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The mechanics of magma emplacement in the Earth’s crust corresponds to the flow of a
viscous fluid into a deforming solid. The Earth’s crust through which magma is emplaced
is visco-elasto-plastic, and field observations show that most intrusions are likely to
be accommodated by combined brittle and ductile deformation of their host. However,
mechanical models of magma emplacement account for either purely elastic, plastic or
viscous end-member rheology of the host rock, therefore they cannot simulate the natural
diversity of magma intrusion shapes and magma emplacement mechanisms. Thus they
are of limited use to constrain under which conditions intrusions of contrasting shapes
form. Here we present a series of 2D experiments where a viscous fluid (oil) was injected
into a host matrix (laponite gel), the visco-elasto-plastic rheology of which is varied from
dominantly viscous to dominantly elastic. The oil intrusion in the elastic gel is a thin conduit
with a sharp tip, like magmatic dykes, whereas the oil intrusion in the viscous gel is
rounded, like diapirs. In addition, the oil intrusion in gels of intermediate properties exhibits
complex, hybrid shapes. The experiments were run in a polariscope, which highlighted
birefringence patterns related to deformation structures within the gel. Our experiments
show a strong correlation between intrusion shapes and host matrix deformation modes:
(1) thin intrusions dominantly propagate by tensile failure and elastic deformation of the
host, (2) rounded “diapiric” intrusions dominantly propagate by viscous flow of the host,
and (3) irregular “hybrid” intrusions propagate by coeval brittle (tensile and shear) and
ductile deformation of the host. Our novel experiments are the first able to produce the
natural diversity of intrusion shapes and host deformation mechanisms. In addition, our
results show that the use of a polariscope in gel experiments is essential to unravel
the mechanics of magma emplacement within a host of realistic visco-elasto-plastic
rheology.

Keywords: magma emplacement, laponite gel, visco-elasto-plastic experiments, 2D laboratory models,
polariscopic imaging
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Magma Emplacement in the Visco-Elasto-Plastic Crust

1. INTRODUCTION

The mechanics of magma transport and emplacement in the
Earth’s crust generally corresponds to the flow of a viscous
fluid into a solid, which deforms to accommodate the incoming
volume of magma. In volcanic systems, however, the simplicity
of this statement is challenged by the complexity of geological
materials. The viscosity of magma varies over many orders of
magnitude, depending on, e.g., temperature, volatile content
and composition (e.g., Dingwell et al, 1993; Scaillet et al,
1997), while crustal rocks exhibit a wide range of visco-elasto-
plastic rheologies (e.g., Ranalli, 1995). Consequently, depending
on magma viscosity and host rock rheology, the magma/host
mechanical systems can exhibit distinct and/or mixed physical
behaviors, which lead to (1) intrusions of significantly diverse
shapes (e.g., sheets to “blobs”) and (2) contrasting deformation
patterns in the host (Galland et al., 2018).

Currently, models of magma emplacement mainly account for
end-member mechanical behaviors of crustal rocks.

1. A popular model for the emplacement of high-viscosity
magma in the lower ductile crust addresses the host rock
as a viscous fluid. In these models, the magma intrusions
are considered as diapirs (e.g., Ramberg, 1981; Miller and
Paterson, 1999; Burov et al., 2003; Gerya and Burg, 2007)
(Figure 1A).

2. Models accounting for the emplacement of thick, so-called
“punched laccoliths” in the brittle crust address the host rock
as a Coulomb brittle (plastic) material (e.g., Roman-Berdiel
et al, 1995; Galland et al,, 2006; Abdelmalak et al., 2012;
Montanari et al., 2017; Schmiedel et al., 2017). In these models,
magma intrusions are emplaced by pushing their host rock,
which is displaced along fault planes (Figure 1B).

3. Most models of emplacement of igneous sheet intrusions
(i.e., dykes, sills, cone sheets, thin laccoliths) in the brittle
crust address the host rock as an elastic solid (e.g., Rubin,
1995; Menand et al,, 2010; Galland and Scheibert, 2013;
Kavanagh et al., 2015; Rivalta et al,, 2015). In these models,
magma intrusions are addressed as idealized tensile hydraulic
fractures, the thickening of which is accommodated by elastic
bending of the host rock (Figure 1C).

However, the Earth’s crust is neither purely viscous, plastic,
nor elastic, but, as stated, visco-elasto-plastic. Therefore, even
if purely viscous diapiric rise, plastic faulting, or elastic
hydraulic fracturing may happen, most intrusions are likely
to be accommodated by hybrid viscous, plastic, and elastic
deformations of the host (Rubin, 1993; Vachon and Hieronymus,
2016; Scheibert et al., 2017).

This statement is corroborated by field observations of
igneous sills emplaced in shale-carbonate rocks, which exhibit
complex brittle-ductile deformation that accommodated the
emplacement of the magma (Schofield et al., 2012; Duffield
et al., 2016; Spacapan et al., 2017) (Figure 1D). Moreover, field
observations in the host rock of thin laccoliths in the Henry
Mountains, Utah, evidence significant plastic shear failure and
ductile deformation of the overburden (Roman-Berdiel et al.,
1995; de Saint Blanquat et al., 2006; Wilson et al., 2016), in

contrast to the elastic assumptions of the theoretical models (e.g.,
Pollard, 1973; Bunger and Cruden, 2011).

Seismicity monitored in active volcanoes also highlights
the complex mechanical behavior of the crust during dyke
emplacement. While dyke emplacement models assume tensile
propagation in purely elastic host rock, earthquake swarms
monitored during dyke propagation exhibit numerous, if not
most dominant, double-couple focal mechanisms interpreted
as shear faulting (e.g., Borandsdottir and Einarsson, 1979;
Ukawa and Tsukahara, 1996; Battaglia et al., 2005; Roman and
Cashman, 2006; White et al.,, 2011; Agustsdéttir et al., 2016).
These geophysical observations suggest that shear failure can
significantly accommodate dyke propagation, and that the plastic
Coulomb properties of the crust are likely at work during dyke
propagation, in contrast to the established theories.

Finally, the sheet morphologies of sills and saucer-shaped
sills were used to argue that they result from tensile hydraulic
fracturing (e.g., Bunger and Cruden, 2011; Galland and Scheibert,
2013; Kavanagh et al., 2015), similar to dykes. Recent models,
however, show that the emplacement of saucer-shaped sills is
likely controlled by the shear failure of their brittle overburden
(Haug et al,, 2017, 2018). These models show that the Coulomb
plastic properties of the crust likely play an important role in
the emplacement of sheet intrusions, again in contradiction to
the tensile elastic assumptions of established models of sheet
intrusion emplacement.

These observations highlight that the end-member rheological
assumptions of the current theoretical, laboratory, and numerical
models of magma emplacement have limited physical validity
because the host-magma interaction is too simplified. In addition,
because the models assume rheological end-members, they
cannot simulate the natural diversity of magma intrusion shapes
and magma emplacement mechanisms, and so they are of limited
use to predict under which conditions intrusions of contrasting
shapes form. Such limitation lead to the heated debates in the
80-90’s that opposed the diapiric vs. hydraulic fracturing models
for granite emplacement, whereas field evidences supported
both mechanisms (e.g., Rubin, 1993; Petford, 1996; Miller and
Paterson, 1999; Petford and Clemens, 2000). These limitations
lead to the following questions, as highlighted by Rubin (1993):

1. How does combined viscous, plastic, and elastic (subsequently
referred to as “hybrid”) deformation of the host control the
emplacement of magma?

2. What properties govern the transition between brittle and
ductile intrusion mechanisms, and under which conditions
might hybrid behaviors occur?

3. What are the characteristic patterns of hybrid deformation
during magma emplacement, and how do we identify the
end-member intrusion mechanisms?

Answering these questions requires the design of a model
able to simulate the injection of a viscous fluid into a matrix
of controllable and variable rheological properties. Several
laboratory studies in the physics community implemented such
an approach to constrain the dynamics of viscous fingering vs.
viscoelastic fracturing (e.g., Lemaire et al., 1991; Hirata, 1998;
Nase et al., 2008; Sumita and Ota, 2011). However, these models
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structures and associated mechanisms can be found in Spacapan et al. (2017).

FIGURE 1 | Diagram of idealized end-member cases of magma ascent. (A) A diapir (viscous end-member) indents and displaces the surrounding host rock
extensively, making the host rock viscosity a fundamental parameter for governing ascent rate. (B) A punched laccolith (brittle shear failure end-member) indents and
displaces the overburden, which fails along plastic, brittle faults. (C) A dyke (elastic end-member) fractures and intrudes the host rock with negligible host rock
displacement, thus, the ascent rate is primarily controlled by host rock fracture strength and magma viscosity. Adapted from Rubin (1993). (D) Interpreted field
photograph of outcrop exposing a sheet-like sill, magmatic fingers, and the associated structures in the shale-carbonate host rock, Cuesta del Chihuido, Mendoza
Province, Argentina (Spacapan et al., 2017). The outcrop shows that the sill tip is round or blunt, and that both ductile deformation of the shale layers, brittle shear
faulting of thin carbonate layers and elastic bending of thick carbonate layers accommodate the emplacement and propagation of the sill. Detailed descriptions of the

Brittle shear failure

focused on the morphology of the intruding fluid only, such
that the complex deformation happening within the host matrix
was not observed, and so not understood. In this paper, we
present exploratory laboratory models designed to constrain the
deformation mechanisms accommodating viscous fluid injection
into a viscoelastic host. To achieve this, we used a polariscope
to monitor birefringence patterns corresponding to deformation
of the viscoelastic host matrix. Our exploratory experiments
highlight contrasting ductile and brittle deformation patterns
accommodating the emplacement of, among others, viscous
fingers, hydraulic fractures and hybrid intrusions.

2. MATERIALS AND METHODS

In our model, the host rock is represented by a colloidal aqueous
gel of laponite RD, a synthetic smectite clay produced by BYK

Altana. The laponite gel can display a wide range of viscoelastic
behaviors for different concentration, salt content, pH, and
curing time (Ruzicka and Zaccarelli, 2011a; Ruzicka et al., 2011b).
A major rheological trait of laponite gel is that it shows shear-
thinning and thixotropy (e.g., Pignon et al., 1997; Bonn et al,,
2002). The magma is represented by dyed olive oil with a Newton
viscosity measured at u = 99 & 0.1 mPa s using a VEB MLW
falling ball viscosimeter (Bertelsen, 2014).

Our experiments are prepared by filling a rectangular Hele-
Shaw cell of width x height = 520 x570 mm, gap = 5 mm)
with an aqueous laponite mixture (Figure 2). The depth of the
injection inlet is ca. 30 cm. After controlled curing at room
temperature, the mixture becomes a viscoelastic gel. When the
gel is ready, a syringe pump injects the viscous magma analog
into the viscoelastic gel at constant flow rate. We followed
the rigorous laponite gel preparation protocol described by
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Polarizer sheet

FIGURE 2 | Drawing of the experimental setup. A Hele-Shaw cell filed with a viscoelastic laponite gel is intruded by dyed olive oil. The cell is backlit with a diffused
white light source. Intrusion flow rate is controlled with a syringe pump. The cell stands between a polarizer sheet and a circular polarizer mounted on the camera
lense: strain-induced birefringence in the gel, as well as the gel/oil interface, is captured by the camera because the polarizers are crossed.

Host material:
laponite gel

Circular
polarizer

Syringe pump
(15 mL/min)

DSLR
cameras

Ruzicka and Zaccarelli (2011a) and Ruzicka et al. (2011b), which
is necessary to ensure reproducible mechanical properties of the
laponite gel (see detailed procedure description by Bertelsen,
2014).

With the laponite concentration used in this study, the
laponite gel is optically isotropic when not strained or when only
viscous deformation accommodates strain. When the gel exhibits
elastic strain, it becomes birefringent (e.g., Mourchid et al., 1998).
To image the strain patterns associated with the propagating
oil intrusion, the cell is placed in a polariscope composed of
a polarizer sheet placed behind the cell and a DSLR camera
holding a circular polarizer (Figure 2). During the experiments,
our setup allows monitoring simultaneously both the evolution
of the shape of the intruding fluid and a birefringence map
within the viscoelastic gel (Figure 3). Another DSLR camera
also monitors the experiments with natural light, i.e., without a
circular polarizer. The cameras shot pictures with frequency of
1 Hz.

In this paper we present a series of seven exploratory
experiments for testing the influence of the visco-elasto-plastic
host rheology on the fluid emplacement (Table 1). The laponite
concentration was constant (laponite to water mass fraction:
w; = 3.3 & 0.1 wt. %), while the curing time was varied from
0 min to 240 min. Short curing time corresponds to weak,
dominantly viscous gel, whereas long curing time corresponds
to stiff, dominantly elastic gel (Kaushal and Joshi, 2014). In

all experiments, olive oil was injected at the same flow rate
(15 mL min™1).

It is important to constrain the rheological properties of the
laponite gel matrix. We qualitatively estimated the mechanical
behaviors of the laponite used in this study from the data of
Kaushal and Joshi (2014), who measured the creep compliance
and stress relaxation moduli for laponite gels at different curing
times. The creep compliance expresses the ability of a material to
creep; high values of creep compliance implies that the material
flows easily, therefore the material behaves more as a viscous
fluid than an elastic solid. The stress relaxation modulus, on the
other hand, expresses how much a material releases stress due
to non-reversible flow; high stress relaxation modulus implies
limited stress relaxation ability, therefore the material behaves
more elastic and hardly flows. Kaushal and Joshi (2014) showed a
decrease of creep compliance and an increase of stress relaxation
moduli with increasing curing time. This means that short curing
times lead to low viscosity and dominantly inelastic gels, whereas
long curing times lead to higher viscosity and more elastic gels.
Note that the laponite concentration in the study of Kaushal and
Joshi (2014) (3.5%) is slightly higher than in our experiments
(3.3%). However, we expect that the trends measured in the gels
of Kaushal and Joshi (2014) are similar to those of our gels,
albeit with shorter curing times and stiffer gels (see also Ruzicka
and Zaccarelli, 2011a; Ruzicka et al., 2011b), as subsequently
confirmed by our results.
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Crossed polarizer

No polarizer

FIGURE 3 | Left: Characteristic polarized photograph displaying birefringence patterns in the laponite gel. (1) Dark, unstrained gel. (2) Diffused birefringence lobe. (3)
Hairline birefringence jumps. (4) White patches of laponite particle clusters. (5) Crossed patterns of birefringence around a rigid impurity in the gel. (6) Red oil. Right:
photograph (same area/time) without polarizer. Note the lack of features shown in the gel in the unpolarized photograph as compared to the polarized photograph.

TABLE 1 | List of experiments and experimental parameters.

Number Curing time Injected Flow rate Injected
Tw (min) fluid (mLmin=7)  volume (mL)
E1 0 Oil 15 48
E2 40 Oil 15 40
E3 60 Oil 15 134
E4 90 Oil 15 122
E5 120 Oil 15 196
E6 150 Qil 15 149
E7 240 Qil 15 104

3. EXPERIMENTAL RESULTS

Before describing the evolution of the seven experiments
presented in this paper, we will describe the main characteristics
of the observed birefringence patterns (Figure3). We
observe two main types of birefringence features: distributed
birefringence zones with gradual lateral variations (2 in Figure 3)
and hairline abrupt birefringence jumps within the matrix (3 in
Figure 3). These hairline features are concentrated around the
irregular inflating parts of the intrusion; they are visible from
the start and are maintained until the end of the experiments
once they are formed. In the polarized images, one also observes
small white spots (4 in Figure 3), interpreted as clusters of
laponite particles, as well as dark blur crosses (5 in Figure 3),
interpreted as strain shadows around more rigid heterogeneities.
Large dark areas also indicate no birefringence of the gel
(1 in Figure 3).

In all experiments, the oil propagate upward toward the
surface. The oil injection systematically triggers uplift of the gel

surface, forming a dome, with the exception of experiment El
(Figure 4).

In experiment E1 (T,, = 0 min, low gel strength), the oil
intrusion initiates as a rounded blobby body (Figure 4, left).
It subsequently develops an inverted tear drop shape, with an
upward migrating upper head connected to the injection inlet by
a thin channel. The leading head is systematically wider than the
lower thin channel. The shape of the intrusion is rounded and
smooth, until it reaches the surface of the gel (Figure 4, left). Note
that we do not observe any birefringence in the gel.

In experiment E2 (T, = 40 min), the oil intrusion starts
as a rounded blob (Figure 5, left), similarly to experiment E1.
Subsequently, the oil intrusion develops a subvertical conduit
that propagates upward. The tip of the conduit is relatively
rounded, but the degree of curvature is higher than that of the
intrusion in experiment E1 (Figure 4). Polarized photographs
display a weak distributed birefringence pattern, which is
significantly more prominent close to the propagating tip of
the intrusion. The birefringence is symmetrical on both sides of
the intrusion. At t = 40s, weak and distributed birefringence
lobes seem to connect the intrusion tip to the edges of the
uplifted dome at the surface. This birefringence lobe also
spreads downward, parallel to the sub-vertical walls of the
intrusion.

In contrast to experiments E1 and E2, the shapes of the oil
intrusions in experiments E3 (T,, = 60 min) to E5 (T,, = 120
min) are irregular, with alternating wide and thinner domains
(Figures 6-8). One can observe some straight segments of
the intrusion walls, separated by relatively sharp angles. The
birefringence intensities are higher than in experiments El
and E2 and concentrate near the main thickening irregularities
of the oil intrusions. We also systematically observe hairline
birefringence jumps nucleating at the acute angle irregularities of
the oil intrusions. These hairline birefringence jumps are more
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Exp. E1 (T,, = 0 min)

t=4s t=18s t=37s t=52s t=77s
FIGURE 4 | Time series of polarized light photographs of Experiment E1 (T, = 0 min).
Exp. E2 (T,, = 40 min)
t=6s t=20s t=40s t=50s t=60s

FIGURE 5 | Time series of polarized light photographs of Experiment E2 (T, = 40 min).

numerous and longer from experiment E3 to experiment E5
(Figures 6-8). These structures appear sharper in experiment E5
than in experiments E3 and E4.

The intrusion in experiment E6 develops in two stages. The
first stage extends until t & 50, where the intrusion grows as a
thin irregular conduit (Figure 9). During this stage, birefringence
patterns exhibit continuous lobes, without hairline birefringent
jumps. From t ~ 50s, the upper tip of the intrusion thickens
while propagating. During this thickening stage, prominent
hairline birefringent jumps nucleate from the angular
irregularities of the intrusion walls (Figure 9).

The evolution of the intrusion in experiment E7 develops in
three main stages. During the first stage until t ~ 30s, the
intrusion grows as a regular, thin oblique conduit (Figure 10).
During this stage, the main birefringence exhibits small
continuous lobes concentrated at the sharp tip of the intrusion.

During the second stage, the tip of the intrusion thickens and
develops an irregular, blobby shape. During this second phase,
wide birefringence lobes exhibit sharp jumps (Figure 10). At
t ~ 90s, the third stage starts with the initiation of a thin
oil conduit that follows a hairline birefringence jump formed
during the second stage (Figure 12E). From then, the intrusion
grows as thin, regular conduits with very sharp tips. Intense,
continuous birefringence lobes concentrate at the propagating
sharp tips of the intrusion (Figure 10).

Figure 11A displays the time evolutions of the intrusions’
contours during all experiments. The time gap between the
grey contours is 4 s, while the time gap between the black
contours is 20 s. The distance between the contours provides
a graphic indication of the evolution of the displacement
velocity of the intrusions’ walls in all directions: the closer
the contours are, the slower the intrusions’ walls move. The
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Exp. E3 (T,, = 60 min)

t=6s t=57s t=98s t=170s t=214s

FIGURE 6 | Time series of polarized light photographs of Experiment E3 (T, = 60 min).

Exp. E4 (T,, = 90 min)

t=102s

t=194s

t=9s t=52s

FIGURE 7 | Time series of polarized light photographs of Experiment E4 (T, = 90 min).

Exp. E5 (T,, = 120 min)

t=3s t=615 t=101s t=170s t=220s

FIGURE 8 | Time series of polarized light photographs of Experiment E5 (Ty, = 120 min).

comparison between the contours evolutions of experiments E2  of the intrusion is set almost from the beginning of the
and E7 is essential to highlight subtle, but essential, differences.  experiment; subsequently, only the tip propagates upward, while
In experiment E2, the subvertical walls of the conduit are the thickness of the underlying conduit remains constant during
almost perfectly parallel, defining a finger-shape. The thickness  the whole experiment (Figure 11A, E2, t = 40 s). Conversely,
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Exp. E6 (T, = 150 min)

<y

t=2s t=54s

t=94s

FIGURE 9 | Time series of polarized light photographs of Experiment E6 (Ty, = 150 min).

t=204s

Exp. E7 (T, = 240 min)

t=4s t=19s

t=91s

FIGURE 10 | Time series of polarized light photographs of Experiment E7 (T, = 240 min).

t=136s

t=166s

during experiment E7, the shape of the thin conduit emplaced
during the first stage is that of a thin wedge pointing toward the
intrusion tip (Figure 11A, E7, t &~ 240 s). In addition, the fourth
to sixth contours of Figure 11A (E7, t ~ 240 s) show that the
growth of the conduit during this first stage occurs by both tip
propagation and thickening of the thin wedge-shape conduit.
Figure 11B displays the evolution of the dimensionless
position h/hy,,, of the uppermost tip of the intrusions; here 5
corresponds to the distance between the tip of the inlet and the
initial gel surface. Figures 11A,B evidences a time correlation
between the morphological evolutions of the intrusions and
their propagation velocity. In experiments E1 and E2, i.e., those
with shorter curing times, intrusions keep their shapes during
the entire experiments, while their propagation velocity remains
constant. In experiment E2, the contour map shows that the
thickness of the conduit remains constant during the whole
experiment (Figure 11, E2,t = 40 s). The evolution of intrusion
in Experiment E3 is more complex, and we identify three
morphological transitions. Transition 1 (Figure 11, E3, t ~ 60 s)
corresponds to a sudden shift from a massive blob to a narrower
conduit, and corresponds to an acceleration of the intrusion tip.

Transition 2 (Figure 11, E3, t =~ 90 s) is the opposite, such
that it marks a sudden widening of the intrusion head along
with a deceleration of the intrusion tip. Finally, transition 3
(Figure 11, E3, t ~ 180 s) marks again a sudden narrowing of
the intrusion and an acceleration of the intrusion tip. Similar
correlation is visible in Experiment E4, during which transition
1 (Figure 11, E4, t ~ 25 s) marks a sudden widening of the
intrusion head along with a deceleration of the intrusion tip.
In addition, transition 2 (Figure 11, E4, t &~ 100 s) marks the
sharp transition from a wide intrusion head to the initiation
of a thin conduit, along with a sharp acceleration of the
intrusion tip. In Experiment E6, we identify one transition only
(Figure 11, E6,¢t &~ 40 s), but it is not as sharp as those identified
in Experiments E3 and E4. Finally, we identify four clear and
sharp transitions during experiment E7 (Figure 10). Transition
1 (Figure 11, E7, t ~ 25 s) marks the sudden widening of the
intrusion head along with a sudden deceleration of the intrusion
tip; Transition 2 (Figure 11, E7, t &~ 90 s) marks the initiation
of a thin sub-vertical conduit along with the sudden acceleration
of the intrusion tip; Transition 3 (Figure 11, E3, t =~ 100 s)
marks the sudden splitting and lateral spreading of the intrusion
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FIGURE 11 | (A) Maps of time evolutions of intrusions’ contours calculated with image analysis. The time gap between the gray contours is 4 s, while the time gap
between the black contours is 20 s. Numbers indicate the position of the intrusion tips when morphological transitions occur during intrusion evolution. The labeling of
the emplacement modes for the identified stages refers to interpretation in section 4.2 and in Figure 12. (B) Plot of scaled position of the uppermost tip of the
intrusions (h/hmax) as a function of time for all experiments but E5. The numbers correspond to the morphological transitions identified on intrusion shape maps in (A).
Note that these morphological transitions coincide with sharp kinks of propagation velocity.

acceleration of the intrusion tip. Note that the initial propagation
velocities in Experiments E1, E2, E6, and E7 are almost equal,
even if the initial conditions strongly differ. In addition, the

along with a sudden deceleration of the intrusion tip; finally
transition 4 (Figure 11, E3, + ~ 140 s) marks the sudden
initiation of a new sub-vertical thin conduit along with a sharp
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shapes of the early oil conduits in Experiments E2 and E7
are very similar, i.e., thin conduits with tips of low angles of
curvature.

4. INTERPRETATION

4.1. Deformation Mechanisms in the Gel
The birefringence patterns observed in the laponite gel in the
experiments qualitatively highlight where deformation in the
gel occurs. In this section, we will interpret which deformation
mechanisms can be inferred from such birefringence patterns.
In experiment E1 (T, = 0 min), we observe no birefringence
in the gel, while it deforms to accommodate the flow of the oil
(Figure 4). In this experiment, the curing time T), is so short
that the laponite mixture does not have the time to build a gel
structure in the solution, so we infer that it dominantly flows
viscously. In experiments E2 to E7, i.e., with increasing curing
times, it appears that the amount of birefringence increases
(Figures 5-10). Correlating this observation with the results of
Kaushal and Joshi (2014), which show that increasing curing
time T, leads to more elastic laponite gel, we infer that the
birefringence observed in our experiments is a proxy for elastic
deformation of the gel. In experiment E2 (T,, = 40 min), the
birefringence is weak (Figure 5), suggesting that a small fraction
of the gel deformation is elastic, while the rest is viscous.

In experiments E2 to E7, one can observe both birefringence
within the gel and uplift of the surface of the gel (Figures 5-10).
The uplift of the laponite gel occurs as a domed surface, at the
apex of which outer-arc elastic stretching is expected (e.g., Pollard
and Johnson, 1973; Galland and Scheibert, 2013; Galland et al.,
2016). However, no birefringence is observed where significant
elastic stretching is expected (Figures 7-10). We infer from this
observation that birefringence in the laponite gel is a proxy for
elastic shear strain, not normal strain.

The hairline birefringence jumps (Figure 3) are only observed
in experiments E3 to E7 (Figures6-10), ie., those with
the longest curing time T,,. We interpret such birefringence
discontinuities as fractures within the gel. Given that these
fractures do not appear to accommodate space opening, we
interpret these fractures to result from shear failure, i.e., faulting.
This deformation mechanism is neither elastic nor viscous, but
brittle. In the following sections, we will refer to this brittle
behavior as plastic, as opposed to elastic and viscous.

To summarize, we infer that the laponite gels in our
experiments deform by either viscous flow, elastic strain or plastic
shear failure, or a combination of them, according to the curing
time of the gel.

4.2. Emplacement Mechanisms of the Oil
The understanding of the gel deformation mechanisms
combined with the oil intrusion shapes reveals diverse oil
emplacement mechanisms in our experiments.

In experiment E1 (T, = 0 min; Figure4), the lack of
birefringence strongly suggests that the gel flows in a viscous
manner. In addition, the shape of the oil intrusion, with a
propagating head that is wider than the lower tail, strongly
suggests that part of the oil emplacement is driven by buoyancy,

similar to a Rayleigh-Taylor instability (Figure 12A). In addition,
the forceful injection of the oil phenomenologically corresponds
to the injection of a fluid within a fluid of different viscosity,
similarly to a Saffman-Taylor instability (Saffman and Taylor,
1958; Saffman, 1986), or viscous fingering (Lemaire et al., 1991;
Hirata, 1998). Because our experimental cells are vertical, gravity
and resulting buoyancy forces contribute to oil propagation,
in contrast to the experiments of Saffman and Taylor (1958),
Lemaire et al. (1991), and Hirata (1998), where the cells were
horizontal. Nevertheless, we cannot rule out that surface tension
between the aqueous gel and the intruding oil is significant
enough to control the formation of the inverted drop shape of
the intrusion, similarly to a Rayleigh-Plateau instability (e.g., de
Gennes et al., 2004).

In experiments E3 to E7 (Figures 6-10), the development
of hairline birefringence jumps accompanied the growth of
irregular and relatively thick inflating parts of oil intrusion. We
infer from section 4.1 that the oil emplacement occurs by plastic
shear failure of the gel (Figure 12C). In this mechanism, the
oil pushes the gel, the displacement of which is accommodated
along shear fractures, i.e., faults. This mechanism accommodates
the emplacement of relatively wide intrusions. In addition,
the development of several shear fractures control the angular
irregularities of the intrusion walls. This mechanism is very
similar to the fault-assisted emplacement of punched-laccoliths
(e.g., Corry, 1988; Schmiedel et al., 2017).

In most experiments exhibiting hairline birefringence jumps,
the oil does not flow along the shear fractures induced by
its propagation. In experiment E7, however, one can see that
the initiation of the third underwater stage of emplacement
corresponds to the initiation of a thin sheet, which follows a shear
fracture that accommodated the earlier growth and thickening
of the intrusion during the second stage of emplacement
(Figure 12D). This mechanism of damage-controlled flow is in
good agreement with the laboratory models of Abdelmalak et al.
(2012) and Schmiedel et al. (2017), and the numerical models of
Haug et al. (2017) and Haug et al. (2018).

Finally, in experiment E7, the oil intrusion during the stages
1 and 3 described in section 3 exhibits a regular sheet-like shape
with a sharp tip (Figures 10, 12E). In addition, the birefringence
pattern exhibits localized concentration at the tip (Figure 12E).
In this experiment, the gel is expected to be stiffer than in all
the other experiments. We infer from these observations that
the oil propagates by a mechanism that is close to elastic tensile
fracturing. This mechanism is one of the most established to
account for the emplacement of sheet intrusions, such as dykes
and sills (e.g., Pollard and Johnson, 1973; Rubin, 1993; Rivalta
et al,, 2015; Galland et al., 2018).

The intrusions in experiment E2 and in the first stage of
experiment E7 look rather similar, such that their morphologies
are not sufficient to discriminate between their emplacement
mechanisms. However, several subtle differences allow us
to interpret distinct emplacement mechanisms. First, the
birefringence signal in experiment E2 (Figure5) is much
weaker than that in experiment E7 (Figure 10). This suggests
that substantial elastic deformation of the gel is at work in
experiment E7, whereas a significant part of the gel deformation
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Inflation by host shear failure (T,, = 150 min)

FIGURE 12 | Time series of polarized photographs illustrating characteristic mechanisms of oil emplacement. (A) Viscous diapirism in Experiment E1 (T, = 0 min).
(B) Viscoelastic fingering in Experiment E2 (Ty, = 40 min). (C) Intrusion inflation by shear failure of the host in Experiment E6 (T = 150 min). (D) Intrusion of sheet
intrusion along damage/fault produced during earlier steps of oil intrusions in Experiment E7 (Ty, = 240 min). (E) Hydraulic fracturing of sheet intrusion in Experiment
E7 (Tw = 240 min).

in experiment E2 is accommodated by inelastic flow (see also  experiment E7, the intrusion during the first stage exhibits a
interpretation in section 4.1). Second, the shapes and growth  thin wedge, which thickens while its tip propagates (Figure 11A,
behaviors of the intrusions in both experiments differ. In T, = 240 min). Such behavior is in good agreement with the
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propagation of a fluid-filled fracture, the thickness of which is
expected to be proportional to the length (e.g., Pollard, 1973,
1987; Rubin, 1993; Galland and Scheibert, 2013). We thus
infer that the thin intrusion of the first stage of experiment
E7 is likely a tensile fracture in a dominantly elastic host
matrix. Conversely, in experiment E2, the oil intrusion exhibits a
finger shape with parallel walls [Figure 11A (T, = 40 min) and
Figure 12B]. In addition, the growth of the intrusion occurs
only through tip propagation, but without thickening of the
early parts of the intrusion (Figure 11A; T,, = 40 min). This
growth behavior is incompatible with a mechanism of fracture
propagation through an elastic medium. In contrast, such
behavior is very similar to a Saffman-Taylor instability (Saffman
and Taylor, 1958; Saffman, 1986), ie., the viscous fingering
of a low viscosity fluid into a fluid of higher viscosity. In
addition, such viscous fingering has also been observed in a non-
Newtonian, including sheart-thinning, viscoelastic host matrix
(Nase et al., 2008). Given that the laponite gel is shear-thinning,
and the weak birefringent pattern in experiment E2 showing
some component of elastic strain, it is likely that such complex
visco-elastic fingering controls the emplacement of the oil in this
experiment. Nevertheless, a firm interpretation would require
more data.

The plot of Figure 11B shows that the propagation velocities
of the intrusion tips exhibit significant differences with respect
to different curing times T),. The constant propagation velocities
in experiments E1 and E2, i.e., those with shorter curing times,
are compatible with a deformation that is distributed within
the gel matrix. This is in good agreement with a dominantly
viscous deformation of the laponite gel. In contrast, the variable
propagation velocities of the intrusions’ tips suggest that another
mechanism accommodates the emplacement of the oil. The
abrupt velocity changes visible during experiments E3 to E7
(Figure 11B) are compatible with discrete deformational events.
This is in good agreement with fracturing of the gel matrix, which
is corroborated by the occurrence of the shear fractures in the
gel (Figures 6-10). Note that the data plotted on Figure 11B
correspond to one point only of the growing intrusions, i.e.,
the uppermost tip. The contour maps displayed in Figure 11A
shows that the propagation velocity of the intrusions is variable
at all points and in all directions. A quantitative analysis of
the complex propagation of the intrusions” walls might provide
valuable insights on the emplacement dynamics of the oil
with respect to the visco-elasto-plastic behavior of the gel
matrix.

To summarize, our experiments show how the shapes of
the oil intrusions are controlled by the deformation mechanism
of the gel matrix: the rounded shape in experiment El
dominantly results from viscous flow of the gel, the regular
finger in experiment E2 dominantly results from viscoelastic
fracturing of the gel, the angular and irregular shapes in
experiments E3 to E7 dominantly result from shear faulting
of the gel, and the sharp-tipped thin sheet in experiment
E7 dominantly results from elastic tensile fracturing. Our
experiments are thus able to model - for the first time - most
mechanisms of magma emplacement inferred from geological
observations.

5. DISCUSSION
5.1. Laboratory Method

A strong assumption of our experimental apparatus is that it has
2-dimensional geometry, whereas igneous intrusions in nature
are 3-dimensional structures. Such geometry implies potential
severe boundary effects on the results. However, the laponite
gel is shear thinning, i.e., it weakens when strained, such that it
self-lubricates against the acrylic glass walls of the cell, and so
reduces the boundary effects. The boundary conditions of our
model system are therefore close to plane strain. For more details,
Bertelsen (2014) discusses in detail the limitations of the 2D Hele-
Shaw cell on the results. In our apparatus we chose a gap of 5 mm
between the acrylic glass plates. This ensures that the gel layer is
thick enough to produce visible and interpretable birefringence
patterns through the polariscope; if the gap were smaller, the gel
layer would be too thin, given that the amount of birefringence
through a gel layer is proportional to the thickness of the layer
(e.g., Fuller, 1995).

The birefringence patterns visible on Figures 4-12 provide
invaluable insights about the deformation mechanisms of the
gel. Such information is absolutely not reachable on photographs
taken with natural light; actually, close direct observations of the
gel during experiments show that it looks perfectly homogeneous
in natural light, and even the fractures highlighted by the hairline
birefringence jumps are invisible. Without polariscope, Lemaire
etal. (1991) and Hirata (1998) based their physical analyses of the
fluid injection in viscoelastic gels on the shapes of the intruding
fluid. Our study shows that the mechanical information provided
by the use of a polariscope is invaluable for revealing the complex
deformation regimes in the deforming visco-elasto-plastic gel. It
shows that the use of a polariscope is essential for revealing the
deformation mechanisms in experiments using birefringent gels,
such as laponite and gelatine.

The observed birefringent signals is integrated over the full
thickness of the models. In our 2-dimensional cell, given that
the structures are dominantly perpendicular to the walls, the
polarized light crosses the gel perpendicular to the structures
in the gel, so that each structure is well visible on the observed
birefringence patterns. In addition, the use of a high-resolution
DSLR camera allows imaging fractures in the gel evidenced
by the sharp hairline birefringence jumps (Figure 3). In 3-
dimensional gel models, resolving each fracture with polariscopy
would be impossible because (1) structures can be out-of-plane
with respect to the light source and (2) the light can cross
several structures (e.g., Taisne and Tait, 2009). Another method
used to image deformation in 3-dimensional gel experiments
implements the tracking of particles in suspension in the gel and
illuminated by a laser sheet (e.g., Kavanagh et al., 2015, 2018).
Nevertheless, the resolution of the digital image correlation for
particle tracking is not enough to image sharp structures like the
fractures we observe.

5.2. Geological Implications

Our experiments simulate several mechanisms of emplacement
of a viscous fluid into a visco-elasto-plastic matrix: (1)
emplacement by viscous flow, (2) emplacement by shear brittle
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failure, i.e., faulting, and (3) emplacement by tensile failure, i.e.,
hydraulic fracturing. These three emplacement mechanisms have
been inferred to govern magma emplacement at diverse levels of
the Earth’s crust (e.g., Corry, 1988; Rubin, 1993; de Saint Blanquat
et al., 2006). Our experiments are the first able to account, in the
same model system, for most of the main magma emplacement
mechanisms documented in nature. Our models are thus of great
potential for revealing the complex physics governing magma
emplacement in the visco-elasto-plastic crust. In addition, they
offer a unique tool to constrain the physical conditions that are
favourable for each dominant emplacement mechanism.

In all our experiments, the gel exhibits both viscous, plastic
and elastic properties, but depending on T, one property
is dominant with respect to the others. For example, in
experiment El viscous flow of the gel is dominant, whereas
elastic deformation is likely dominant in experiment E7. In the
other experiments, however, it is likely that several mechanisms
of gel deformation are at work at the same time. For example,
the emplacement of the intrusion in experiment E3 (Figure 6)
likely results from a complex combination of viscous flow,
elastic strain and shear fracturing of the gel matrix, i.e., hybrid
emplacement mechanism. In these experiments, the complex
shapes of the intrusions reflect the complex magma intrusion
shapes observed in nature (e.g., Bartley et al.,, 2012; Burchardt
etal., 2012; Spacapan et al., 2016). This suggests that such hybrid
emplacement mechanisms, i.e., involving coeval viscous, plastic
(brittle) and /or elastic deformation of the host rock, is likely at
work during the emplacement of magma intrusions in nature
(Pollard, 1973; Spacapan et al., 2017). This shows that magma
emplacement models based on end-member host rock rheology
(viscous, plastic, or elastic) are too simplistic to address the
complex emplacement of magma in the Earth’s crust, as already
demonstrated by Rubin (1993), Vachon and Hieronymus (2016),
and Scheibert et al. (2017). Our models, on the other hand, have
the potential to address such complexity.

The structures in our experiments are in good agreement
with geological and geophysical observations. For example, the
shear fractures visible in our experiments can be related to
the numerous structures accommodating the emplacement of
intrusions of diverse sizes and shapes, such as large laccoliths
(de Saint Blanquat et al., 2006; Wilson et al, 2016) and
igneous sills (Pollard, 1973; Pollard and Johnson, 1973; Spacapan
et al,, 2017) (Figure 1). In addition, seismological measurements
evidence dominant shear failure associated dyke emplacement
(White et al., 2011; Agustsdottir et al.,, 2016) and cryptodome
emplacement (e.g., Okada et al., 1981; Merle and Donnadieu,
2000), suggesting again more complex propagation mechanisms
than tensile failure are at work in geological systems. Finally,
the shear fractures in our experiments E3 to E7 are in good
agreement with laboratory models of magma emplacement in
dry granular materials (Merle and Donnadieu, 2000; Guldstrand
et al., 2007; Mathieu et al.,, 2008; Abdelmalak et al., 2012;
Schmiedel et al,, 2017), in which the magma propagates by
pushing its host until shear failure, i.e., the so-called viscous
indenter model.

The oil intrusions in experiment E2 (Figure 5) and during
the first stage of experiment E7 (Figure 10) exhibit very
similar shapes. However, we discussed in section 4.2 that the

intrusion in experiment E2 is likely emplaced by viscoelastic
fingering with dominant viscous flow of the gel, whereas
the intrusion in experiment E7 is likely emplaced by tensile
fracturing, with dominant elastic deformation of the gel. We
conclude that the morphology of an intrusion alone is not
a sufficient proxy for inferring its emplacement mechanism.
This implies that intrusions exhibiting sheet morphology do
not systematically result from tensile fracturing, as they can
also result from viscoelastic fingering. This conclusion is
unambiguously supported by the detailed field study of Spacapan
et al. (2017), who demonstrate that the propagation of a
sheet-shaped sill was accommodated by significant ductile,
compressional deformation of the host rock, in agreement
with the viscoelastic fingering mechanism. Such a result is
in disagreement with most of the literature, which assumes
that the sheet shapes of, e.g., dykes and sills are systematic
proxies of tensile fracturing of a dominantly elastic host (e.g.,
Pollard, 1987; Rubin, 1995; Rivalta et al., 2015, and references
therein). This result can also have significant implications for
geodetic modeling, given that most geodetic models used to
invert geodetic data associated with the emplacement of dykes
or sills are based on the assumption that these intrusions
formed by tensile opening within a purely elastic host rock
(e.g., Sigmundsson et al, 2010; Wright et al, 2012), even
when field observations contradict these assumptions. To
summarize, even if sheet intrusions resemble simple tensile
fractures, their emplacement can be governed by other, more
complex processes. We conclude that, in order to reveal the
emplacement mechanisms of sheet intrusions, among others, it
is essential to investigate both (1) the intrusion shapes and (2)
the deformational structures in the host accommodating magma
emplacement (see e.g., Spacapan et al., 2017).

The intrusions modeled in experiments E3 to E7, as well as
the deformational structures in the gel, exhibit very complex
and discrete structures, which are typical of brittle behavior.
Interestingly, the initial conditions of our experiments are simple,
with gels that are prepared to be as homogeneous as possible.
The occurrence of the observed complex, discrete structures
in our experiments show that complex brittle structures
occur spontaneously from a macroscopically homogeneous
solid. Such behavior suggests that the gel exhibits numerous,
very small-scale heterogeneities that control the stochastic
properties of brittle fracturing, similarly to flaws in natural
rocks. Stochastic fracturing processes have, for example, been
inferred to control the nucleation and the thickness of
dykes (Krumbholz et al., 2014). In addition, the variable
intrusion propagation velocities observed in experiments E3
to E7, ie, in experiments with brittle shear deformation,
show that the propagation occurs through successive stages of
fast propagation and accumulation, each stage corresponding
to distinct emplacement mechanisms associated with distinct
mechanical behavior of the host rock. Such stepwise behavior
has been observed e.g., during propagation of dykes (White
et al,, 2011; Agtstsdéttir et al., 2016), suggesting that sudden
dyke acceleration and deceleration are associated with distinct
deformation modes of the crust. The behavior of the laponite
gel therefore seems to reproduce the stochastic properties of the
brittle crust.
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5.3. Future Challenges

We discussed in the former sections that the laponite gel in
our experiments exhibits complex visco-elasto-plastic behaviors,
which reproduce phenomenologically the mechanical behaviors
of the Earth crust. A challenge, however, is to discuss the
physical similarity between the mechanical behaviors of the
laponite gel and those of natural rocks (Barenblatt, 2003).
This requires systematic measurements of the mechanical
properties (e.g., elastic modulus, yield stress, viscosity) of the
gel, and a robust quantification of the relative contributions
of the distinct end member properties. Nevertheless, discussing
the physical similarity between our models and geological
systems also requires a robust understanding of the visco-
elasto-plastic rheology of the Earths crust. Currently, even
if the individual end member mechanical behaviors of the
crust are relatively well- known (e.g., Ranalli, 1995; Boutonnet
et al., 2013), its overall visco-elasto-plastic rheology remains
poorly constrained. Our models thus should be viewed as
physical experiments aiming at understanding a complex
physical system instead of so-called “analogue” experiments
that intend to reproduce geological systems (Galland et al,
2018).

Our laboratory experiments show that the laponite gel can
deform by viscous flow, brittle (plastic) shear failure, and elastic.
We discussed above that the three deformation mechanisms
are likely at work at the same time during the experiments. In
addition, even if the intrusions in experiments E2 and E7 exhibit
similar shapes, we interpret their emplacement mechanisms to
be different, i.e., viscoelastic fingering vs. fracturing, but so far we
have no means to estimate the relative contributions of elastic and
viscous deformation. A challenge will be to quantify the relative
viscous, plastic and elastic strains in the complex deformation
patterns in the gel. We are confident that this is feasible with new
modern and available imaging techniques (e.g., Galland et al.,
2016). In addition, the dynamics of magma emplacement is not
only governed by the mechanical behavior of the host rock, but
greatly depends on the viscosity of the magma, which can span
over more than 10 orders of magnitude. Testing the effects of
the viscosity of the injected fluid in our experiments will also
be of great interest. Therefore, even if our experiments bring
challenges, we feel that they open a new niche for revealing
the complex dynamics of magma emplacement in the Earth’s
crust.

6. CONCLUSIONS

This paper describes the results of exploratory 2-dimensional
laboratory experiments of magma emplacement within the
Earth’s crust of complex visco-elasto-plastic rheology. The model
magma is dyed olive oil and the model rock is laponite
gel of variable visco-elasto-plastic properties. We performed a
parameter study to test the effect of the rheology of the host
matrix on the emplacement of model magma. The main results
of our studies are the following.

1. Our experiments reproduce a broad diversity of intrusion
shapes, ranging from diapirs, viscoelastic fingers, hydraulic

fractures, and complex, angular intrusions. This is the first
time that such a diversity of intrusion shapes is simulated in
a single experimental apparatus.

. The laponite gels in our experiments exhibit coeval viscous,
elastic and plastic deformation patterns to accommodate the
intruding oil. In addition, we observe coeval tensile and shear
brittle failure accommodating the propagation of the oil.

. The use of a polariscope during 2-dimensional gel
experiments reveals essential to image and study the
complex gel matrix deformation that accommodates magma
emplacement, thanks to the birefringent properties of the gel.
The high-resolution of the technique allows mapping both
continuous, viscoelastic strain fields and discrete structures,
such as plastic shear fractures.

. Our experiments reproduce several magma emplacement
mechanisms in the same experimental apparatus. This is the
first time an experimental technique is able to catch the broad
complexity of magma emplacement in the Earth’s crust.

. Qualitatively, laponite gels appear to be relevant crustal rock
analogs. Significant additional effort is required to constrain
their mechanical properties, in order to discuss their physical
similarity to natural rocks.

. Our experiments are able to account for the stochastic
behavior of the Earth’s brittle crust, showing how small-scale
heterogeneities within the laponite matrix control the large-
scale deformation.

. Finally, we our experiments show that revealing magma
emplacement necessitates analysing both the shape of
intrusions and the deformation mechanisms in the host rock.

Overall, our exploratory experiments show that it is essential
to account for the visco-elasto-plastic rheology of the Earth’s
crust to fully understand magma emplacement processes.
Overall, our models suggest that emplacement mechanisms
accounting for end member rheologies of the host rock
may be uncommon in nature, as supported by field and
geophysical observations. Our models imply fundamental new
thinking of our physical approach of magma emplacement
models.
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