault. Thirdly, collapse occurs along the ring
fault to form a caldera-like structure breached on one side
(Figure 4). This suggests that the general process described
here may happen in different tectonic environments and
takes place once the ductile body inside the volcano can
easily be deformed.

7. Conclusions

[24] In the situation of caldera-like formation by ductile
deformation of the hydrothermal system, experiments show
that the flat floor forms early by summit flattening before
the formation of the ring fault along which the collapse
occurs. This happens only when the hydrothermal system of
the volcano can deform within the volcano to modify the
natural equilibrium between ductile altered rock and brittle
overburden on the edges of the system. Experiments shown
here are scaled for the deformation of a clay-rich core and
do not apply to the formation of a classic caldera by
emptying of a magmatic reservoir. However, it cannot be
ruled out that the process of flat floor caldera-like formation
is similar to that of a classic caldera, given that the rheology
of the whole system is very close, composed of a viscous
reservoir able to flow surmounted by a pile of brittle
volcanic rocks.

[25] Acknowledgments. We thank Valerio Acocella and an anony-
mous reviewer for useful reviews of the manuscript.
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