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Most volcanoes throughout the world have been monitored with geophysical data

(seismology and geodesy) for no more than three decades, a relatively short time

compared to their overall life. The consequence is that we lack a long observation of

volcanic growth and behavior to get a more complete picture of the interaction between

edifice stress state and magma transfer. Here we present the birth and evolution of

a 83 x 83 cm analog model, where we reproduce for the first time volcanic growth

over 360 successive intrusions (15mL every half hour, at a rate of 3 mL/min) in an

analog elasticity-dominated material (pigskin gelatine). By observing the development

of this model volcano, we hope to provide insights to the study of long-term volcanic

activity. In particular, we are interested in stress accumulation/release cycles and their

role in the triggering of distant eruptions. Our model volcano started as a flat topography

and ended 3.82 cm in height at the summit. It displayed cyclic eruptive patterns with

alternating phases of eruptive and purely intrusive behavior. Alike to many intraplate

volcanoes in nature, main dyke swarms produced in the experiment were disposed

in a three-branched radial pattern centered above the injection source (“volcanic rift

zones”). They were accompanied by two radial sill networks, at source depth and edifice

base. Long-term radial compressive stress building during dyke swarming was likely

compensated by radial compressive stress release during sill emplacement. Near-surface

stresses, deduced from the main orientation eruptive fissures and “dry” fractures,

became more localized as the volcano grew. At the end of the experiment, the shallow

stress field was interpreted as generally extensional radial at the summit, extensional

tangential on the flanks, and compressive radial in distal areas. This experiment

showcases the potential of studying long-term stress permutations in volcanic edifices

in the understanding of their morphology and successive activity phases.

Keywords: volcano, growth, edifice, stress state, magma transfer, analog, experiment, intrusions

INTRODUCTION

Shield oceanic island volcanoes, such as Kilauea, Piton de la Fournaise or Pico de Fogo, often form
far from active tectonics boundaries. Contrary to subduction zone stratovolcanoes, which generally
exhibit steep active cones, shield volcanoes are sub-circular, gentle-sloped piles of layered rock. On a
such edifices, the eye of an occasional visitor can be confused by the seemingly random distribution
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of vents, fissure, and craters. A tourist walking on, for instance,
Pico de Fogo or Piton de la Fournaise is often surprised to see
cones apparently randomly scattered away from the summit.
Such a view is far from the iconic idea that one might have from
a single vent volcano.

Eruptive cones and fissures are born during eruptive phases,
when magma transits from certain depths in the volcano
plumbing system to the surface. The upper part of the volcano,
where these final transfers happen, is named the distribution
system (Figure 1). It literally distributes the magma supply from
shallow storage zones (roughly between 0 and 10 km below
the surface; e.g., Michon et al., 2015; Greenfield et al., 2016;
Le Corvec and McGovern, 2018) to the surface, both spatially
(as evidenced by the wide geographical repartition of eruption
markers on most shield volcanoes) and temporally (because it
can modulate magma input from continuous supply to discrete
eruptions). Depending on the volcano, the source of magma for
this final transfer can vary greatly. For instance, it can display
a well-developed reservoir with a complex geometry as Kilauea
(e.g., Ryan, 1988; Zhai and Shirzaei, 2016), include a single main
chamber as Piton de la Fournaise (e.g., Michon et al., 2015, 2016),
or have no identified voluminous shallow reservoir as Pico de
Fogo (e.g., Mata et al., 2017) (Figure 1). In this ultimate phase
of the volcanic fluids journey to the surface, magma usually
propagates through the intrusion of dykes or sills into the host
rock, if no open conduit is available.

Previous studies have shown that the four main
parameters (aside from buoyancy) controlling magma
propagation in the host rock of the distribution system are
(1) structural heterogeneities (such as faulting or layering) (e.g.,
Gudmundsson, 2002; Kavanagh et al., 2006), (2) local or regional
stress field (e.g., Paquet et al., 2007; Sigmundsson et al., 2015), (3)
gravitational loading (e.g., Hyndman and Alt, 1987; Dieterich,
1988; Walter and Troll, 2003; Münn et al., 2006; Roman and
Jaupart, 2014; Maccaferri et al., 2017), and (4) plumbing system
pressure on host rock (e.g., Carracedo, 1994; Gudmundsson,
2012; Tibaldi, 2015). Our study aims to observe how the
distribution system (in which magma transits from shallow
depths to surface or subsurface) evolves in a “neutral” context,
with no extensive/compressive/shear constrain. From this, we
aim to get insights on what drives the long-term geometry of
distribution systems, in the case of volcanoes that are far from
active tectonics boundaries (e.g., intraplate oceanic islands).

It is difficult to answer this question by observing volcanoes in
nature. Precious insights can be gained from observing extinct
magmatic systems exhumed by erosion, but these are limited
when it comes to interpreting dynamic behavior (e.g., Keating
et al., 2008; Gudmundsson, 2012; Marsh, 2015). On living, active
volcanoes, intervals between intrusive events are at least a few
months (e.g., Roult et al., 2012, for the case of Piton de la
Fournaise, one of the most active volcanoes on Earth) and
volcanoes take a long time to grow,making dynamic observations
of active distribution systems short in comparison of their life.
In 2018, we have at most 30 years of exploitable geophysical
data (earthquakes records, GNSS displacements, InSAR maps,
degassing monitoring) for magma transfer imaging at depth at
the most well-documented volcanoes of the world. Some of them

are 300,000 years old. If volcanoes had a lifespan of one day,
we would only have direct access to the last 9 s of their active
life, the rest being inferred from geological studies. By creating
models that replicate some of nature’s volcanoes features, we have
a chance to observe, record and analyze a greater amount of
successive intrusive events.

Here we present one analog model of the development of
a volcanic edifice through the use of gelatine as both host
rock and magma. In this experiment, liquid gelatine (simulating
magma) was injected at the bottom of a solid gelatine (simulating
host rock) tank, at repeated intervals. We analyzed the surface
evolution and distribution of eruptive vents, and showed various
periods of dyke and sill swarming. This model highlighted the
importance of volcanoes distribution system in various phases of
their development, and in their long-term morphology.

MATERIALS AND METHODS

Material Choice and Preparation
Crustal analog materials for dyke and sill emplacement and
magma transfer inside the crust have been intensively studied
in the past two decades, leading to a good knowledge of how to
set up a volcano replica in laboratories. Different materials are
able to model specific behaviors of volcanic edifices, especially
the way they deform, compress or fail under magma injections
(e.g., Abdelmalak et al., 2016). Crustal hosts rocks (inside which
magma propagates from shallow sources to surface) most often
display a complex elasto-plastic behavior at a volcano’s scale
(Galland et al., 2015). Rheology (rock response to constraints)
can be dominated by one end or the other (elastic or plastic),
depending on the rock type and scale of observation. Laboratory
materials usually enable tomodel one or the other end (plasticity-
dominated media, or on the contrary, elasticity-dominated host
rocks) (Figure 2).

For instance, at the “weak,” or plastic, end of the elasto-plastic
scale of crustal analogs, granular materials such as dry or wet
sand, flour, diverse metallic powders or a mix of these were used
to mimic the properties of large-scale natural objects (tens to
hundreds of kilometers wide, where plasticity is the dominant
characteristic) and understand better their behavior (e.g., Caldera
collapse and dyke propagation, Roche et al., 2001; Kervyn et al.,
2009; Delcamp et al., 2012 or magma emplacement in tectonic
extension, Bonini et al., 2001; Corti et al., 2001), or model
complex dynamics of magma propagation (e.g., Guldstrand et al.,
2017). At the “strong” end of the elasto-plastic scale, gels such
as water-gelatine mix, agar and acryl gels were used to model
smaller scale objects (tens of meters to a few kilometers wide)
or well consolidated mediums (e.g., for dyke nucleation and
propagation, McLeod and Tait, 1999; Kavanagh et al., 2006;
Taisne and Tait, 2009; Taisne et al., 2011; Le Corvec et al., 2013,
interactions between two dykes, Ito and Martel, 2002, or the
effect of various dyke properties on propagation, Chanceaux and
Menand, 2014). Note that this list is non-exhaustive, and that
the reader is referred to review articles such as or Galland et al.
(2015); Kavanagh et al. (2018) for more encompassing writings
about volcano analog modeling.
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FIGURE 1 | Illustration of typical intraplate shield volcanoes plumbing and distribution systems. The “distribution system” refers to the shallowest part of the host rock,

inside which dyke, sills, and open conduits enable the final transfer of magma from shallow reservoirs (or not if not applicable, e.g., Pico de Fogo) to the surface.

FIGURE 2 | Analog materials used for modeling magma transfer and its interaction with the range of elasto-plastic crustal host rocks.

Compared with other studies, though, ours has one
supplementary challenge: we need to use the same material
for analog host rock and magma alike. Indeed, since successive
injections are made, all dykes, sills, and laccoliths that possibly
intrude are becoming part of the host rock for the next injection,
so they need to be similar. Previous studies have shown that 2
to 5 wt% pigskin gelatine is a suitable analog for crustal rock
intruded by dykes or sills, according to scaling laws (Kavanagh
et al., 2013). We thus chose, after some testing, to use pigskin
gelatine (food grad, bloom 250, at 4.5 wt% in de-ionized water,

with some bleach to prevent bacterial growth). In its liquid state
(at temperatures above 29◦C), it behaves almost like water with
a slightly higher density and viscosity (around 1 g/cm3 and 0.01
m2/s at 20◦C), making it a good Newtonian fluid for analog
magma modeling. Once solidified (at cool temperatures around
5–20◦C), it is a transparent, birefringent “strong” gel with a
young’s modulus of 5–9 kPa (following measurements made
on the same gelatine, Pansino and Taisne, 2018 at JGR: Solid
Earth), which enables us to visualize intrusions inside the analog
host rock and their related relative strain. The only downside
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is that the mechanical properties of pigskin gelatine change
with cooling time (its Young’s modulus increases exponentially
and reaches a plateau (E∞) after several hours. E∞ is a linear
function of gelatine concentration while the time to reach 90% of
it (t0.9E∞) is controlled by the thickness of gelatine to be cooled
and the room temperature (Kavanagh et al., 2013), so that “old”
host rock (deposited in the beginning of the experiment) might
be stronger than “fresh” one. However, with enough cooling
time and sufficiently small injected volumes, this effect can
be tempered.

Scaling and Boundary Effects
In this study, we consider typical oceanic islands volcanoes,
located on top of hotspots and not affected by intense local
tectonics (e.g., Kilauea, Piton de la Fournaise, Fernandina, Fogo).
In order to provide a scaled model for the structural development
of such volcanoes, we followed the classic similarity procedure
described in e.g., Ramberg (1981). The shallow distribution
system of these edifices is usually composed of a network of dykes
and sills as well as small magma bodies between 0 and 3 km below
the summit, while the upper part of the edifice is usually 10–
30 km wide (e.g., Hildner et al., 2011; Bagnardi and Amelung,
2012; Michon et al., 2015). Since we had at our disposal a 83 ×

83 cm tank (Figures 3A,B), the point of analog magma injection
should be <8.3 cm below the summit. Thus, at the beginning of
the experiment, the injector was placed 3 cm below the surface,
leaving a 5.3 cm vertical growth margin). Bear in mind that
scaling in this experiment followed similarity alone instead of,
for instance, dimensionless ratios as proposed in Galland et al.
(2015). The latest approach would have required a bigger number
of experiments, which was not possible due to time constraints.

It was also necessary to make sure that the box sides did
not significantly affect the model physics, and in particular the
stress state of the volume where the magma distribution system
was developing (boundary effects). Previous studies have shown
that analog edifice gravitational loading and stress adjustments
can be affected if the sides of the box are too close to the
distribution system (e.g., Corbi et al., 2016). We thus realized
preliminary experiments using the same experimental setup. The
typical deformation induced by a new intrusion did not reach
further than 6 cm away from the dyke (as evidenced by changes
on gelatine birefringence colors and surface deformation, see
Supplementary Material). To prevent boundary effects from the
side of the box on dyke propagation, we ended the experiment
when the distribution system (composed of dykes and sills)
was still a little more than 8 cm away from the box sides (for
the farthest 5 intrusions), and even 13 cm for the rest of the
intrusions. Corbi et al. (2016) also showed that a box at least
twice the diameter of the “central cone” (as defined in their study)
was enough to prevent boundary effects that significantly modify
gravitational loading. In our case, the box is a 83× 83 cm square.
We stopped the experiment when the central cone was a little
<20 cm in diameter. Finally, note that boundary effects from the
bottom of the box might (in our experiment) have played a role
for deep (around source depth) intrusions.

We wanted to give the miniature volcano a level of activity
close to what can be observed at very active intraplate hotspots

(e.g., Kilauea, Piton de la Fournaise). The ratio between
activated/cooling times of the distribution system in the model
(20%) was of the order of what is observed at e.g., Piton de la
Fournaise in active phases. This was 11.6% on average over the
1950–2017 period, that includes long rest phases (e.g., Roult et al.,
2012), and 20% on average over the 9 eruptions of the 2015–2017
cycles (e.g., Coppola et al., 2017). Following these considerations,
we chose to activate injections during 5min every 30min (20%
activated/cooling time ratio).

Because of this choice of scaling, we are investigating long-
term structural growth processes that affect the shallowest part of
plumbing systems, roughly from surface to 3 km deep under the
summit, on highly-active oceanic islands volcanoes.

Experimental Setup
The experiment took place over the course of 2 weeks in
a thermostated (15◦C) environment. It was observed by an
acquisition system composed of an Arduino (1. on Figure 3)
controlling DSLR cameras (2.). We grew a miniature volcano in a
83∗83∗15 cm tank (3.), attached to a gelatine feeding system at its
bottom center (4.). This feeding system included a thermostated
(35◦C) small chamber keeping the gelatine liquid [a heating coil
enabled to run warm water inside the chamber without mixing
with the analog material (Figures 3C,D)]. On top of the chamber
we fitted a small elastic balloon (0.5 cm in diameter) that was
pierced homogeneously with 20 holes (Figure 3E). Temperature
(5.) and pressure (6.) in the feeding chamber were planned to be
recorded (but due to technical problems only the temperature
could be). We used a programmable peristaltic pump (7.) to
inject precise volumes of liquid gelatine from a thermostated
(35◦C) reservoir (8.) into the model. The whole tube enabling
the transfer of analog magma from the reservoir to the model
was also kept at a constant temperature (35◦C) with a warm
water circuit (9.), to prevent the freezing of material during
repose times. The original host rock analog material (see Material
Choice and Preparation) was mixed with de-ionized water for
2 h at 75◦C then poured into the tank until 3 cm thick (note
that the photograph in Figure 3A suggests more than 3 cm,
because it comes from an earlier similar experiment with the
exact same setup), before observing a 48 h repose time at 15Â◦C
for solidification.

Experimental Protocol
Once the original host rock analog had solidified (48 h after
preparation), we launched the injection cycles. Every 30min, the
injection system (reservoir+ pump+ chamber) pushed 15ml of
liquid gelatine (at 35◦C) inside the tank from the bottom, at a rate
of 3 ml/min. Thus, each injection lasted for 5min, during which
analog magma slowly intruded the edifice, and often reached the
surface, emplacing a small flow (injection #265 was displayed
as an example photograph of the model while the experiment
was running, on Figure 4). After each injection, the fluid cooled
down quickly and solidified, simulating the emplacement of a
dyke/sill/external flow and adding volume to the edifice. Gelatine
in the reservoir was renewed daily, so that it remained freshly
mixed. Four hundred and fifty eight injections (amongst which
only the first 360 were selected for the study in the result analysis)
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FIGURE 3 | Photographs (A,C,D,E) and sketch (B) of the experimental setup in the cold room. An Arduino program (1) controls multiple-views cameras (2) to

synchronously take regular photographs of the mini-volcano surface. Injections in an initial volume (3) are realized through a porous balloon on top of a heated

chamber (4) which pressure and temperature are controlled (5, 6). Injections are controlled by a programmable peristaltic pump (7) that pushes liquid gelatine from the

main reservoir (8) into the chamber. To ensure that gelatine stays liquid in the injection system, it is coupled with a hot water circuit (9).

were performed this way over the course of 10 days, without
interruption or changes in the room temperature.

The temperatures of the room, of the injection tube, reservoir
and chamber were verified by thermocouples. Pressure inside the
injection chamber failed to be acquired continuously (technical
issues). However, as the injection rate was very low (0.05 ml/s)
compared to the chamber volume (0.8 l), variations in the
chamber pressure are expected to remain low (around 0.006%
per second). The growth of the miniature volcano was monitored
by a network of 4 cameras. Three on top of the experiment
(for stereo-photogrammetric purposes) and one on the side
were synchronized and programmed to take 10 pictures, with
an interval of 30 s, starting 1 s before each injection. Stereo-
photographs were processed with Agisoft Photoscan Pro (v.1.2.3)
(a reliable structure-from-motion software, e.g., Bolognesi et al.,
2015; Derrien et al., 2015) to make Digital Elevation Models

(DEMs). Occasionally, photographs of particular injections from
the side through a polarized sheet (Supplementary Material)
were taken to visualize dyke propagation and typical strain
changes inside the analog crust.

The top-view images (5,184 x 3,456, 0.24 mm/pixel)
acquired between each injection were used to create a
short timelapse animation of the analog edifice growth
(Supplementary Material). This set of pictures was used
to map the location of eruptive fissures and intrusion tips
(accuracy of 0.5 cm). In addition, the top view images could
be processed to extract (X,Y) surface deformation using
Digital Image Correlation (DIC) (Supplementary Material).
The DIC code (Version 4) was adapted from a version
developed by Dr. Elizabeth Jones© (2013, 2014, 2015) based
on previous developments by Christoph Eberl et al. (http://
www.mathworks.com/matlabcentral/fileexchange/12413).
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FIGURE 4 | An example of the mini-volcano morphology at injection #323. Note the central cone surrounded by steep slopes, atop a basal shield displaying gentler

elevation changes, and finally the distal deposit field where most of the flows are emplaced. The summit, rising 3.64 cm above starting level, is affected by significant

type I surface fractures (radially, in perpendicular WNW-ESE and SSW-NNE directions, and tangentially especially south of the summit). (A) Oblique photo from the

Northwest (B) side-view of the central cone from the East.

and using the Matlab image processing toolbox. Note that
texture has been added in form of micro-drops of paint
sprayed on the model’s surface so that displacements could
be measured. Bear in mind that the use of DIC in this
communication will purposely be limited only to showcase
examples of what surface deformation measurements
can be achieved. We wish to focus on presenting the
long-term growth trends and not enter the detail of each
intrusion characteristics.

The multiple-views dataset enabled to produce, for certain
time steps, DEMs of the experiment surface using Agisoft’s
Photoscan (raw photographs and metadata available at NTU
repository). Fifteen DEMs were produced at injections #0, #53,
#87, #109, #141, #156, #178, #201, #219, #238, #264, #282, #327,
#333 and #381 (see examples on Figures 5A–E). The surface
difference between two successive DEMs was integrated to obtain
volume changes. In particular, we differentiated endogenous
volume changes (addition of material inside the edifice in
dykes and sills) and exogenous volume changes (from external
deposits). This was most of the time straightforward, as the

two phenomenon did not affect the same areas (see examples
on Figures 5F–I).

In order to clarify the description and analysis of dyke/sill
intrusions and surface fissure opening during the miniature
edifice growth, we defined an arbitrary coordinate system based
on the orientation of the central top photograph (N/S/E/W
corresponding to Up/Down/Right/Left, respectively).

RESULTS

History Summary
During the course of the experiment and throughout the growth
of the model, different phases could be observed. Figure 6A
and Table 1 summarize the successive intrusion phases described
here. The first 141 injections (phase a.) intruded the solid
through sub-vertical dykes mainly oriented N-S. Most reached
the surface and opened fissures oriented WNW-ESE from which
injected material extruded. We differentiated phases a.(1) and
a.(2). During phase a.(1) (#0-46) all eruptions originated from
the same fissure, while there were slight changes (>2 cm) during
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FIGURE 5 | (A–D) DEMs of the experiment, extracted from the multiple-views photograph dataset. (E) related cross-sections and detail of the different morphological

units present at the end of the experiment (summit, central cone, basal shield, distal field). (F–I) Examples of difference of DEMs and segregation of endogenous vs.

exogenous growth areas.

phase a.(2) (#47-141). Flows formed a rather flat field of 40–50 cm
in diameter.

At injection #142, the intrusive behavior changed radically
with a predominance of sub-horizontal sill intrusions, that did
not end up with surface fissure opening and extrusion. Sills
of this period started intruding to the W from the injection
position, gradually and constantly rotating clockwise at each new
intrusion. This ended at injection #166 with the opening of distal
fissures, (first one at 13.9 cm W of the summit), after a complete
rotation around the injection point. Distal eruption sites then
migrated clockwise over 17 injections, gradually moving closer
to the source (up to 12.6 cm NE of the summit).

After injection #184, dykes started to swarm to the ESE,
with extrusions happening close to the summit (5–10 cm).
Fissures opened mainly in the N-S direction, indicating a shift
of orientation between intrusions at depth (oriented ESE-WNW)
and close to the surface [phase f.(1)]. After this period, surface
fissures appeared a little closer to the summit [phase f.(2),
between #220 and #234], opening radially from the source (ESE-
WNW, thus following better the orientation of dykes at depth),
while alternating with sill emplacement both close to the source

and in distal areas (up to 14 cm to the South). A steeper central
cone, 10 to 12 cm in diameter, overlooked a region of lower
slopes. Coevally to the emergence of this central structure, the
summit surface started to crack in the ESE direction under the
extension generated by successive intrusions. The overall edifice
(including the farthest external flows) was at that time almost
70 cm in diameter.

Injection #235 marked the start of a new swarming period to
the WSW, where fissures started opening radially (WSW-ENE)
near the summit and gradually propagated down to the foot
of the central cone until injection #298 (phase g.(1), example
of injection #265 on Figure 4). Between #299 and #310 [period
f.(2)], in a first time, 9 sills were emplaced at depth near the
source, making the central cone grow internally. Then in a second
time, two final distal sills (10–19 cm from the source) intruded to
the Northeast, reaching the surface and producing small flows.

Finally, the last swarm emplaced 42 N-S sub-vertical dykes in
a swarm oriented N-S, and 8 deep sills near and far from source
that mostly did not reach the surface. Dyke intrusions were first
followed by opening of eruptive fissures to the east and southeast
of the summit, oriented N-S and NE-SW, respectively, close to
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FIGURE 6 | (A) Eruption’s radial distance to source throughout the experiment (in pixels on the top image). Several phases can be observed. During phase a (1 and 2,

dark blue), magma transited from source to surface through sub-vertical dykes and volcano growth is mostly exogenous. Horizontal compression builds at depth.

During phases b–e (light blue), several sill swarms were emplaced, releasing or balancing part of the horizontal compression. During phases f–h, cycles of

dyke/horizontal compression and sill/compression release/balancing occurred, resulting in alternating summit/proximal/distal activity. Dyke swarms shifted of around

120◦ azimuth between each phase. (B) Endogenous/exogenous cumulated volume of the model, from the integration of selected areas in the differences of DEMs.

Bubbles indicate the average percentage of endogenous growth during phase a, phases b to d and during phase g and h, when a stabilization was observed.

the source [2–5 cm, period h.(1)]. Then finally after two distal sills
to the south, 8 fissures oriented NNW-SSE opened at the base
of the central cone to the southeast [8–18 cm from the source,
period h.(2)].

We made 458 injections in total, but the study period was
limited to the first 360 injections. Since it was observed that the
model was vulnerable to bacterial growth and chemical changes
inside the gelatine. After around 350 injections the miniature
volcano started to display surface alteration in very limited areas.
Parts of the surface (< 3mm thick) of the steepest slopes started
to melt down and slowly flow downhill in specific locations.
This meltdown slowly spread and began to be significant after
injection #400, which is why we only used data before injection
#360, to keep a safety margin about the reliability of model
rheology. Cross-sections in the model after the end of the
experiment confirmed that meltdown did not affect the model

under 5mm depth, pointing toward an air-related problem
(bacteria growth or chemical reaction).

Morphology
In the tank, we could observe after phase f.(1), and until the end
of the experiment, an edifice composed of three distinct parts. A
cone-like structure displaying slopes of 20–30%, and 10–18 cm
in diameter (growing in size throughout the experiment), rose
at the center above the source. This central cone (Figure 4) was
overlying, and surrounded by, a shield-like base, with slopes of
5–15%, 20–43 cm in diameter (growing in size throughout the
experiment). Finally, around the basal shield, we could observe
an almost flat field of distal flows, consisting of piled external
flows 1–9mm thick (Figure 4). At the end of the experiment, the
summit was 3.82 cm high above the initial surface.
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TABLE 1 | Successive intrusion phases observed during the course of the experiment, associated with distance to source, swarms and fissures main orientations.

Injection Type of intrusions Distance to source (cm) Swarm orientation at depth Fissures orientation Comment

0–46 Dyke swarm 0–2 N-S WNW-ESE a.(1)

47–141 Dyke swarm 0–4 N-S WNW-ESE a.(2)

142–165 Sills without eruptions 0–13 W->N->E->S NA b,c,d.

166–183 Sills with eruptions 12.6–13.9 W->N->NE Variable e.

184–219 Dyke swarm 5–10 ESE-WNW N-S f.(1)

220–234 Dyke swarm + sills 3–14 ESE-WNW ESE-WNW f.(2)

236–298 Dyke swarm 3–8 ENE-WSW ENE-WSW g.(1)

299–310 Sills without/with eruptions 2–19 ENE-WSW Variable g.(2)

311–349 Dyke swarm + sills 2–5 N-S N-S/NE-SW h.(1)

350-360 Dyke swarm + sills 8–18 N-S NNW-SSE h.(2)

We integrated DEM differences at regular intervals over
the areas of predominant endogenous growth (where volume
increase was mostly due to emplacement of sills and, in a lesser
amount, dykes: this was easy to distinguish because they mostly
did not overlap with areas of external deposits) (Figures 5F–I).
Thus, we followed the evolution of endogenous vs. exogenous
growth (Figure 6B). There were three main periods: (1) During
phases a.(1,2), the percentage of long-term endogenous growth
varied between 4 and 7% of the injected volume. (2) Over phases
b,c,d and e. this percentage increased to 92% on average. (3).
Finally it tended to stabilize around 13% for the later phases (f,g,h,
Figure 6B). Overall around 21% of the edifice has been grown
from within and 79% from external deposits. Although these
deposits made most of the volcanic edifice in the distal regions,
the percentage of endogenous growth was greater closer to the
summit (Figures 5F–I).

Distribution System Geometry
During each injection, the edifice inflated at first, the inflation
becoming more and more noticeable as the dyke propagated
toward the surface (Supplementary Material). Note that some
injections did not reach the surface and froze as intrusions. After
the opening of an eruptive fissure, the edifice started to deflate as
a new flow progressed on the slopes. A remaining deformation
was always observed after the end of the injection and freezing of
material remaining in the dyke (Supplementary Material).

After the end of the experiment, we dissected the model
following horizontal planes (at 0, −1, −2 cm). This revealed a
surprisingly geometric plumbing system at depths between −3
and 0 cm, displaying 4 main sub-vertical dyke swarms [2xN-S (a.
and h.), 1xESE-WNW (f.) and 1xWSW-ENE (g.)] and 4 main
sub-horizontal sill swarms [elongated to the NE (b.), SE (c.),
SSW (d.) and N (e.)] (Figure 7). Amongst the latest, only the N
sills were located at shallow depth (between −1 and 0 cm) while
the others were emplaced at more than 2 cm depth (Figure 8).
Shallow sills lead in most cases to distal eruptions, while deep
sills lead in most cases to pure intrusions. Surface fissures were
often deflected by near-surface effects and not necessarily aligned
with their respective feeding dykes at depth Table 1. Remarkably,
fissures that opened on the sides of the grown central cone were
for the majority oriented radially from the source.

The shallow magma distribution system naturally developed
in a three-branched radial geometry (Figures 7, 8). In this
experiment we could clearly define differentiated periods of
activity separated from each other by transition points, where
swarming shifted from one dominant orientation to another.
For instance, this was well represented at injection #142 by the
shift from a series of N-S sub-vertical dykes to a series of sub-
horizontal sills. We observed 4 such transition points during
the experiment, at #142, #184, #235, and #311, during which
the main orientation of dyke/sill swarms shifted significantly. At
each transition point the new swarm had either a 120◦ angle
in azimuth with the previous one (in the case of sub-vertical
dyke swarms) or a 90◦ angle in dip (in the case of dyke to sill,
or sill to dyke, shift). The sub-vertical part of the distribution
system (dykes) was key for the central cone growth (which is
predominantly endogenous), while the horizontal part (sills) was
mostly responsible for the basal shield construction.

The intrusive behavior could change slightly between the
beginning and end of each swarm sequence. Intrusions at the
beginning of new swarms tended to leave inside the edifice
thicker dykes/sills than intrusions at the end of swarming periods
(0.5 to 0.8mmof surface opening at the beginning vs. 0.1–0.2mm
close to the end). Around the end of sub-vertical dyke swarm
sequences, sills could be emplaced [phases f.(2), g.(2), and h.(2)].

DISCUSSION

Processes Behind Swarm Directions and
Transitions
In this section we will attempt to interpret our model surface
and subsurface evolution, and in particular discuss the reasons
behind the observed swarm transitions. We acknowledge that
newly formed dykes may damage the host rock, and favor the
opening of subsequent dykes in the same direction. However, we
observed several transition points where swarming completely
changed of direction, thus suggesting an effect overcoming the
easiness to intrude damaged host rock.

We already know from previous studies that the stress state of
elastic media is a strong influencer of dyke and sill propagation
(e.g., Dahm, 2000; Watanabe et al., 2002; Paquet et al., 2007;
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FIGURE 7 | Photographs of dissected model, consisting of horizontal sections at depths of −2, −1, and 0 cm. The various dyke and sill swarms emplaced during

phases a–h are drawn on top of the photographs.

Maccaferri et al., 2011; Kavanagh et al., 2013; Le Corvec
et al., 2013; Roman and Jaupart, 2014). For instance, reservoir
overpressure at Bardarbunga volcano (Iceland), generates a
strong radial stress field favoring the propagation of dykes
radially around the source, while further away regional stress
field takes over and favors parallel dyke swarming (Paquet
et al., 2007; Sigmundsson et al., 2015). On the other hand,
if the regional stress field is weak, dyke propagation is likely
to be influenced by volcano-related stress fields, as reservoir
overpressure (for instance during the 2005 Sierra Negra eruption;
Jónsson, 2009), cumulative edifice deformation under repeated
intrusions, edifice gravitational loading (Hyndman and Alt, 1987;
Kervyn et al., 2009; Roman and Jaupart, 2014) or unloading
(e.g., Corbi et al., 2015; Maccaferri et al., 2017). In our case,
we start with a neutral stress field affected only by an even
(vertical) gravitational load. At the beginning of the experiment,
there is no significant edifice load so when the reservoir (porous
balloon) is pressurized by the peristaltic pump, a 3D radial
stress field builds rapidly around it, favoring the propagation of
dykes away from the source. Amongst these different directions,
dykes preferentially migrate upwards at early stage, because
of the even vertical load (Figure 9A). However, each new
dyke emplacement applies a compressive horizontal stress to
the host rock, and each new flow adds to the load of the
edifice, modifying the gravity-induced stress field (#1 to #141).
Eventually, horizontal compressive stress becomes sufficient to
prevent dyke vertical propagation, and injected material starts
to migrate horizontally in places where the most important
horizontal compression has been applied (e.g., #142 to #183,
Figure 9B). From there, we can propose the hypothesis that the
host rock was significantly compressed horizontally at depth
during the first 141 injections (phase a.), because this is where
the first sills began to grow during phases (b, c, and d.). Notably,
sills were emplaced in a clockwise pattern at depth after phase

(a.) highlighting the fact that horizontal/vertical stress ratios
were being gradually adjusted all around the core plumbing
system between injections #142 and #165. After injection #165,
the stress ratio allowed again vertical propagation of analog
magma and ended the emplacement of deep sills (Figure 9C).
Injections #166 to #183 produced shallow sills northwest, north
and northeast of the summit (phase e.). This could have meant
that there was at this point a shallow compressed zone in the
N-S direction favoring the lateral propagation of shallow sills
from 2 to 2.5 cm above the source. Indeed, injections #47 to #141
opened fissures oriented mainly WSW-ENE, thus compressing
the shallow subsurface in the NNW-SSE direction (Figure 4).
At injection #184, new sub-vertical swarming to the ESE (f.)
started. It is possible that this new behavior was a consequence
of the end of stress release to the N of the summit, with stress
being still accumulated at shallow depths to the SSE from period
(a.). Meanwhile, dyke swarming to the ESE at depth could
have increased compression in the SSW direction. It was then
consistent to find that the next dyke swarm (g.) was oriented
WSW at depth. Finally, swarming returned to the initial N-
S principal orientation after injection #310, possibly because
remaining accumulated stress has eventually been released or
compensated by injections #236 to #310. It seemed like swarms
were shifting with a period of between 41 and 74 injections,
in our case, with transition points getting closer in time as the
volcano grew.

Synthesis on Edifice Stress State, at Depth
and Near the Surface
Following the previous section considerations and
morphological observations, we can propose the following
qualitative model of stress state in the experiment after it entered
a stabilized phase (after phase f., Figure 9D):
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FIGURE 8 | Distribution system geometry (after several cross-sections inside the final edifice, letters a–h representing the main swarms in chronological emplacement

order) and extrusion mapping (after semi-automated processing of the top photographs series). Note the triple-branched sub-vertical dyke swarms system below the

summit (a, f–h), surrounded by four main sill swarms at depth (b–e). One of them was emplaced closer to the surface (between 0.5 and 1 cm below surface) and lead

to numerous distal eruptions.

1- The center of the experiment grew mainly from endogenous
deposits above the source. Thus, the surface of the central
cone and in particular the summit zone were under significant
radial extension. On the summit zone (4–5 cm in diameter),
we can infer that σ3 was oriented radially from the source,
near the surface and at shallow depths (0–2 cm below the
summit). This stress state could have favored the opening of
circular eruptive fissures around the summit during summit
eruptions (observed, but rare). It could also have opened
a system of type I radial and tangential fractures (non-
eruptive) at the surface, in a radial pattern centered above the
source. Together these fractures accommodated the extensive
radial deformation of the summit. Such tangential/radial
eruptive fissures and surface extensional fractures are typical
features around caldera rims. Their tangential shape is often
attributed to topographic load in the case of calderas at for
instance, Fernandina volcano (Galapagos, e.g., Chadwick and
Dieterich, 1995).

2- The orientation of eruptive fissures shifted quickly from
tangential near the summit “plateau” to mostly radial on
the flanks. We interpret this shift as the effect of the stress
field induced by topographic load of the central cone (e.g.,
Chadwick and Dieterich, 1995; Roman and Jaupart, 2014).
According to this interpretation, on the flanks and at the base
of the central cone σ3 became tangential at shallow depths (0–
1.5 cm below surface), favoring the opening of radial eruptive
fissures. In addition, topographic load favored eruptions at
the base of the cone rather than in the middle of the flanks
(e.g., Kervyn et al., 2009). Type I extensional (non-eruptive)
radial fractures could also have accommodated the tangential
extension above dyke swarms at depth that did not lead to
eruptions (for instance to the south of the central cone).
These features could probably have translated into radial
grabens in more plasticity-dominated materials, and in real-
world volcano morphology. This can be seen as similar to the
“volcanic rift zones” observed on several volcanoes around the
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FIGURE 9 | Simplified interpretation of stress state of the miniature volcano, where σ3 is the direction of least principal stress (“extension”) and σ1 is direction of main

principal stress (“compression”). Fractures, eruptive fissures, dykes, and sills are more likely to propagate along planes perpendicular to σ3. (A) Early phases: the

edifice load and cumulative intrusive stress do not significantly affect dyke propagation. Most dykes migrate vertically above the source (1). (B) Repeated intrusions

have created a zone of horizontally compressed medium above source: dyke vertical migration is arrested in this zone and “magma” propagates laterally (sill, 2) until

the compression state allows upward migration. The edifice load also favors opening of vents at the foot of the edifice in the near-surface. (C) Sill(s) have enabled the

release of horizontal compression, allowing dyke vertical migration above source. Topography starts to become significant enough to divert dykes at near-surface

depth, resulting in an increase of the proportion of lateral radial fissures (3). (D) The volcano enters a steady state phase, where distal (vertical σ3 at depth, 4) eruptions

alternate with summit (radial σ3 near the surface, 5)/lateral (tangential σ3 near the surface, 6) eruptions, according to the compression state of the edifice. Lateral

intrusions (6) are often diverted to the foot of the central cone by the topographic load. Note that this interpretation of the shallow distribution system is representative

of the long-term and edifice-wide general stress trends, but varies locally and at small temporal scales.

world (e.g., Etna, Piton de la Fournaise, Fogo, Marion Island),
that are often disposed in a three-branched star pattern,
concentrating most of the vents and accommodating most of
the edifice extension.

3- At depths <1.5 cm below the surface, we infer that
compressive horizontal stresses were dominant (due to
successive sub-vertical dykes emplacement). Thus, at this
depth σ3 was sometimes horizontal and sometimes vertical,
depending on the ratio of horizontal compression vs. vertical
compression. This ratio grew when sub-vertical dykes were
emplaced, but diminished when sub-horizontal sills or
external flows (topographic load) were emplaced. We can
suggest that this is why most sills were emplaced at depths
<-1.5 cm, as they accommodated the horizontal compressive
stress that was built at depth (Figure 9D).

4- Distal zones were globally unaffected by significant stress state
changes but could display small radial compression favoring
the propagation of radial dykes or sills further away from the
source, if the radial migration of the intrusion started deep
enough to begin with. Exceptionally, some injections used the
deep sill network to propagate radially at depth before starting
to propagate upwards, reaching the surface sometimes

18–19 cm away from the source. The more the edifice grew
and the more radial compressive stress was accumulated, the
farther distal eruptions could happen.

Similarity With Volcanoes in Nature
The vent locations on the model surface tended to cluster in
specific locations around the injection point. The density map
further showed that vents on the slopes of the model volcano
are generally aligned in two radial WSW and ESE directions
(Figure 10A). Volcanoes in nature also display similar vent
alignments, radially from the main reservoir and/or magma
rising point. In numerous cases there is two or three “rift
zones,” radiating from above the principal magma input point.
They are often disposed at around 120◦ angles (Carracedo,
1996). This can for instance be observed on Mauna Kea
post-shield edifice (Figure 10B), Marion island (Figure 10C),
Tenerife (Figure 10D), Pico de Fogo (Figure 10E), and Piton
de la Fournaise (Figure 10F). This common observation was
originally explained by the building of horizontal extensional
stresses above a rising plume under the Earth’s crust. In an
isotropic environment (i.e., not significantly affected by strong
regional stress fields), the upward “push” of rising magma will
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FIGURE 10 | Comparison of model vent density map (A) with a selection of intraplate volcanoes, (B–F). Black circles represent the extent of central cones, based on

slope break. Rift zone (grayed areas) are based on vent density (warm colors where vent density is higher). Where applicable, straight lines represent the direction of

past active center displacement. Vents in the model (A) tend to open in two preferential “rift zones” (ESE and WSW). At these intraplate volcanoes, vents statistically

gather in three “rift zones” more or less at 120◦ angle from each other. This is especially true for Mona Kea post-shield edifice (B), Marion island (C), and Teide (D).

Pico de Fogo displays a different repartition with a NNE well-defined rift zone and a diffuse SSE one (E). Piton de la Fournaise shows three rift zones (NE, SSE, and

WNW) but they are not really well disposed at 120◦ angle from each other.

create extension of the topping crust. This in turn will favor
the opening of both radial and tangential dykes, that tend to
swarm in a “least-effort” geometry, i.e., three directions (e.g.,
Carracedo, 1994). Depending on the volcano, more recent studies
suggested that gravitational spreading controls the formation
of triple-branched rift systems (i.e., El Hierro in Münn et al.,
2006, in which spreading of volcanoes without forceful intrusions
is reproduced).

In nature, flank collapses happen regularly (at geological time
scales) as shown by significant scarps in their morphology (e.g.,

Piton de la Fournaise eastern flank, Pico de Fogo, Stromboli, El
Teide. . . ) and contribute to redirect shallow magma pathways
by releasing accumulated internal stresses and modifying the
topographic load (Maccaferri et al., 2017). Finally, regional
stress fields can also influence the directional growth of rift
zones (for instance in Iceland, e.g., Sigmundsson et al., 2015).
These particularities have intentionally not been implemented
in our model because the intention was to assess how repeated
forceful intrusions alone affect the edifice morphology over
time. We focus here on the long-term growth trends resulting
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from statistically more significant endogenous growth from
the rift zones (sub-horizontal growth) and sill swarms (sub-
vertical growth).

Although only two “rift zones” could be evidenced by
looking at vent density distribution on the model volcano, post-
experiment dissection of the edifice revealed a three-branched
magma distribution system above the source (Figure 7). Such
features can also be found on eroded volcanoes in nature, notably
at Shiprock paleo-volcano (Delaney and Pollard, 1981). In the
model, two of these dyke swarms were related to the ESE and
WSW rifts zones defined from the vent density map, respectively
(Figure 10A). Even though the subsurface clearly revealed that
swarms a. and h. extended north and south of the summit on
about the same length as the two other zones (i.e.. 4–8 cm),
they were related (in majority) to eruptions near the summit
[phases (a.(1)), (a.(2)), and (h.(1)), Figures 6, 8]. This explained
the lack of surface evidence of this rift zone (i.e., absence of N-
S alignment of vents). Since we only grew one volcano in the
laboratory, we are unsure if the three-branched star pattern of the
model distribution system is a feature that would automatically
be present in such experiments. It is possible that it might
be the case, considering (1) the high amount of documented
natural structures displaying three-branched volcanic rift zones
and (2) the crust deformation models confirming that upward
migration of magma under the crust is likely to produce such
features. However, additional experiments would enable to be
more assured on this particular point.

Finally, in the experiment, the long-term dyke/injected
volume ratio stabilized at 13% (1.95/15mL, Figure 6). The
average of dyke/injected volume on 10 events on Piton de la
Fournaise, for instance, is 12.3% (where the injected volume
was equal to flow plus dyke volume, and dyke volumes were
inferred from multiple ground deformation inversion studies,
Fukushima et al., 2005; Peltier, 2007; Staudacher et al., 2009).
Note that in both cases (model and Piton de la Fournaise) this
percentage varies a lot depending on the source-vent distance, the
duration of the eruption (in nature only), the emplacement or not
of accompanying sills, the pre-eruptive inflation, etc. However,
we found scaling surprisingly close in this case, suggesting that
experiments such as the one presented in this communication
might be of worth for real-world volcanoes studies.

CONCLUSION

This model was limited by the use of gelatine as a crustal
analog: it proved hard, even with precautions learnt from
earlier experiences, to maintain its stability and mechanical
properties after 400 injections (8 days), and achieve longer
observation periods. Additional experiments would also
improve the reliability of the observations and conclusions
drawn in this contribution, and enable to vary some of the
parameters (repose time between injections, edifice size, gelatine
temperature) and assess their importance in the geometry of the
distribution system.

We could observe the initiation and evolution of the
distribution system of volcanoes, without the constrain of a
strong regional stress field induced by complex tectonic setting.
All injections lead to intrusions inside the elastic host rock, most

of which reached the surface and were followed by eruptions
(i.e., intraplate oceanic islands volcanoes). After 360 injections
the edifice had a flat-topped central cone surrounded by a
low-elevation shield and a distal field of external deposits.
We could identify several swarming phases lasting between
41 and 74 injections. Each phase emplaced a new swarm
oriented at a 90◦ dip angle, or a 120◦ strike angle, from the
previous one. We interpret this particularity as the release
or compensation of stress accumulated by compression from
previous phases.

The interaction between edifice growth and magma transfer
lead to the building of a three-branched vertical distribution
system (dyke swarms concentrated into volcanic rift zones).
The consequent horizontal compressive stress field was probably
accommodated by a network of sills at source and intermediate
depths. A stable growth state achieved in the second half of the
experiment suggested that long-term volume of the edifice would
be composed at 13% by dykes and sills, which is rather close to
what was inferred from ground deformation at e.g., Piton de la
Fournaise (12.3%).

Assessing the different characteristics of the subsurface state
of a given edifice (layering, mechanical properties, stress state
due to activity) through drilling would probably help to build
accurate models of successive injections inside active oceanic
island volcanoes. Such models, in the future, could provide
insights in the probabilities of opening of eruptive fissures in such
or such sector of the volcano.
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Supplementary Video 1 | Top-view timelapse of the experiment with one image

per injection. The box is 83 × 83 cm.

Supplementary Figure 1 | Example of before/after a typical intrusion, viewed

from the side through the transparent gelatine. The model is placed between two

polarizing sheet so that stress-related birefringence appears. The difference of

images shows the spatial extent of the effect of the new intrusion on the elastic

medium.

Supplementary Figure 2 | Examples of (X,Y) surface deformation modulus after

intrusions. Displacement values are computed automatically using the DIC code

(Version 4) developed by Dr. Elizabeth Jones© (2013, 2014, 2015) based on

previous developments by Christoph Eberl et al. (http://www.mathworks.com/

matlabcentral/fileexchange/12413) and using the Matlab image

processing toolbox.
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