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Magma intrusions grow to their final geometries by deforming the Earth’s crust internally
and by displacing the Earth’s surface. Interpreting the related displacements in terms
of intrusion geometry is key to forecasting a volcanic eruption. While scaled laboratory
models enable us to study the relationships between surface displacement and intrusion
geometry, past approaches entailed limitations regarding imaging of the laboratory model
interior or simplicity of the simulated crustal rheology. Here we apply cutting-edge
medical wide beam X-ray Computed Tomography (CT) to quantify in 4D the deformation
induced in laboratory models by an intrusion of a magma analog (golden syrup) into
a rheologically-complex granular host rock analog (sand and plaster). We extract the
surface deformation and we quantify the strain field of the entire experimental volume
in 3D over time by using Digital Volume Correlation (DVC). By varying the strength
and height of the host material, and intrusion velocity, we observe how intrusions of
contrasting geometries grow, and induce contrasting strain field characteristics and
surface deformation in 4D. The novel application of CT and DVC reveals that distributed
strain accommodation and mixed-mode (opening and shear) fracturing dominates in
low-cohesion material overburden, and leads to the growth of thick cryptodomes
or cup-shaped intrusions. More localized strain accommodation and opening-mode
fracturing dominates in high-cohesion material overburden, and leads to the growth of
cone sheets or thin dikes. The results demonstrate how the combination of CT and
DVC can greatly enhance the utility of optically non-transparent crustal rock analogs
in obtaining insights into shallow crustal deformation processes. This unprecedented
perspective on the spatio-temporal interaction of intrusion growth coupled with host
material deformation provides a conceptual framework that can be tested by field
observations at eroded volcanic systems and by the ever increasing spatial and temporal
resolution of geodetic data at active volcanoes.

Keywords: magma intrusion, surface deformation, analog, laboratory modeling, X-ray computed tomography,
digital volume correlation
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anticlockwise rotation is positive/blue; (Right column) Maximum shear strain.

FIGURE 10 | DVC results for differential (A-E) and cumulative (F) host material deformation induced by a cone sheet intrusion in a 80:20 wt% sand:plaster mixture
(SPCTINOG in Table 2)—arrows indicate magnitude and orientation of calculated displacement vectors: (Left column) Horizontal (longitudinal) strain, shortening is
negative/blue; (Central left column) Vertical (axial) strain, shortening is negative/blue; (Central right column) Horizontal rotational shear strain around the z-axis,

depth and surface topography, while dynamic parameters of
the intrusion process include the magmatic pressure evolution
and propagation velocity (cfr. Kavanagh et al., 2018). Host
rock strength has been a particular point of interest for analog
modeling studies (Mathieu et al., 2008; Abdelmalak et al., 2016;
Guldstrand et al., 2017), but has also been shown to be a
controlling factor in numerical models (e.g., Grosfils et al., 2013;
Gerbault et al., 2018). With a varying ratio of sand to plaster and
with other parameters held constant, our experiments confirm
that thick cryptodome intrusions form in low-strength, loose or
weakly consolidated sediments, while thin dikes form in high-
strength materials such as limestones and other well-consolidated
rocks (cfr. Mathieu et al., 2008) (Figure 8). In between these two
end-members lies a range of hybrid cone sheets. A cone sheet
to dike regime transition line in our experiments has a slope

similar to that of Galland et al. (2014), although shifted laterally
in []; vs. []2 space. This discrepancy may arise from differences
in experimental materials and from uncertainties regarding their
properties, as well as the fact that the dimensionless parameter
values explored in this study are slightly higher than those
explored by Galland et al. (2014). Our values still lie well within
natural ranges of occurrence of dikes and cone sheets (Table 1).
While standard laboratory monitoring techniques only enable
access to the final 3D intrusion geometry, the dynamic CT
imagery accesses the 3D geometrical development of the analog
intrusions. Our experiments hence provide new insights into
how the contrasting cryptodome, cone sheet and dike geometries
develop in the subsurface. Regardless of the host rock strength,
the initiation phase of all intrusions is associated with an
axisymmetric displacement field, with displacements directed
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FIGURE 11 | DVC results for differential (A-D) and cumulative (E) host material deformation induced by a dike intrusion in a 50:50 wt% sand: plaster mixture
(SPCTINO4 in Table 2)—arrows indicate magnitude and orientation of calculated displacement vectors: (Left column) Horizontal (longitudinal) strain, shortening is
negative/blue; (Central left column) Vertical (axial) strain, shortening is negative/blue; (Central right column) Horizontal rotational shear strain around the z-axis,
anticlockwise rotation is positive/blue; (Right column) Maximum shear strain.

radially outwards from the initiation point. Such an initial  threshold of capillary entry pressure in low-strength materials.
displacement field is similar to that derived from the point =~ While our sand-plaster mixtures overall simulate “dry-rock
pressure source widely used in geodetic inversion models  conditions—i.e.,, no pore fluid pressure -, the percolation
(Mogi, 1958). In low-strength material, a spherical intrusion  aureole itself is effectively a zone of elevated pore pressure
develops from this displacement field due to distributed strain ~ with a probably unrealistically sharp boundary delimiting the
accommodation in the host material. In high-strength material, = presence/absence of pore fluids. Laboratory rock mechanics
intrusion occurs into a set of opening-mode fractures reflecting  experiments show that lithostatic pore fluid pressures decrease
highly localized strain accommodation. a rock’s effective strength (Jaeger et al., 2007). Consequently,

A thick syrup percolation aureole forms around cryptodome  reservoir rupture is favored at lower magma overpressure in
intrusions in the low-strength material (Figure5). Such  elastic models that take into account lithostatic pore fluid
percolation is much reduced or absent around fingers that  pressure (Gudmundsson, 2012), while much higher magma
propagate rapidly from the slowly inflating main intrusion  overpressures are needed to fail a reservoir’s wall in dry-rock
body (Figure 5E). Limited percolation occurs around the syrup  elastic models (Grosfils et al., 2013). Exploration of such effects
inlet in the medium- to high-strength material (Figure 6). This  is not possible in our sand-box models however. Measurements
difference between low-strength and medium- and high-strength ~ of the strength of mixtures of sand and liquids has shown that
material may result from high permeability or a decreased  the cohesion of such a mixture increases with respect to the dry
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material due to the liquid’s surface tension (van Mechelen, 2004)
up to a saturation point, after which the granular material is
expected to lose its strength and becomes liquefied. We therefore
expect that the percolating syrup increases the strength (ie.,
cohesion) of the sand-plaster mixtures in our models initially,
and may assist inflation of the intrusions before increased syrup
overpressures can lead to cryptodome wall rupture and initiation
of the finger and leaf-shaped intrusions. This assistance in the
low-strength host material should be a small effect, however,
because thick intrusion geometries similar to the ones in our
experiments develop as well in laboratory models that used other
analog materials in which percolation is very limited (Galland
et al.,, 2006, 2014; Mathieu et al., 2008; Abdelmalak et al., 2012;
Schmiedel et al., 2017; Guldstrand et al., 2018).

In a second phase, strain localization is seen to migrate into
the overburden above the intrusion, but its nature varies with
host material strength. In low-strength material, displacement
of the overburden occurs mainly as uplift as strain localizes
within a conical ring fault that propagates from the lateral
edges of the cryptodome toward the surface (Figures5, 9;
Supplementary Material). This process is well-known both
in laboratory and numerical models (Marti et al, 1994;
Gudmundsson, 2007; Gerbault et al., 2018). In medium-strength
material, the intrusion propagates laterally in a horizontal disk
shape, until it reaches a critical diameter (Haug et al., 2018) and
a conical mixed-mode ring fracture with a dominant opening-
mode component nucleates in the overburden (Figures 6, 10).
The observed opening-mode dominance is remarkable, because
shear failure is predicted to dominate ring fault initiation in
numerical models (Gerbault et al., 2018) and laboratory models
using silica flour (Abdelmalak et al., 2012; Guldstrand et al.,
2018). In high-strength material, displacement of the overburden
is directed both upward and outward with strain localized around
and ahead of the propagating dike tip and along the dike walls
(Figures 7, 11). Surface deformation in this second phase is
dome-shaped in low- and medium-strength materials, making it
hard to distinguish a cryptodome from a cone sheet intrusion
based on surface deformation alone (Figures 5C, 6C). In high-
strength materials the surface deformation is a subdued broad
arch (Figure 7). The first opening-mode fractures that open at the
model surface in medium-strength overburden are positioned
above the flat-lying center of cone sheets. The intrusions that
propagate from cryptodomes in low-strength host material or the
sill-like center of intrusions in medium-strength host material
are always steeply inclined and oriented circumferentially with
respect to the main intrusion body. Both observations are
in agreement with predictions from “dry-rock” elastic models
(Grosfils et al., 2013), but are in conflict with predictions of
interpreted radial dike initiation at the lateral edges of a magma
reservoir in elastic models that include lithostatic pore pressure
(Gudmundsson, 2012). More detailed DVC analysis of shorter
time increments in those critical locations in the overburden
should be a focus of future work to explain these contradictions.

In a third phase, incremental displacement and strain fields
in the host material tend to become markedly asymmetric,
reflecting asymmetric, or tilted intrusion geometries at depth.
In low-strength material, the strain localizes above the center

of the intrusion, such that slip on the ring fault around
the intrusion largely ceases. In medium-strength material,
displacement concentrates along the ring fault. It accommodates
the upward propagation of analog magma along its entire
circumference to form a symmetric cone sheet, or only along
a portion of the ring fault to form an inclined, leaf-shaped
sheet, similar to findings of Schmiedel et al. (2017). In high-
strength material, the strain and displacements are focused on
the upper part of the ascending dike. Strain and displacements
associated with the lower part of the dike become reduced,
although the vertical longitudinal strains in the dike wall switch
from dike-parallel contraction prior to the arrival of the dike
tip at a particular level to dike-parallel extension after the
tip has passed that level. Such a switch in strain regime may
be evidenced by cross-cutting small-scale structures (fractures)
in outcrop.

In a fourth and last phase, incremental strain and
displacements are associated with the conduit bringing the
analog magma to the surface. In low- or medium-strength
material, this conduit is a thick finger, leaf or cone sheet that
grows from the top of the intrusion, often asymmetrically into
only a portion of the conical ring fault. Markedly, fingers or
sheet tips often intrude into secondary faults or fractures (Haug
et al,, 2017, 2018); this highlights the preference of an intrusion
to choose the path of least resistance (Figures 5, 6). Examples of
intrusions of magma fingers and dikes into faults and fractures
are prevalent in nature, e.g., in the shallow plumbing system
of the Lemptégy scoria cone in France, which corresponds to
low-strength material (Mathieu et al., 2008; Delcamp et al., 2014).
High-resolution seismicity recorded during the Bardarbunga
2014 dike intrusion on Iceland revealed a clear preference of
the magma to propagate into pre-existing fractures created
in the high-strength host rock by the extensional tectonic
regime (Sigmundsson et al., 2014; Agustsdottir et al., 2016;
Ruch et al., 2016).

In the cone sheet and dike examples (Figures 6, 7, 10, 11), the
presence of high material strength means that, as the tip of the
fluid-filled fracture propagates upwards, there is a level within
the overburden from where it becomes subject to the influence
of the free surface, an effect well-document in elasticity-based
numerical models (e.g., Dahm, 2000a; Sigmundsson et al., 2014;
Maccaferri et al.,, 2015; Rivalta et al., 2015). This is evidenced
by V- and cup-shaped upper intrusion parts, as well as inclined
upper parts of dikes, developed in our analog magma intrusions
and seen in previous experiments with granular materials
(Mathieu et al., 2008; Abdelmalak et al., 2012). The depth of
initiation of such dip angle transitions and splays most likely
corresponds to the material-dependent transition of shallow
opening-mode-dominated behavior to deeper mixed-mode or
shear-dominated behavior (Jaeger et al., 2007; Mourgues et al.,
2011; Abdelmalak et al., 2016). This effect is the most notable
in the development of the eventual eruptive fissures in the cone
sheet and dike examples, that propagate as an opening-mode
fracture downwards from the surface, and connect to the syrup-
filled fractures at depth that are either mixed-mode (opening and
shear) as in the fingers and cone sheets or opening-mode as in the
dikes (Figures 10, 11).
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In the cryptodome example, shear strain is focused around
the finger or leaf and the surface uplift concentrates directly
above it, toward the eventual break-out point at surface. The
evolution from symmetric to asymmetric surface deformation
(Guldstrand et al.,, 2017, 2018) is thus a consequence of the
evolution of intrusion-induced displacements and strain from an
initially symmetric and wide distribution around the injection
point to a narrowly focused volume around an off-shoot
finger or leaf-shaped sheet. The strong asymmetry of strain
and displacement in the dike model reflects the inclination
or V-shaped bifurcation of the upper-most section of the
dike (Figure 6D). The asymmetry seen in displacement fields
produced by model finger and dike intrusions is seen also at
Fernandina, and is similarly inferred to be the result of a late-
stage tilted geometry of the uppermost section of the dikes
beneath the eruption sites (Bagnardi et al.,, 2013; Chestler and
Grosfils, 2013).

The overall doming uplift pattern of surface displacement
associated with dikes in our models is like that obtained in
previous experiments of pressurized fluid injection into granular
materials (e.g., Abdelmalak et al., 2012; Guldstrand et al., 2017).
Such a simple doming pattern differs from the dike-related
bulges-and-trough displacement pattern commonly observed
in regional tectonic settings and on many volcanic edifices
(e.g., Lundgren et al., 2013; Sigmundsson et al., 2014). The
classic bulges-and-trough displacement profile is reproduced in
experiments of pressurized fluid injection in gelatin (Kavanagh
et al., 2018) and in experiments of a widening rigid body at
fixed depth in granular materials (Mastin and Pollard, 1988;
Trippanera et al., 2015). Our experimental results differ from
those of the latter two works in particular in that the dike-
perpendicular widening occurs within an overall upward-and-
outward displacement field, and so a net central subsidence
above the dike tip is not seen (Figure 11). Nonetheless, similar
dome-like displacement patterns lacking a central subsidence
area have been recorded geodetically above suspected dikes in
some volcanic edifices (Peltier et al., 2017). Our experimental
dikes may therefore be analogous to certain instances of shallow-
level dike emplacement in volcanic edifices, although further
investigation is needed to test this hypothesis.

Overall, the quantified displacement vectors and derived
strains demonstrate how in low-strength materials the
emplacement of thick cryptodome intrusions is accommodated
largely by distributed, perhaps brittle-ductile or even ductile,
strains in the host-material around the intrusion. Such
mechanism is probably most similar to the local emplacement
of magma at the basin scale in low-strength crustal rocks, such
as shales (Pollard et al., 1975; Schofield et al., 2012; Spacapan
et al, 2017). The [], scaling parameter suggests that the same
mechanism might dominate when higher-viscosity magma
intrudes, but we did not test that. In high-strength granular
materials, opening-mode fractures develop as strain is more
localized and possibly more brittle. Overall the experiments
indicate that a transition exists in emplacement mechanism
from mixed-mode viscous indentation at low strength to a
deformation mode approaching classic hydraulic fracturing at
high strength. The 4D imaging and displacement quantification

of magma intrusion experiments by using CT and DVC thus
confirms that numerical inverse modeling of surface deformation
data ideally should take into account the strength and complex
rheology of crustal rock as well as the associated mechanisms of
magma intrusion and host rock deformation evidenced in our
laboratory models and numerical models applied to e.g., Darwin
Volcano, Galapagos (Manconi et al., 2007), Long Valley, U.S.A.
(Long and Grosfils, 2009) or Piton de La Fournaise, La Réunion
Island (Holohan et al., 2017).

CONCLUSIONS

This study reports on the novel combination of state-of-
the-art wide beam X-ray Computed Tomography (CT)
and Digital Volume Correlation (DVC) to dynamically
image in 4D (3D + time) the geometrical development of
analog magma intrusions (golden syrup) and quantify the
induced displacements and strain in its granular host material
(sand and plaster).

The power of the method was evidenced through a systematic
series of experiments that demonstrates how the strength of a
granular host material affects the 3D geometrical development
of analog magma intrusions. Thick cryptodome intrusions
with finger- and leaf-shaped protrusions form in low-strength
material. Transitional thinner cone sheets form in medium-
strength materials. Thin vertical sheet intrusions—i.e., dikes—
form from triple-branched star-shaped opening-mode fractures
in high-strength materials of sufficient overburden height.

The CT imaging enabled documentation of how in
low-strength material strain is initially distributed above
growing cryptodomes, and of how it eventually localizes
on mixed-mode fractures that bound an inverted cone-
shaped region of overburden uplift. In medium-strength
material, those overburden fractures form through more
dominantly opening-mode mechanisms. In high-strength
material, formation of opening-mode vertical fractures
dominates, and is accompanied by the localization and
progressive upward migration of strain and displacement
around the propagating intrusion tip. While numerical
and laboratory models of magma intrusion in a linearly
elastic medium previously simulated only tensile opening of
hydraulic fractures, our experiments demonstrate how magma
intruding in a material with complex rheology can induce both
opening-mode fluid-filled fractures and the development of
mixed-mode (opening plus shear) fractures in complex 3D
deformation patterns.

Overall, this study establishes the combination of dynamic
wide beam CT and DVC as useful techniques to acquire new
insights into a complexly-evolving process of coupled fluid-
solid deformation from laboratory experiments. Remote sensing
techniques and analytical and numerical geodetic inversion
models used in volcano monitoring are now increasingly
providing a dynamic view of surface deformation induced
by magma intrusion over time. Comparing such data from
nature to laboratory models of magma intrusion in granular
materials as imaged with the state-of-the-art techniques used
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here has the potential to generate new insights into the time-
dependent, 3D geometrical development of magmatic intrusions
and the associated deformation in the upper part of the
Earth’s crust.
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