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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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KEYPOINTS

- Cutting-edge dynamic wide beam X-ray Computed
Tomography and Digital Volume Correlation allows an
inside view on the temporal behavior of analog magma
intrusion in granular host material in laboratory experiments.

- Intrusion-induced 3D displacement and strain can be
quantified over time.

- Thick cryptodomes form with distributed strain and mixed-
mode fracturing in weak host materials.

- Thin dikes form with localized strain and opening-mode
fracturing in strong host materials.

- A continuum of cone sheet geometries occurs in between
these end-members.

INTRODUCTION

Magma intrusion induces crustal deformation, which in
turn results in surface displacements, in changes in the local
gravimetric field and in earthquake swarms, all of which
can be monitored with geodetic and geophysical techniques
(Brenguier et al.,, 2016; Fernandez et al.,, 2017 and references
therein; Figure 1A). Because direct observations of the intrusion
emplacement are impractical, analytical, and numerical models
are used to invert surface geodetic and/or geophysical monitoring
data in order to constrain intrusion geometry and volume
(Calais et al., 2008; Wauthier et al., 2012; Pinel et al., 2014;
Sigmundsson et al., 2014; Fernandez et al., 2017; Poland et al.,
2017; Ebmeier et al., 2018). The most widely-used inverse
geodetic models are limited by the simplifications and boundary
conditions that are implemented to make mathematical solutions
possible. For instance, they assume simple elastic or visco-
elastic crustal deformation, and they represent intrusions as
infinitesimal point pressure sources, finite pressurized spheroids
or rectangular dislocation planes (Mogi, 1958; Okada, 1985; Yang
et al., 1988; Figure 1C). In principle, model complexity can be
increased by allowing for multiple sources (or segments) and by
combining different source geometries (e.g., Battaglia et al., 2013;
Sigmundsson et al., 2018).

Observations of natural outcrops of frozen and exhumed
magmatic intrusions, however, have revealed a great variability
and complexity of intrusion geometry. In terms of their
shape, intrusions vary from thick stocks, cryptodomes,
laccoliths, fingers, and cup shapes to thinner cone sheets,
inclined sheets, layer-parallel sills and layer-perpendicular
dikes (e.g., Gudmundsson, 2011; Bistacchi et al, 2012;
Burchardt et al, 2013; Tibaldi, 2015; Galland et al, 2018;
Magee et al., 2018; Figure 1B). Natural magma intrusion may
also comprise complex combinations of the above-mentioned
forms. Limitations of such field observations are that they
represent a final static and commonly incomplete account of
the intrusion processes, and they usually lack any link with
the surface. Nonetheless, some aspects of these intrusion
geometries, such as sharp tips on sheet intrusions, are consistent
with Linear Elastic Fracturing Mechanics (LEFM) theory of
their formation as planar, opening-mode hydraulic fractures
containing low- to medium-viscosity magma propagating within

an elastically deforming host rock (e.g., Pollard et al., 1983;
Dahm, 2000b; Muirhead et al., 2012; Rivalta et al., 2015). Other
aspects of some sheet intrusion geometries and their field
relationships, such as folds and reverse faults around blunt,
irregularly-shaped intrusion tips, are alternatively interpreted
as formed by “viscous indentation” of magma within plastically
deforming host-rock (e.g., Mathieu et al, 2008; Abdelmalak
et al., 2012; Delcamp et al., 2014; Spacapan et al, 2017;
Bertelsen et al., 2018; Haug et al., 2018).

Given the natural variability of intrusion geometry, the
physical meaning of simple but widely-used numerical pressure
source geometries and linear elastic host-rock rheologies remains
subject to vivid scientific debate (Grosfils et al., 2013; Rivalta
et al, 2015; Townsend et al., 2017; Haug et al., 2018).
For instance, such simple elastic analytical and numerical
models commonly associate sill-like intrusions with dome-
shaped ground deformation, while they link vertical dikes with
ground deformation patterns that comprise two bulges either
side of a central trough —i.e., “bulges-and-trough”—and that
are correspondingly M-shaped in cross-section, with the M
centered above the dike’s upper tip (e.g., Mastin and Pollard,
1988; Lundgren et al., 2013; Sigmundsson et al., 2014, 2018).
On the other hand, some non-elastic experimental models have
linked both sill-like intrusions and vertical dikes with dome-
shaped ground deformation patterns (Abdelmalak et al., 2012;
Guldstrand et al., 2017).

Scaled laboratory experiments are complementary to field
observations and numerical models, in that they can simulate
under controlled conditions the geometric development of
magma intrusions within materials of complex rheology
(Hubbert, 1937; Barenblatt, 2003; Merle, 2015; Galland et al.,
2018). To investigate the range of geometries observed in nature,
past studies have involved various magma analogs (silicon PDMS,
golden syrup, water, vegetaline oil) injected into either granular
materials or transparent pig-skin gelatin (e.g., Donnadieu et al.,
2001; Galland et al, 2014; Schmiedel et al., 2017; Kavanagh
et al., 2018). These laboratory models have shown how intrusion
geometry relates to a range of physical parameters, such as host
rock strength and rheology, host rock anisotropy, overburden
depth, magma injection velocity, and magma viscosity.

For experiments with opaque granular materials, magma is
injected either against a transparent vertical sidewall in a “half-
box” (e.g., Mathieu et al., 2008; Le Corvec and Walter, 2009;
Abdelmalak et al., 2012) or “blindly” into the middle of the sand
box (e.g., Mathieu et al., 2008; Delcamp et al.,, 2012; Galland
et al, 2014). In the former case, the intrusion’s growth and host
material displacement are quantified in 2D along the sidewall,
but undesirable friction occurs between the granular material
and the vertical sidewall exactly at the plane of observation,
with an unknown effect on the quantified data (Le Corvec
and Walter, 2009; Abdelmalak et al., 2012). In the latter case,
the laboratory model surface displacement is quantified in 3D,
but the host material’s internal structural evolution and the
intrusion’s geometric development are not observed. In both
cases, the final 3D geometries of the intrusion and host material
structure are observed only by excavation at the end. This is
why Rivalta et al. (2015) concluded that moving modeling into
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FIGURE 1 | (A) Subsurface geometrical growth of a magma intrusion can only be derived indirectly through numerical modeling of observations of seismicity or
geodetic monitoring of the induced ground deformation using satellite monitoring (GPS, INSAR) or photogrammetry; (B) Geometries of now-chilled magma intrusions
as observed at natural outcrops vary widely in geometry, ranging from thick cryptodomes and cup shapes over inclined sheets and cone sheets to thin vertical (i.e.,
dikes) and horizontal (i.e., sills) sheet intrusions (adapted from Schmiedel et al., 2017); (C) Geodetic models invert measured ground deformation to obtain best-fit
magmatic deformation sources (i.e., intrusions) using a range of simplified geometries, ranging from Mogi point-sources to rectangular Okada sources (adapted from
Sigmundsson et al., 2018).
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3D plus time would be a most important step to improving our ~ Boone, 2013). While high-resolution micro-CT scanners only
insight into magma propagation through the crust. allow imaging of the final model geometry (Kervyn et al., 2010;

X-ray Computed Tomography (CT) provides a solution to ~ Poppe et al,, 2015), medical scanners can acquire a time-series
observe the interior of laboratory models with granular host  of 3D CT images at any desirable time interval, but at the
material (Mees et al.,, 2003; Kervyn et al,, 2010; Cnudde and  cost of lower spatial resolutions (Schreurs et al., 2003). This
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technique has been used to image structural geometries in
sandbox models simulating tectonic compression (Adam et al.,
2013) or extension (Holland et al., 2011; Zwaan et al., 2018), or
viscous magma intrusion in a sand-plaster cone (Rincon et al,
2018). Standard CT scanners have narrow X-ray detectors and
only allow for “helical scanning” by moving the model box
through the X-ray gantry while experimental deformation has
to be arrested (Schreurs et al., 2003). The recent development
of Digital Volume Correlation (DVC) techniques enables one to
quantify displacement and strain in 4D throughout the entire
laboratory model volume (Adam et al., 2013; Zwaan et al., 2018).

We here present a novel application of medical wide beam
CT to dynamically image the propagation of analog magma
intrusions of distinct geometries in laboratory models. For
each intrusion geometry, the displacement and strain of the
granular host material is quantified in 4D by using DVC on
the CT time series, while the surface deformation is extracted
as well. We demonstrate that cutting-edge medical wide beam
CT makes in-situ dynamic scanning of fluid propagation possible
through non-transparent material from a stationary position,
and holds great potential to study the spatio-temporal behavior
of deformation caused by igneous emplacement in the Earth’s
upper crust.

METHODOLOGY

Model Materials and Protocol

The model materials are golden syrup and a mixture of silica
sand and gypsum powder, analogs to magma and crustal host
rock, respectively. Golden syrup (Tate and Lyle, UK) is a
Newtonian fluid with a temperature-dependent density and
viscosity (Table 1; Appendix A; Beckett et al., 2011). The ambient
air temperature in the laboratory varied between 22 and 26°C,
and was used to calculate syrup viscosities for each experiment
(Appendix A). The silica sand was MAM1ST-300 of industrial
purity from Sibelco (Mol, Belgium) and the gypsum powder was
Goldband building plaster (Knauf). The mechanical behavior
of silica sand as a Mohr-Coulomb material is well-constrained
(Lohrmann et al., 2003; Panien et al., 2006). Mixing sand and
plaster at different ratios creates a range of frictional-plastic
granular materials with a more complex rheology that simulates
a range of rock strengths; we used sand:plaster ratios of 90:10,
80:20, 65:35, and 50:50 wt%. Values of cohesion and angle of
internal friction were obtained by using a combination of tensile
tests and direct shear tests (cf. Abdelmalak et al., 2016) on
samples that were poured and compacted manually to obtain the
same bulk densities as those obtained in the model box. Direct
shear test results were corrected for the silo effect (Mourgues
and Cobbold, 2003). We ensured that humidity did not affect
the strength of the granular materials by oven-drying overnight;
ambient air humidity in the lab and CT room remained below
20% at all times.

For each experiment, a weighed mass of granular material
was deposited in a plexiglas box (20 cm wide, 20 cm long, 16 cm
high) by pouring to preserve homogeneous mixing of the sand
with the fine-grained plaster. The material was then covered and
shaken mechanically with a pneumatic vibrator (OT25, Olivibra,

Volumetric

FIGURE 2 | Experimental set-up at the medical wide beam X-ray Computed
Tomography scanner (GE Healthcare) of the UZ Brussel hospital, Belgium. The
experimental box containing the compacted granular analog is in a fixed
position—in the location of the “patient”—and is connected by a flexible tube
to a computer-controlled constant-rate volumetric syringe pump containing
the magma analog golden syrup. During syrup injection, a 3D CT image is
obtained every 20 s over an acquisition time of 1's by rotating an X-ray source
within a fixed 16 cm wide X-ray detector ring.

Rotating
X-ray source

Italy) to compact down to 76-83% of its pre-compacted height
to control density and hence mechanical strength. Shaking was
limited to ~10's to avoid segregation of the coarse-size sand and
fine-size plaster grains. Golden syrup was placed in a syringe
and allowed to settle to remove air bubbles. The syringe was
then placed on a syringe pump and connected through a flexible
tube with the model box. The outlet of the tube with 4 mm
internal diameter sat 2 cm above the base of the box within the
granular material to avoid syrup percolating along the plexiglass-
sand boundary. The experiment was started by injecting syrup
into the sand at a constant pump discharge ranging between 20
and 100 ml hr~! for different experiments. This is equivalent to
flow velocities at the outlet of 0.4 x 1073-2.2 x 1072 m s~
The pump—and the experiment—was stopped when syrup was
seen to break through the model surface. The experiment box
was then frozen overnight, after which the solidified intrusion
was excavated to confirm its geometry. Figure 2 illustrates the
experimental set-up.

Model Scaling

Our laboratory models were scaled to obtain geometric,
kinematic, and dynamic similarity with nature by using six
dimensionless [ [-numbers (Table 1), similar to the dimensional
analysis proposed by Galland et al. (2014). The length scaling of
our experiments is 107> so 1cm equals 1-2km in nature. Our
experiments thus simulate intrusion into the upper crust. Two
dimensionless numbers are useful to explain the formation of
contrasting intrusion geometries, and these are used to classify
our experiments further on. The first is a geometric parameter
scaling the intrusion depth to its source dimensions:

(1]TT, = H/d;
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TABLE 1 | Scaling parameters and dimensionless equations used to compare the experiments to nature; natural values come from Schultz (1996), Galland et al. (2014),

and Merle (2015).

Parameter Symbol and Unit Experiment Nature
GENERAL

Gravitational acceleration g(m.s=2) ~9.81 ~9.81
MAGMA

Density om (kg.m=3) 1,440 2,5600-2,700
Viscosity 1 (Pa.s) 20-70 101-107

Inlet diameter d (m) 0.004 1x 10715 x 104
Injection velocity v(ms™1) 0.4 x 1073-2.2 x 103 1 x 10741 x 101
HOST MATERIAL

Overburden height H (m) 0.06-0.10 1 x 10" =15 x 103
Density or (kg.m™3) 1,268-1,700 2,500-2,700
Cohesion C (Pa) 66-298 10%-108
Internal friction angle D (°) = D3 21-35 25-45
DIMENSIONLESS PARAMETERS

Geometry [T =H/d 15-25 2 x1074-1.5 x 10°
Viscous stress:rock strength o = aw/Cd 0.02-0.6 2 x 107151 x 102
Gravitional stress:cohesion 14 = prgH/C 2.5-25.3 0.015x10~4-4x103
Reynolds number 15 = Re = pmav/y 0.3 x 1073-6.3 x 103 25 x 1079-1.4 x 10
Magma buoyancy s = 1-pm/pr —0.14-0.15 —8 x 1072-7 x 102

where H is the overburden height above the analog magma
inlet and d is the diameter of that inlet. The second parameter
scales the viscosity of the magma to the strength of the analog
host material:

[2]TT; = nv/Cd;

Where 1 is the analog magma viscosity, v is the analog
magma intrusion velocity at the inlet and C is the host
material’s cohesion. The other four parameters scale host material
strength, lithostatic stress, analog magma flow regime and
buoyancy (Table 1).

In contrast to natural rocks, it is currently unclear how
elastic properties could be quantified in granular analogs
(Lohrmann et al., 2003; Panien et al., 2006; Ritter et al.,
2016; Galland et al., 2018). In terms of cohesion and angle of
internal friction, however, the low-strength granular mixtures
(90:10 wt% sand-plaster) represent unconsolidated to weakly
consolidated sediments, breccias or tuffs; medium-strength
granular mixtures (80:20 and 65:35 wt% sand-plaster) represent
weakly consolidated or heavily fractured sediments and rocks,
such as shale; and high-strength granular mixtures (50:50 wt%
sand-plaster) represent competent and consolidated rocks,
such as limestone or crystalline rock (Mathieu et al., 2008;
Abdelmalak et al., 2016; Schmiedel et al., 2017; Galland et al.,
2018). Whereas regional stress fields, topographic loads, and
pre-existing structures are known to affect magma intrusion
emplacement (Acocella and Neri, 2009; Sigmundsson et al., 2014;
Koehn et al., 2019), our laboratory models assume the simple
boundary conditions of zero far-field stresses and a low relief
topography, and they assume magma intrusion into pristine host
rock unaffected by fracturing, faulting or magma intrusion. Note
that the natural values of scaling parameters are largely uncertain,

which leads to the broad ranges in the values of dimensionless
parameters listed in Table 1, a recurrent issue when scaling
laboratory models (e.g., Barenblatt, 2003; Merle, 2015;
Galland et al., 2018).

Wide Beam X-Ray Computed Tomography
In 12 selected experiments (Table 2), syrup intrusion into the
granular volume was recorded by a 3D X-ray CT image time-
series. CT experiments were conducted at the UZ Brussel on a
medical wide beam CT scanner (Revolution CT, GE Healthcare),
centered in the CT gantry along the x-, y-, and z-axis, respectively
(Figure 2). To obtain sufficient image contrast, we calibrated
the average X-ray value of the sand-plaster mixtures and golden
syrup prior to the intrusion experiments (Appendix B). In
addition, three pre-experiment 3D CT images were acquired
of each experiment with the aim of assessing image noise and
DVC precision.

Dynamic CT acquisition and syrup injection were started
simultaneously. Dynamic CT images were acquired in a single
rotation with the following settings: X-ray tube voltage 120 kV,
tube current 150 mA, rotation time 1s, interval between two
successive 3D images 19s. Voxels are 3D pixels with horizontal
(x, z) and vertical (y) dimensions and are anisotropic in clinical
CT. Slice distance in z-direction is 0.625mm and is a fixed
attribute to the scanner, the voxel size in in-slice xy-directions
is 0.391 mm (SPCTINO06) to 0.504 mm (SPCTINO02;—04) and
depends on the selected scan field-of-view. The reconstructed 3D
volume of X-ray values represents the X-ray attenuation in each
voxel, expressed in Hounsfield units (HU), a measure relative to
water, and defined such that the X-ray value of water is 0 HU. The
intrusion bodies were rendered from the 3D CT images for each
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TABLE 2 | Set-up parameters and outcome of analog models of golden syrup intrusion in granular materials run in the UZ Brussel hospital CT scanner and in the

laboratory; see Table 1 for abbreviations.

Experiment S-P or C @ =Ig H (m) Vpump v Vfinal w Duration Iy Iy  Intrusion
name (wt%) (kg m—3) (Pa) °) (ml hr“) (m 5—1) (ml) (Pas) (min) geometry
SPCTINO1 90:10 1700 66 + 1 40+ 4 0.08 50 0.00111 92 37 44 20 0.154  Cryptodome
SPCTINO2 90:10 1666 66 + 1 40+ 4 0.10 50 0.00111 48 37 60 25 0.154  Cryptodome
SPCTINO3 65:35 1465 195+7 29+3 0.10 50 0.00111 15 37 20 25 0.052 Inclined sheet
SPCTINO4 50:50 1268 2908 +13 26+2 0.10 50 0.00111 81 37 25 25 0.034 Dike
SPCTINOS 90:10 1666 66 + 1 40+ 4 0.06 50 0.00111 23 51 27 15 0.213  Cryptodome
SPCTINO6 80:20 1650 105+3 40+3 0.06 35 0.00077 23 51 42 15 0.094 Cone sheet
SPCTINO7 50:50 1268 208+ 13 2642 0.06 30 0.00066 ihl 51 23 15 0.028 Cone sheet
SPCTINO8 50:50 1268 298+ 13 2642 0.06 30 0.00066 6 51 15 15 0.028 Inclined sheet
SPCTINO9 80:20 1650 105+£3 40+3 0.08 75 0.00166 36 51 30 20 0.201  Cone sheet
SPCTIN10 65:35 1465 195+7 2943 0.08 50 0.00111 27 51 38 20 0.072 Cone sheet
SPCTINT1 80:20 1650 105+3 40+3 0.08 25 0.00055 40 51 98 20 0.067 Cone sheet
SPCTIN12 50:50 1268 298+ 13 2642 0.08 50 0.00111 23 51 28 20 0.047  Inclined sheet
SP16-SPin01 90:10 1700 66 + 1 40+ 4 0.08 50 0.00111 18 43 32 20 0.181 Cryptodome
SP16-SPin02 90:10 1700 66 + 1 40+ 4 0.08 100 0.00221 46 51 60 20 0.426  Cryptodome
SP16-SPin03 90:10 1700 66 + 1 40+ 4 0.06 50 0.00111 39 51 45 15 0.213  Cryptodome
SP16-SPin04 90:10 1700 66 + 1 40+4 0.06 20 0.00044 30 51 90 15 0.085 Cryptodome
SP16-SPin05 90:10 1700 66 + 1 40+4 0.08 50 0.00111 24 51 30 20 0.213  Cryptodome
SP17-SPin06 90:10 1666 66 =+ 1 40+ 4 0.10 50 0.00111 42 28 4 25 0.117  Cryptodome
SP17-SPin07 65:35 1465 195+7 29+3 0.10 50 0.00111 21 29 26 25 0.041 Dike
SP17-SPIin08 50:50 1268 298 +13 26+2 0.10 50 0.00111 21 29 26 25 0.027 Dike
SP17-SPin09 90:10 1666 66 + 1 40+ 4 0.10 75 0.00166 58 32 46 24 0.198 Cryptodome
SP17-SPin10 80:20 1650 105+3 40+3 0.10 75 0.00166 25 32 28 25 0.124  Cone sheet
SP17-SPin11 65:35 1465 195+7 2943 0.10 75 0.00166 19 32 16 25 0.067 Dike
SP17-SPin12 50:50 1268 208 +13 26+2 0.10 75 0.00166 17 32 15 25 0.044 Dike
SP17-SPin13 50:50 1268 208 +13 26+2 0.10 25 0.00055 16 34 47 25 0.016 Dike
SP17-SPin14 80:20 1650 105+3 40+3 0.06 50 0.00111 13 34 18 15 0.090 Cone sheet
SP17-SPin15 65:35 1465 195+7 29+3 0.06 50 0.00111 7 34 9 15 0.048 Cone sheet
SP17-SPin16 50:50 1268 298+ 13 2642 0.06 50 0.00111 8 34 11 15 0.032 Cone sheet
SP17-SPin17 90:10 1666 66 + 1 40+ 4 0.04 90 0.00199 4 45 5 10 0.337  Cryptodome
SP17-SPin18 90:10 1666 66 =+ 1 40+ 4 0.06 50 0.00111 4 45 6 15 0.187  Cryptodome
SP18-SPin19 50:50 1268 298 +13 26+2 0.06 25 0.00055 7 37 16 15 0.017  Cone sheet

Cohesion C and angle of internal friction & were quantified on samples of the same density as listed below, using the methodology of Abdelmalak et al. (2016).

time step using seed growth segmentation in the 3D Slicer image
processing software (www.slicer.org; Fedorov et al., 2012).

Digital Volume Correlation

We used the Digital Volume Correlation (DVC) Strainmaster
module of the commercial DaVis software (LaVision Ltd., UK)
to calculate the displacement vector fields in the time series of
each experiment. We first resampled the original anisotropic (x
=y # z) CT volumes to produce isotropic voxel dimensions (x
=y = z) as required by the DVC algorithm. This preprocessing
was implemented in C++ and Python code based on the open-
source Insight segmentation and registration toolkit (ITK; Yoo
et al, 2002). The images were resampled to yield isotropic
voxels by super-sampling along the inter-slices resolution (z).
The in-plane resolution (x,y) was chosen as the desired value
of isotropic resolution and passed on as an argument to the
code for the resampling step. The resampling process required

a transform to map point coordinates and an interpolator to
compute intensity values for the new resampled image. We used
an identity transform in order to maintain the physical extent of
the sampled image and a nearest neighborhood interpolator. The
resampled images were then converted to unsigned byte format,
with values in the range [0, 255] to allow compatibility with the
DVC software.

The Strainmaster DVC module characterizes image texture
in a small sub-volume in the first CT volume, and it then
searches the best-fit sub-volume in the subsequent CT volume
by using a direct correlation algorithm. In contrast, Adam et al.
(2013) previously used a Fast Fourier Transform algorithm.
Strainmaster DVC then calculates the length and orientation of
the 3D vector V that describes the differential displacement that
occurs during the time increment [u(x),v(y),w(z)] (Figure 3).
This process is repeated for each sub-volume to construct an
incremental 3D displacement field. DaVis then calculates the
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differential strain tensor E;; = §V; = §; (with i € {x, y, z} and j {x,
¥, 2}), as well as the incremental shear strain components (exy, €xz,
€yz), maximum 3D shear strain (ex-¢,) and incremental rotational
shear strain around the horizontal z-axis (rot-z = eyx-exy).
The differential spatio-temporal variation of material transport
and volumetric deformation is thus described; Lagrangian
summation of the incremental displacement fields then allows
calculation of the cumulative—i.e., total—displacement and finite
strain field throughout the experiment volume (Figure 3).

By repeating calculation runs four times at progressively
decreasing sub-volume, binning and peak search sizes, the final
correlation result can be optimized. The two last calculation runs
were repeated twice each. A sub-volume size of 32 x 32 x
32 voxels and a sub-volume overlap of 75% in the last of four
DVC runs resulted in a spatial resolution of the displacement
vector field of 4.032mm, where each vector represents the
displacement of a 16.128 x 16.128 x 16.128 mm sub-
volume. Displacements of equal vector length and orientation
that occur over the entire imaged volume (i.e., “rigid body
movements”) were subtracted from the 3D displacement vectors
for each sub-volume to remove artifacts due to potential
small movements of the entire experimental box during
CT imaging.

The DVC algorithm in theory achieves a sub-voxel precision
of 0.05-0.1 pixel of displacement, which depends on the sub-
volume size, image quality and image texture (Adam et al., 2013
and references therein). In the three pre-experiment CT images
acquired before syrup injection, any displacement calculated
by DaVis between the second and third CT images and the
first one theoretically represent background noise (Figure 4A).
For the three experiments discussed below, the median value
and standard deviation of such background noise was on
average 0.10 £ 0.05mm for displacement vector length and on
average 0.075 = 0.060 for maximum shear strain. Figures 4B-D
demonstrates that in experiment SPCTINO2 the median values of
displacement vector length, 3D volumetric strain and maximum
shear strain measured in the pre-experiment images are below
one voxel size, or 20-30% of the values measured in the syn-
experiment time-series.

Surface Data

We extracted the model surface from the resampled, isotropic
CT volume at each time increment in an elevation map by
using a dedicated MATLAB® script. Each slice image (in PNG
format) was converted into a binary image by using a threshold
gray value that separated image pixels representing the granular
pile from pixels representing the box or the surrounding air.
The elevation of the threshold gray value was then progressively
recorded in a raster matrix for each slice. This process was
repeated for each incremental CT volume to produce a time series
of surface elevation.

RESULTS

Intrusion Growth
We performed 19 experiments at Vrije Universiteit Brussel to
control experimental reproducibility. A further 12 experiments

were monitored with dynamic wide beam X-ray Computed
Tomography (CT). Between experiments, we varied the granular
material strength (cohesion C, angle of internal friction
@), material height (H), and the syrup injection discharge
(v) (Table2). []. thus exerted the greatest influence on
the results. Intrusion geometries differed dominantly across
the different strengths of the granular host material. The
Supplementary Material contains videos documenting the
development of the intrusions and overburden deformation in
the three experiments discussed below.

In low-strength materials (90:10; high [ ]2), intrusions initially
form a spherical, radially expanding intrusion (Figure 5A;
Movie 1). Such a geometry is here called a cryptodome. A cm-
thick dense percolation layer in which the syrup fills the sand
pore space is observed on the CT imagery as a volume with high
gray values (i.e., white) wrapped around the lighter syrup that
is imaged with lower gray values (i.e., dark gray; Figure 5A).
The percolation aureole is 1-5mm thick in the low strength
materials, but is negligible in the higher strength materials (see
below). As the intrusion expands, the overburden is uplifted
and an inverted-cone-shaped ring fracture forms. The intrusion
becomes asymmetric in its top half, developing one or more cusps
that expand into the overburden fracture (Figure 5C). One of the
cusps then develops into a finger or a thick leaf-shaped curved
sheet that propagates toward the surface along the overburden
ring fracture (Figure 5D). Percolation of syrup into the granular
material is much less developed around the rapidly propagating
finger or thick sheet compared to the slowly inflating body of the
intrusion. At the surface, the uplift of the overburden results in an
initially symmetric bell-shaped uplift, bound by the intersection
of the outer ring fracture with the surface (Figure 5C). The center
of the doming surface develops shallow polygonal opening-
mode fractures over time, and a steep edge forms at the
dome boundary as material is thrusted upwards and slumps
outwards (Figures 5D,E). The uplift becomes progressively
asymmetric, and propagation of the finger eventually intersects
the model surface in the area of maximum uplift leading to
eruption (Figure 5E).

In medium-strength materials (65:35; intermediate [],),
intrusions initially form an oblate, ellipsoidal intrusion that
expands laterally, associated with a mm-thick percolation aureole
of syrup into the sand (Figure 6A; Movie 2). The overburden
is bent upwards and fails along a steep through-going ring
fracture that is shaped as an inverted cone, similar to low-strength
materials (Figure 6B). A thin sheet intrusion then propagates
upwards into that ring fracture (Figure6C). Such conical
intrusion shapes are here called cone sheets. The propagation
velocity may be faster in one section of the cone-shaped part of
the intrusion compared to other sections, in such case leading
to asymmetrical geometries. The basal part of the intrusion
around the inlet then continues to inflate as the cone-shaped
part propagates (Figures 6D-E). At the surface, opening-mode
fractures form directly above the inlet and propagate from
the surface downward as the overburden above the intrusion
is uplifted (Figure 6A). With continued uplift, extension of
the dome surface creates additional opening-mode fractures
arranged in a polygonal pattern defined by intersecting radial and
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FIGURE 5 | (A-E) Temporal evolution of a cryptodome intrusion in a 90:10
wt% sand:plaster mixture (SPCTINOZ2 in Table 2); (Left column) vertical x-y
slice of reconstructed CT volumes through the model center; Central column:
3D anaglyphs of the intrusion geometry, including both syrup (red), and the
percolation aureole (yellow), rendered from CT images, to be viewed with
blue-red 3D glasses; (Right column) Model surface elevation extracted from
resampled CT images, the black cross marks where syrup broke through the
surface (i.e., eruption); (F) Structural sketch of the final intrusion and induced
deformation structures in the overburden through the central x-y slice in

(E) (t = 60min).

subconcentric fracture trends. The syrup finally breaks through
the surface via one of the opening-mode surface fractures that
lies on the flank of the surface dome (Figure 6E).

In high-strength materials (50:50; low []2), intrusions
initially open a triple-branched, star-shaped set of opening-
mode fractures in plan-view, with the three branches oriented
randomly relative to the box (Figure 7A; Movie 3). The angles
between these branches range from a symmetric ~120 to up

to ~180° for the widest angle. Syrup then propagates vertically
through one or two dominant branches, and creates a thin, leaf-
shaped vertical sheet intrusion, here called a dike (Figure 7B).
The second and third branch—or only the third one if two
branches are dominant—remain underdeveloped at the base of
the dominant branch and have a penny shape with a vertical or
inclined orientation. At 3-5cm depth below the model surface,
the intrusion deviates from its vertical path and forms an
inclined tip, or splits into a V-shaped geometry that fills steeply
inclined open fractures (Figure 7C). Some of the final intrusion
geometries resemble an incomplete cone sheet but in fact are
a combination of two en-echelon vertical dike segments under
a minor (<10°) strike angle (Figure 7D). Surface deformation
is much less developed compared to low- or medium-strength
host materials because the intruded volume is lower (Table 2).
Initially, a set of opening-mode fractures that are markedly
deeper than in medium-strength materials forms at the surface
above the dike tip (Figure 7B). The surface is then uplifted
asymmetrically in a trapdoor-like fashion along some of the
formed fractures (Figure 7C). Syrup eventually erupts from the
open fracture bounding the area of trapdoor uplift and the final
intrusion geometry is a complex of vertical or steeply inclined
planar segments (Figure 7D).

At lower host material overburden heights (H), intrusions
in all three material strengths initially expand laterally more
than vertically compared to those in higher overburden heights.
In low- and medium-strength materials, the intrusions then
inflate vertically in a later stage. In low-strength overburden this
results in a thick intrusion geometry with a concave upward
roof, here called a cup shape. The basal diameter of cone sheet
intrusions in medium-strength materials with lower overburden
height and lower injection velocity (v) is smaller compared
to the experiments with a higher overburden and a higher
injection velocity (Table 2). In high-strength materials, the lowest
segments of dike intrusions are vertical in high material heights
and their upper segments are steeply inclined (>8 cm), but only
inclined sheets or cone sheets form in low material heights
(<6 cm). While two experiments presented here were run under
a minor slope (<4%; Figures 5, 7), experiments under a flat
topography produced the same results as those described above.

The geometrical outcomes of the full range of experiments
carried out at different []; and [], numbers are reproducible,
and they confirm the finding of Galland et al. (2014) that
a continuum of geometries forms with varying host material
strength, fluid injection depth and injection velocity (Table 2,
Figure 8). At low [[; and high [], numbers (dominantly
controlled by low host material strength), thick cryptodomes and
cup shapes form. At high [[; and low [ [, numbers (dominantly
controlled by high host material strength), triple-branched star-
shaped rifts form that develop into thin vertical dikes or steep
inclined sheets. At intermediate dimensionless parameter values,
a continuum of cone sheet geometries results with a range of basal
diameters and inclined sheet angles.

3D Displacement and Strain
The evolution of the incremental 3D displacement vector field
and the derived incremental strains in the experiments indicates
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deformation structures in the overburden through the central x-y slice in (E)

(t = 35min).

that each intrusion’s development can be divided into three to
four phases (Figures 9-11). For the parameters held constant
in the experiments, the nature of these phases depends on the
strength of the granular host material.

In low-strength materials (90:10; Figure 9), a radially outward
displacement field develops around the syrup inlet at syrup
injection onset (Figure 9A). The longitudinal strain data show
that expansion of the intrusion is mostly accommodated
by a concentric zone of contraction (compaction) within
the surrounding granular host material (Figures 9A,B). The
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FIGURE 7 | (A-D) Temporal evolution of a dike intrusion in a 50:50 wt%
sand:plaster mixture (SPCTINO4 in Table 2): (Left column) vertical x-y slice of
reconstructed CT volumes through the model center; (Central column) 3D
anaglyphs of the intrusion seen from its side (left) and its top (right) rendered
from CT images, to be viewed with blue-red 3D glasses; (Right column) Model
surface elevation extracted from resampled CT images, the black cross marks
where syrup broke through the surface (i.e., eruption); (E) Structural sketch of
the final intrusion and induced deformation structures in the overburden
through the central x-y slice in (D) (t = 24 min).

maximum shear strain within this zone concentrates close
to the inlet and decreases radially outward. In a second
phase, the overburden is displaced upward, and displacement
vectors diverge away from the newly-developed ring fracture
under opposite angles, indicating mixed-mode failure in
which opening-mode is dominant and shear displacement is
subordinate (Figure 9C). Incremental shear strain values are
now highest within the narrow, axisymmetric, inverted cone
shape of the ring fracture, which shows expansion along it and
contraction in the host material. The contraction in the host
material is concentrated in the footwall of the conical fracture; the
central hanging-wall block delimited by the ring fracture displays
relatively low strains. In a third stage, displacement along the ring
fracture begins to die out, the intrusion inflates further, and the
regions of maximum displacement and strain refocus around the
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intrusion top (Figure 9D). In a final stage, strain concentrates
in a zone along the roof top of the cryptodome, from which an
inclined secondary mixed-mode fracture propagates toward the
surface and is intruded by a syrup finger or a thick, leaf-shaped
sheet (Figure 9E). Overburden uplift becomes asymmetric with
the highest displacements located within the hanging wall of the
intruding finger and orientated at a high angle to it. Maximum
shear strain occurs in the volume immediately around the
ascending finger, from which golden syrup erupts (Figure 9E).
Contractional strains are now greatest in the uplifting hanging-
wall of the finger fracture, different from the development of the
ring fracture.

In medium-strength materials (65:35; Figure 10), a radially
outward displacement field develops around the inlet at intrusion
onset as well (Figure 10A). Overburden contraction and uplift
propagate rapidly toward the surface and cause the opening
of a surface fracture above the inlet (Figure 10A). In a second
phase the largest strains measured throughout the experiment
concentrate along a through-going cone-shaped ring fracture
(Figure 10B). The displacement vector field shows both opening
and shear components along the ring fracture as the central
overburden block is moved upwards and outward along it. This
fracture then rapidly fills with syrup from the inlet toward
the surface, accompanied by minor displacements (Figure 10C).
Again the ring fracture shows mainly expansion along it as
it develops (i.e., extensional strain in x and y directions—
Figures 10A,B), while the host material surrounding the fracture
shows mainly contraction focused in the fracture’s foot-wall.
Secondary fractures that open at the model surface arise from
continued horizontal extension within the uplifted central block
(Figures 10B,C); these are underlain by a subtle zone of vertical
contraction arising as the upward and outward moving central
block is stretched and thinned. In a third phase, the basal sill-
like section of the intrusion then continues to inflate and vertical
uplift of the central overburden block dominates (Figure 10D).
Secondary conical fractures splay from the upper sections of
the ring fracture. The splays again form through a mixed-
mode combination of opening-mode and shear displacement,
and result in the flower-shaped intrusion geometry consisting
of concentric rings (Figure 6E). Strains within the central block
and in the host material around the ring fracture are smaller
than in earlier stages; they are distributed through the central
block, and they mainly comprise a vertical shortening in response
to the vertical opening of the underlying sill. In a last phase,
shear and extensional strain localize along a vertical splay
from the ring fracture that connects to one of the opening-
mode surface fractures, which eventually becomes the eruptive
fissure (Figure 10E).

In high-strength materials (50:50; Figure 11), intrusion
onset is characterized also by radially outward displacement
(Figure 11A), but unlike in low-strength materials (Figure 9A),
no material is displaced vertically downward and compressed
at the intrusion’s base. In this first phase, the dike itself shows
dominantly horizontal extension, which is accommodated by
horizontal contraction in the host material at the dike walls and
by vertical contraction above the dike tip. In a second phase
(Figure 11B), upward propagation of the dike is characterized by

an inverted cone shape volume that is linked to the dike base and
in which displacements are upward and outward from the dike,
indicating a dominantly opening-mode fracture. The patterns
of host material contraction are similar to before (Figure 11A),
but maximum shear strain values are highest in a bulb-shaped
volume around the rising dike tip (Figure 11B). The largely
horizontal displacement on the dike’s side walls produces a
downward-propagating, opening-mode fracture at the surface
above the intrusion tip, which is seen as a zone of relatively
low horizontal extension near the model surface. In a third
phase (Figure 11C), the intrusion now interacts more with the
surface as it links with the downward-propagating opening-mode
fracture. The cone-shaped volume of host material uplift becomes
strongly asymmetric: one of the two sides of the fluid-filled
fracture is displaced upward and outward more than the other.
The model surface is uplifted in an asymmetric or trapdoor-
like fashion. The zones of highest displacement are now located
in the host material around the upper half of the dike. The
zones of maximum horizontal extension, vertical contraction and
shear strain around the dike tip migrate upward accordingly.
As they do so, areas that were under vertical contraction ahead
of the dike tip now undergo vertical extension and horizontal
contraction as they become the dike walls (Figure 11C). In a final
phase (Figure 11D), the dike reaches the surface, and the patterns
of displacement and strain migrate further upward to become
focused in the shallowest part of the overburden.

The cumulative strain patterns for the three experiments
further differ. In low-strength materials, most of the cumulative
strain is distributed within and around the cryptodome intrusion
close to the inlet (Figure 9F), while in medium- (Figure 10F)
and high-strength (Figure 11E) materials most of the cumulative
strain is localized along the entire length of the thin, fluid-filled
sheet fracture and the immediately surrounding host material.

DISCUSSION
CT Image Quality and DVC Precision

Medical CT imaging allows us to visualize the interior of
optically opaque granular material. Our results show that medical
wide beam X-ray CT provides novel advantages over standard
CT scanners for gaining unique insights into the mechanisms
of subsurface magma propagation as modeled in laboratory
experiments. The short detectors of standard CT scanners
(4-8 cm) require minute-long helical scanning, during which
the model deformation has to be paused. This can be done
with tectonic laboratory models which involve externally forced
deformation (Schreurs et al., 2003; Adam et al., 2013; Zwaan
etal., 2018), but it is impracticable once analog magma intrusion
has initiated. That is why Poppe et al. (2015) used radiographs,
rather than 3D CT scans, to monitor their laboratory model
development. Wide beam CT detectors (16cm) allow syn-
experiment dynamic scanning of the stationary model box and
the acquisition of time-series of 3D CT images with a much
higher signal:noise ratio compared to helical imaging at standard
CT-scanners. The slow rotation speeds (26 s for one 3D image)
and large voxel sizes (1mm) used by Rincon et al. (2018)
make imaging complex intrusion geometries and overburden
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faulting patterns difficult and DVC application impossible. Image
noise was sufficiently low in our case and, in contrast to the
existing analog CT studies (Adam et al, 2013; Zwaan et al,
2018), imaging several times at each time step and stacking CT
images to improve image texture proved unnecessary. Instead,
the sufficiently small voxel sizes and the high frequency of image
acquisition (1 s) at our wide beam CT set-up enabled a complete
4D (3D + time) view of the growth of analog intrusions and the
development of deformation structures induced in the granular
host material.

Panien et al. (2006) showed that sufficient grayscale contrast
between different materials in CT images is obtained when
their X-ray value differs by at least 100 HU. This criterion is
obtained in our experiments, because golden syrup has a low X-
ray attenuation of ~300 HU and the denser sand-plaster mixtures
range between 500 and 800 HU (Appendix B). The overlap of
X-ray attenuation for individual grains of different chemical
composition, the air-filled intergranular pores and the syrup
is large, however. Additionally, the coarse imaging resolution
means that voxels commonly represent a mixed volume of grains,
pore space and/or fluid. This results in difficulties for the seed
growth segmentation algorithm to discriminate thin parts of
the golden syrup intrusions from the surrounding sand-plaster
material. Manual attribution of such voxels to one or the other
reduces this problem, but is time-consuming. Segmentation is
much more straightforward in low-strength material, where the
dense percolation aureole of syrup into the granular material
provides sharp X-ray value gradients that easily allow segmenting
the intrusion volume. The ability to visualize the 3D geometry
of syrup intrusions in high detail at any time step during the
intrusion process is a unique feature of the presented laboratory
method, and a clear advantage for comparison to geophysical
monitoring data in nature.

A model box width of 20cm was found to be the upper
limit to acquire images of a satisfactorily high signal:noise ratio,
because of the high density of sand and plaster (noise index
14). Mourgues and Cobbold (2003) found that when the
ratio of the overburden height to the container width is higher
than ~0.53 in pure sand, a silo effect is detectable and vertical
overburden load is counteracted at least partially by friction at
the box side walls. At 8 cm material height, no detectable syn-
experiment surface elevation change (SPCTIN06; Figure 6) and
no interior 3D displacement or strain occurs near the box edges
(Figure 10). At 12 cm material height, very minor cumulative 3D
displacements and strains can be detected in the model interior at
the box edges, but these are much smaller compared to the values
that characterize the intrusion process (SPCTINO2, Figure 9 &
SPCTINO4, Figure 11). This effect is notable specifically for the
cumulative rotational shear strain in the high-strength example
(Figure 11E). These are absent however in the incremental time
steps, suggesting that edge effects are negligible when looking at
short time increments of deformation, but might play a minor
role in the general emplacement behavior of an entire syrup
intrusion event at roof aspect ratios above ~0.6.

The precision of displacement vectors calculated with
modern DVC algorithms is typically claimed to be 0.05-
0.1 voxel size (Li and Morgan, 2009; Pannier et al., 2010).
Taking the upper bound to account for image quality, image
texture and subvolume size, the vector length precision in
our experiments should to be in the order of 0.050 mm.
We found median pre-experiment displacements of ~0.10 +
0.05mm, even ~0.29 £ 0.46 in the example in Figure 4B,
where in practice no displacement occurs. The precision
of the displacement vector length results is thus probably
rather in the order of half to one voxel sizes, but robustly
represents realistic 3D displacement fields that occur in
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negative/blue; (Central left column) Vertical (axial) strain, shortening is negative/blue; (Central right column) Horizontal rotational shear strain around the z-axis,

the laboratory models. By comparison, structure-from-motion
photogrammetry reaches precisions of 0.05mm on a 40 x
40 cm surface (Galland et al., 2016). The precision obtained
with CT proves nevertheless high enough to study incremental
deformation in 3D throughout the entire model volume, as
opposed to what was possible before in typical laboratory
model set-ups.

Contributions of CT: Intrusion

Development and Magma Propagation

A variety of parameters has been proposed to control the
wide range of magma intrusion geometries. Material properties
include the density and viscosity of the magma, as well as the
density, strength and mechanical heterogeneity and anisotropy of
the host rock. Important geometric parameters include intrusion
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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
(SPCTINOS6 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.

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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