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What Drives the Lateral Versus Vertical Propagation of Dikes?
Insights From Analogue Models
S. Urbani' (), V. Acocella’, and E. Rivalta®

1Dipartimento di Scienze, Universita Roma Tre, Rome, Italy, ’Deutsches GeoForschungsZentrum GFZ, Potsdam, Germany

Abstract volcanic eruptions are usually fed by dikes. Understanding how crustal inhomogeneities and
topographic loads control the direction (lateral/vertical) and extent (propagation/arrest) of dikes is crucial
to forecast the opening of a vent. Many factors, including buoyancy, crustal layering, and topography, may
control the vertical or lateral propagation of a dike. To define a hierarchy between these factors, we have
conducted analogue models, injecting water (magma analogue) within gelatin (crust analogue). We
investigate the effect of crustal layering (both rigidity and density layering), topography, magma inflow rate,
and the density ratio between host rock and magma. Based on the experimental observations and scaling
considerations, we suggest that rigidity layering (a stiffer layer overlying a weaker one) and topographic
gradient favor predominantly lateral dike propagation; inflow rate, density layering, and density ratio play a
subordinate role. Conversely, a softer layer overlying a stiffer one favors vertical propagation. Our results
highlight the higher efficiency of a stiff layer in driving lateral dike propagation and/or inhibiting vertical
propagation with respect to the Level of Neutral Buoyancy proposed by previous studies.

1. Introduction

Understanding dike propagation and emplacement is crucial to define magma transfer and extrusion within
the crust. Geological and geophysical data at volcanoes and rift zones reveal that dikes expand and propa-
gate in all directions but tend to propagate mostly laterally or vertically.

Laterally propagating dikes have been recognized at many volcanic edifices such as Etna, Vesuvio, Stromboli,
Kilauea, Miyakejima, Piton de La Fournaise, and El Hierro (Fukushima et al., 2005; Peltier et al., 2009; Acocella &
Neri, 2009, and references therein; Marti et al.,, 2013; Rivalta et al., 2015). Rifting episodes along divergent plate
boundaries in Afar and Iceland also highlight a predominant lateral transfer of magma along rifts (Ayele et al.,
2009; Biggs et al., 2009; Ebinger et al.,, 2010; Einarsson & Brandsdottir, 1980; Nobile et al., 2012; Sigmundsson
etal, 2015; Wright et al,, 2012). However, dikes may also propagate vertically, both in volcanic edifices, such as
Vesuvio, Etna, or Piton de la Fournaise (Acocella & Neri, 2003; Acocella et al.,, 2006; Battaglia et al., 2005), and
along rift zones, as at Harrat Lunayyr (Pallister et al., 2010) and Iceland (Hartley & Thordarson, 2012, 2013).

Several factors may dictate whether a dike will propagate vertically or laterally. Among these, buoyancy
has been proposed as the dominant control (Menand & Tait, 2002; Taisne & Tait, 2009; Takada, 1990;
Townsend et al.,, 2017); a neutrally buoyant dike may arrest and expand laterally at the Level of Neutral
Buoyancy (LNB; Lister & Kerr, 1991). Moreover, stiffer layers overlying more compliant ones may provide
barriers to magma ascent (A. Gudmundsson, 2006; Kavanagh et al., 2006; Maccaferri et al., 2011; Rivalta
et al., 2005). Topographic reliefs provide a driving pressure for propagation by inducing lateral stress gra-
dients (Acocella & Neri, 2009; Fialko & Rubin, 1999; Fiske & Jackson, 1972; Kervyn et al., 2009; Maccaferri
et al, 2016; Muller et al., 2001; Pinel et al,, 2017; Pinel & Jaupart, 2004; Rubin & Pollard, 1987), also inducing
an increasingly intense compression at the tips of ascending dikes or approaching a relief, favoring dike
arrest (Kervyn et al, 2009; Maccaferri et al, 2011, 2016; Urbani et al, 2017; Watanabe et al, 2002).
Additionally, reliefs modify dike trajectories by inducing rotations of the principal stress axes that may lead
a dike to change propagation direction, for example, from vertical to horizontal or vice versa (Bagnardi
et al, 2013; Corbi et al, 2015, 2016; Dahm, 2000; Maccaferri et al., 2014; Watanabe et al, 2002).
Preexisting discontinuities in the host rock may channelize the dikes, causing their arrest or deviation
(Ito & Martel, 2002; Le Corvec et al., 2013; Maccaferri et al., 2016; Watanabe et al., 2002; Ziv et al., 2000).
Gradients in external stresses (e.g., rift extension) may contribute to drive dikes away from their magma
reservoir (Buck et al., 2006; Grandin et al., 2012) and to their equilibrium position below the surface (i.e.,
the level at which vertical propagation is arrested and magma propagates laterally; Buck et al., 2006;
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Townsend et al., 2017). Magma influx from the reservoir also provides a driving pressure for dike propaga-
tion (Rivalta, 2010; Taisne et al., 2011). Magma cooling (Taisne & Tait, 2011) and volatile exsolution
(Menand & Tait, 2001; Taisne & Jaupart, 2011) change the rheological proprieties of magma (i.e., density
and viscosity) and modify the pressure balance within dikes.

Despite this knowledge, the relative importance of these potential contributions has been not investigated
so far. Defining a hierarchy between the various processes controlling vertical and lateral dike propagation
would finally provide a crucial advancement in understanding how magma is transferred in the crust and
within volcanic edifices. This may allow capturing the weight of the most important processes controlling
magma migration and help evaluating the possibility of opening of a vent in a given area.

To define a hierarchy between the various factors, we have conducted analogue models, injecting water
(magma analogue) within gelatin (crust analogue). In particular, we have investigated the control on lateral
versus vertical dike propagation by the following factors: rigidity layering, density layering, density ratio
between the host rock and magma analogue, the inflow rate of the magma analogue, and topography;
we have then discussed our results based on scaling the experiments to nature. Previous results with
the same experimental apparatus showed that the joint effect of topography and rigidity layering assists
lateral propagation, with an opposing slope causing dike arrest (Urbani et al., 2017). In this work, we (1)
further expand and (2) also complement those experiments with newly imposed parameters (density ratio
between host rock and magma analogues, density layering, and flow rate), by varying systematically each
of all the parameters and comparing semiquantitatively the variations on dike geometry and velocity,
defining a hierarchy of all the parameters considered.

2. Methods

2.1. Analogue Models: Experimental Setup

We performed 33 analogue models, including the four already presented in Urbani et al. (2017) with the same
experimental apparatus. Within a 33 x 58 x 38.5 cm? plexiglass box, we injected dyed water in pig-skin gela-
tin as magma and crustal analogues, respectively (Di Giuseppe et al., 2009; Figure 1a). In 24 of these experi-
ments, we created two gelatin layers, pouring gently two solutions of different gelatin and/or NaCl
concentration one above the other while this was still at the liquid state. NaCl decreases gelatin rigidity
and increases its density (Brizzi et al., 2016). This process generates a partial mixing of the two layers and, after
cooling in the refrigerator, an ~4-cm thick nonsharp interface with a rigidity and density gradient (Urbani
et al.,, 2017). We refer to rigidity layering when the rigidity ratio between the upper and lower layer (E,/E)
is < or >1 and to density layering when E,/E; ~ 1, but the two layers show different densities. To investigate
the role of topography (“topography” models), we imposed a mold on the gelatin surface, producing two
inward dipping slopes (dip 2.4° and 3.7°, respectively) separated by an 8-cm-long flat plain (Urbani
etal, 2017).

We finally injected dyed water (density p¢ ranging from 993 to 1,116 kg/m?) alternatively from the bottom
(“vertical injection” experiments, Set 1) or the side (“horizontal injection” experiments, Set 2) of the box using
a peristaltic pump with influx rate (Q) between 0.079 and 0.435 ml/s. In both Set 1 and Set 2 we inserted the
needle tip parallel to the x-z plane (Figures 1a-1c, 2a-2d, and 4a-4d) to impose the initial dike strike parallel
to that plane. If the dike strike was oblique to this plane, the dike length and breadth, which were measured
from the images and thus projected on the x-z plane, were corrected according to the angle calculated from
the top view images (§ in Table 2, spanning from 0° to 55°).

Gelatin temperature was kept at 9 °C, water at 20 °C. The thickness ratio between the upper and lower
layer (T,/T;, where T, and T, are the thickness of the upper and lower layer, respectively) ranges from 0.63
to 2.54 (Table 1). We monitored dike propagation alternatively in side and top view, at 0.2 and 0.1 frames
per second.

We define a hierarchy among the investigated factors by quantifying how far the dikes propagate laterally
under different conditions. With regard to Set 1 experiments without topography, we measure the dike
breadth of each experiment 3 cm above (b,) and below (b)) the center of the interface; this allows us to eval-
uate any dike shape change (Figure 1b). We define b,/b, as the shape ratio of the dike. In Set 1 experiments
with topography, we measure the maximum distance reached by the dike along either side from the
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Figure 1. (a) Sketch of the experimental setup. The reference system in the top left refers to the box sides. The red dashed lines in the box represent the topography
used in some experiments, while the two black dikes represent Set 1 and Set 2 experiments where injection occurred from the bottom or the side of the box,
respectively. (b) Section view diagram illustrating the measurement procedure for b;, b, d1, do, X, B, and H in Set 1 experiments (see text for details). Red and orange
arrows indicate the injection points without and with topography, respectively. The dashed black, red, and purple lines indicate the slopes, the plain and the interface
center, respectively. (c) Section view measurement procedure for B, H, S (coincident with B), W, and X, Set 2. Orange arrow indicates the injection point.

injection point (d, and d, in Figure 1b), defining d,/d, as dike “asymmetry.” With respect to the experiments
without topography, we shift the injection point 9 cm from the center to the right side, below the slope, to
evaluate any dike propagation caused by the asymmetric topography. The horizontal distance between the
eruption and injection points (X) is also measured (Figures 1b and 1c).

In Set 2 we measure the dike length (S, Figure 1c). Moreover, to compare the results from Set 1 and Set 2 for
experiments with topography, we measure the horizontal distance between the dike tip and the plain edge
(W, Figure 1¢). In this case, we consider the plain edge as a reference axis: positive values indicate a dike tip
below the plain (Table 2). Finally, in both Set 1 and Set 2 we measured the dike aspect ratio (Breadth/Height,
B/H). All the measurements have an error of £0.5 cm related to camera distortion. Table 1 shows the imposed
parameters in each experiment. Figures S1 to S8 in the supporting information show experiments not
presented extensively in the main text and/or excluded from the data set, since they replicate experiments
already presented in this paper. In particular, experiments in Figure S6 (32, 33, 34, and 51) were also
presented in Urbani et al. (2017; referred there as numbers 4, 1, 3, and 2, respectively).
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Table 1
Imposed Parameters (and Relative Errors) in Each Experiment
Exo  pka/md)  pyka/md)  prikg/md) pulps E; (kPa) E, (kPa) E,/E T; (cm) Ty (cm) TWT,  Q(ml/s)
2 1,123.2 1,018.1 1,094.4 09303  18+06 33+£006 183 98+05 77+05 079 0.079
5 1,053.6 1,018.1 1,053.6 09663  25+02 33+£006 132 9.1+05 94+05 1.03 0.079
6 1,123.2 1,018.1 1,073.8 09481  18+06 33+006 183 87+05 95+05 1.09 0.079
8 1,071.3 1,018.1 1,116.4 09119 354025 33+006 094  101+05 73+05 072 0.079
10 1,0713 1,018.1 9936 10247 35025  33+006 094  10.1%05 66+05 065 0.079
1 1,071.3 1,018.1 1,053.6 09663  35+025  33+006 094 93+05 84+05 090 0.079
12 1,071.3 1,018.1 9936 10247  35+025  33+006 094 89+05 81+05 091 0435
13 1,053.6 1,018.1 1,053.6 09663  25+02 33+£006 132 10£05 71205 071 0435
17 / 1,018.1 1,116.4 09119 / 33 +0.06 / / / / 0.079
19 / 1,018.1 9936 1.0247 / 33 +0.06 / / / / 0.079
20b / 1,018.1 1,116.4 09119 / 33 +006 / / / / 0435
21 1,071.3 1,018.1 9936 10247  35+025  33+006 094 10£05 85+05 085 0.079
23 1,053.6 1,018.1 1,053.6 09663  25+02 33£006 132 10505 66+05 063 0.079
24 / 1,018.1 1,053.6 0.9663 / 33 +0.06 / / / / 0.079
26 1,069.3 1,018.1 1,053.6 0.9663 74038  33+006 047  103+05 7505 073 0.079
27 / 1,018.1 9936 1.0247 / 33 +0.06 / / / / 0.079
28 1,123.2 1,018.1 1,073.8 09481  18+06 33+£006 183 95+05 86+05 091 0.079
29 / 1,018.1 1,116.4 09119 / 33 +0.06 / / / / 0.079
30 / 1,088 1,008.8 1 / 33+006 / / / / 0.079
32 1,053.6 1,018.1 1,053.6 09663  25+02 33£006 132 10305 82+05 080 0.079
33 1,071.3 1,018.1 1,053.6 09663  35+025  33+006 094 10+05 75+05 075 0.079
33b 1,071.3 1,018.1 1,116.4 09119  35+025  33+006 094 10+05 75+05 075 0.079
34 1,0713 1,018.1 1,053.6 09663  35+025  33+006 094 10£05 82+05 082 0.079
36 1,053.6 1,018.1 1,053.6 09663  25+02 33+£006 132 / / / 0.079
39 / 1,018.1 1,116.4 09119 / 33 +0.06 / / / / 0435
51 1,053.6 1,018.1 1,053.6 09663  25+02 33+£006 132 95+05 79+05 083 0.079
51b 1,053.6 1,018.1 1,053.6 09663  25+02 33+£006 132 95+05 79+05 083 0435
52 1,071.3 1,018.1 9936 10247  35+025  33+006 094 98+05 75405 077 0.079
52b 1,0713 1,018.1 9936 10247  35+025  33+006 094 98+05 7505 077 0435
53 1,071.3 1,018.1 9936 10247  35+025  33+006 094 98+05 97+05 099 0.079
57 / 1,018.1 9936 1.0247 / 33 +0.06 / / / / 0.079
60 1,010 1,003 9936 1.0095 13+£054  25+004 019 10£05 66+05 066 0.079
61 1,071.3 1,018.1 1,053.6 09663  35+025  33+006 094 61+05  155+05 254 0.079

Note. p; = lower layer density; py = upper layer density; pr = water density; py/pr = density ratio; E; = lower layer rigidity; E, = upper layer rigidity; E,/E; = rigidity
ratio; T; = lower layer thickness; T,, = upper layer thickness; Q = flow rate. The Young's modulus values of the gelatin are from Ritter (2012). Set 1 and Set 2 experi-
ments are indicated in red and blue respectively.

2.2. Scaling

Fluid injections in gelatin offer well-scaled analogs of magma injections into brittle-elastic rock, as summar-
ized by Kavanagh et al. (2013), reporting scaling of lengths, time and pressures that we recalculate for para-
meters used hereas [*=1.9x 10>, T*=2.6 x 10>, p*=1.9x 10~ (asterisk indicates ratio of values between
models and nature). Here we additionally check that the scaling of the imposed thickness of the layers and
dike lengths, controlled by lateral pressure gradients in the experiments with topography, matches with
the vertical dike length scales defined above. Dike height scales in our experiments as H* = 21 cm/
8 km = 2.6 x 107>, similar to L*. Our upper layer thickness scales as follows: T,* = 7.3-15.5 cm/3 km = 2.4-
5.2 x 107>, which is similar to, or larger than L*, implying that our upper layers are well scaled in some experi-
ments or quite thick in others.

The horizontal dike length below a topographic slope (L) is controlled by the horizontal pressure gradient of
the slope:

L = [Ke/pig (Ah/L)? M
where K_ is the fracture toughness, p, is the density of the host medium, g is gravity, and Ah and L are the
slope height and length, respectively. We used K. = 10° Pa m"’?, p, = 2,800 kg/m>, g = 9.8 m/s, Ah = 700 m,
and L = 30 x 10> m for nature (as for Bardarbunga) and K. = 83 Pa m'?, p, = 1,000 kg/m>, g = 9.8 m/s?,
Ah=13%10"2m, and L =35 x 1072 m for the laboratory, obtaining L;* = 2.67 x 10>. This is consistent with
L*, demonstrating that our slopes are scaled.
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Table 2

Measured Features in Each Experiment

Exp p bu/b; d>/d4 B/H X (cm) S (cm) W (cm) Figure
2 52° 0 / 2.73 / / / /
5 17° 0.91 / 1.62 / / / 2a
6 27° 0 / 3.20 / / / S4a
8 20° 0.83 / 0.88 / / / S4b
10 16° 1.04 / 0.72 / / / S4c
11 43° 0.86 / 0.79 / / / 2b
12 0° 0.86 / 0.72 / / / S7a
13 55° 0.66 / 133 / / / S7b
17 30° / 22 1.45 4.7 £0.5 / 46 £ 05 S2a
19 32° / 1.93 0.78 0 / —52+05 S2b
20b 0° / 1.79 1.78 / / 43+£05 s2d
21 0° 1.66 43 0.78 3.1+£0.5 / —39+05 2d
23 20° 0.63 6.48 1.25 9+05 / 53+05 2c
24 23° / 2.31 1.07 5.7 0.5 / 26 +0.5 S2c
26 41° 1.14 / 0.53 / / / Sla
27 0° / / 0.83 59 %05 11.7 £ 05 / 4a
28 10° 0 / 9.27 / 533 %05 / /
29 15° / / 0.86 / 9+05 —215+£05 4c
30 0° / / 1.13 9.5+0.5 16.6 + 0.5 —147 £ 0.5 4b
32 18° / / 232 228+ 0.5 338+ 0.5 33+05 Séd
33 5° 1.45 / 0.81 42 +05 85+0.5 / Sé6a
33b 6° 1.73 / 0.78 43 +£05 8405 / /
34 17° 1.52 / 0.85 48 £ 0.5 9.1+£05 —20.7 £ 0.5 S6¢
36 26° / / 1.75 20.1 £ 0.5 287 £0.5 —25+05 4d and S3a
39 19° / / 1.06 / 124 £ 0.5 —175+05 S5a
51 0° / / 145 11 +£05 213+ 05 / Séb
51b 30° / / 1.39 11.3+05 22 +0.5 / /
52 11° / / 0.94 46 +0.5 9305 / S5b
52b 0° / / 0.86 39+05 89+05 / S5b
53 10° / / 0.93 5.7 £0.5 104 = 0.5 —235+£05 S5c
57 20° / / 0.99 / / / S4d
60 0° 0.78 / 0.60 / / / S1b
61 15° 1.18 / 1 / / / S8

Note. = angle between dike strike and x-z plane; b,/b; = shape ratio; d»/d, = dike asymmetry; B/H = Dike aspect ratio (Breadth/Height) X = horizontal distance
between the eruption and injection points; S = dike length; W = horizontal distance dike tip-plain edge. Set 1 and Set 2 experiments are indicated in red and blue,
respectively (the experiments with topography are also highlighted in bold).

Scaling of the relative importance of viscous, topographic loading and fracture pressures was presented by
Urbani et al. (2017; Table S1) and Rivalta et al. (2015). The main dimensionless parameters relevant to our pro-
blem are

Iy = (ApL)/(p,Ah) 2)
that is, the ratio between vertical (Ps vert = Apg) and horizontal due to a topographic load (Pf poriz = pAh/L)
pressure gradient, which establishes whether the propagation is predominantly vertical or horizontal, and

M, = p,/pr = [iean/ (Ke* (1= v)*)] e 3)

(equation (29) in Rivalta et al., 2015), which describes whether viscous pressure (p,) dominates over fracture
pressure (py). Ap is the density difference between host medium and fluid, Q is the flow rate, 7 is the fluid visc-
osity, u is the shear modulus, and v the Poisson ratio. Therefore,

II; (models) = 20 kg/m>x0.32 m/1,000 kg/m3x1.3x1072 m = 0.49
II; (nature) = 20 kg/m>x45x10% m/2,800 kg/m>?x700 m = 0.46

1/6
I1, (models) = [(1.17><103)3 Pax7.9x1078 m?/sx1.2x10° Pas/(83)" Pa m1/2><(0.5)3} =0.79

16
I, (nature) = [(0.3x10”)3 Pax286 m’/sx10 Pas/(10°)* Pa m1/2><(0.75)3] =0.75
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2.3. Experimental Limitations

In our experiments, we neglect the contribution of regional stresses (both compressional and extensional)
on dike propagation, already addressed by Menand et al. (2010) and Daniels and Menand (2015). This is
likely an important factor, considering also that in nature a layered crust stores different amount of
stresses. For example, a weak upper layer may arrest dike ascent by not storing much extensional stress
(A. Gudmundsson, 2003).

Another limitation of the experimental setup is the finite size of the gelatin layers (both horizontally and
vertically) and the rigidity of the plexiglass box. Indeed, the rigid box sides force an upward propagation even
in case of negative buoyancy (experiment 8). However, the rigid box does not affect significantly the stress
field induced by the imposed topography (i.e., o3 is subhorizontal beneath the slopes and subvertical
beneath the plain; Urbani et al., 2017).

A third possible limitation, discussed in Corbi et al. (2016), is the “gravitationally loaded” state of stress of
the gelatin in the models with topography. This state of stress arises from the relaxation of the gelatin
mass under its own weight when the mold is removed. This may not correspond to the state of stress
of volcanoes and rifts in nature, due to the layer-by-layer way volcanic topography develops and to
the many processes acting on volcanoes and rifts that tend to homogenize stress over time (seismicity,
viscoelasticity, plasticity, and repeating dike intrusions; Chadwick & Dieterich, 1995; Corbi et al.,
2015, 2016).

Several simplifications affect this study. First, we neglect solidification effects (Chanceaux & Menand, 2014,
2016; Taisne & Tait, 2011). Second, we injected a gas-free liquid, thus neglecting the effects of gas bubbles
in the magma or a gas pocket below the upper dike edge, on the overall buoyancy. Considering a two-phase
system (gas + liquid) with potentially inhomogeneous distribution of the volatiles over depth would add
numerous complexities and require a dedicated study. Third, in order to adequately evaluate dike propaga-
tion, we assume unlimited magma availability, considering a continuous magma input inside the dike. In
nature, inflow from the magma chamber into the dike usually decreases with time, changing the ratio
between fracture and viscous pressure. Finally, we neglect viscosity changes in magma. Since solidification
effects are negligible for high propagation rates, this assumption is adequate for modeling low-viscosity
mafic lateral dikes emplaced at propagation rates between 0.2 and 20 km/hr, as at Krafla 1975-1984,
Dabbahu 2005-2010, and Bardarbunga 2014-2015.

3. Results
3.1. Set 1 (Injection From the Bottom)

First, we show six representative experiments of Set 1 starting with two experiments without topography and
with rigidity or density layering (experiments 5 and 11 respectively; Figures 2a and 2b), before comparing
them with two similar experiments (i.e., showing rigidity and density layering) with topography (experiments
23 and 21, respectively; Figures 2c and 2d and Table 1). Table 2 lists the measured parameters in
each experiment.

Rigidity layering controls the final dike shape. Increasing the rigidity ratio (from 0.47 to 1.83) leads to dikes
that can hardly penetrate the upper layer (strong decrease of the shape ratio, b,/b;, from 1.14 to 0;
Figure 3a).

Keeping the rigidity ratio constant (E,/E; = 0.94) and increasing the fluid buoyancy in the upper layer (i.e,
increasing pu/ps, hereafter called density ratio, from 0.91 to 1.02) results in dike expansion in the upper layer,
with b,/b; changing from 0.83 to 1.18 (experiments 8, 10, 11, and 61 in Figure 3b).

Increasing the flow rate (from 0.079 to 0.435 ml/s, see experiment 12 to be compared with experiment 10)
while keeping density and rigidity ratio unchanged results in minor shape variations, so that b,/b, ranges
from 1.04 (experiment 10) to 0.86 (experiment 12) and from 0.91 (experiment 5) to 0.66 (experiment 13).

Topography promotes asymmetric dikes (d»/d; > 1; Table 2). Both density (when E,/E; ~1) and rigidity layer-
ing (E,/E;=1.32), keeping the density ratio constant, increase the dike asymmetry (d,/d, ranges from 1.93 and
2.31to 4.3 and 6.28 in experiments 19, 24, 21, and 23, respectively, Figure 3c), especially with rigidity layering
(experiment 23, Figure 3d).
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Figure 2. Section view set 1 experiments showing flat topography, rigidity (a, experiment 5), and density layering (b, experiment 11), with topography, rigidity
(c, experiment 23), and density layering (d, experiment 21). The dashed purple and white lines indicate the interface center and the topography profile, respec-
tively. The dotted purple lines indicate the limits of the interface. The reference system in the top left refers to the box sides and Figure 1a. The orange arrows indicate
the injection points. The colored lines indicate the dike edge contour every 120 s.

Conversely, increasing the density ratio (from 0.91 to 1.02) without any layering results in minor variations of
dike asymmetry (from 1.93 to 2.31 in experiments 17, 19, and 24, Figures 3c and S2a-S2c).

Layering also promotes eruption more distant from the injection point (X ranging from 5.7 to 9 cm in experi-
ments 24 and 23 respectively and from 0 to 3.1 cm in experiments 19 and 21, respectively, Figure 3c). The
longest distance was observed for E,/E;= 1.32 which is our highest rigidity ratio in experiments with topogra-
phy (experiment 23 in Figure 3d). In contrast, a density ratio increase in experiments without layering (17, 19,
and 24) does not promote a more distant eruption (X =4.7, 0, and 5.7 cm, respectively; Figure 3c). Finally, an
increased inflow rate (experiment 20b, d,/d; = 1.8, Figure S2d) slightly inhibits propagation toward the plain
(experiment 17, d,/d; = 2.2, Figure 3c).

3.2. Set 2 (Injection From the Side)

In Set 2 experiments, we obtained similar results to Set 1, except for the effect of the inflow rate, that in Set 2,
if combined with topography, promotes lateral propagation (Figures 4a-4d).

In particular, similarly to Set 1, we observed the following:

1. A rigid upper layer promotes lateral propagation, since the increasing rigidity ratio (from 0.94 to 1.83,
Figure 5a), leads to significantly longer dikes (S varies from 8.4 to 53.3 cm).

2. Density ratio variations, with constant E,/E; = 0.94, are less effective on lateral propagation, leading to
similar values of dike length S and eruption distance X in experiments 33, 33b, and 52 (S = 8.5, 8.4, and
9.3 cm and X = 4.2, 4.3, and 4.6 cm respectively, Figures 5b and 5d).

3. The increase inflow rate does not affect significantly dike propagation (compare experiments 51 and 52
with 51b and 52b in Figures 5a and 5b), being the difference between the maximum and minimum values
of S (henceforth called AS) 0.4 and 0.7 cm, for experiments 52-52b and 51-51b, respectively, and X very
similar (see Table 2 and Figure 5d).

The imposed topography leads to dike lengthening and a farther eruption (implying that lateral propagation
is promoted), as both S and X increase from 11.7 and 5.9 cm (in experiment 27 with no layering and flat topo-
graphy) to 16.6 and 9.5 cm respectively in experiment 30 (no layering with topography, Figures 5b and 5d).
The combined effect of topography with flow rate and density ratio leads also to dike lengthening: with an
increased flow rate and density ratio the dike length increases from 9 (experiment 29; Q = 0.079 ml/s, py/p
£=0.9119) to 12.4 cm (experiment 39; Q = 0.435 ml/s, py/pr= 0.9119; Figures 6b and S5a) and 16.6 cm (experi-
ment 30; py/ps= 1, Figures 5b and 4b and 4c and Table 2).
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Figure 3. (a) Shape ratio (b,/b)) against rigidity ratio (E,/E)). (b) b,/b; against density ratio (py/ps). Black circles in (a) and (b) indicate experiments in which the only
changing parameter is E,,/E; or py/py, respectively (except for experiments 12 and 13, where also the flow rate changes); the white circles indicate the experiments in
which both E,/E; and py/pr change. (c) Density ratio (py/ps against dike “asymmetry” (d>/dq, blue) and X (red). In X versus py/pf experiment 20b is not shown
because the dike did not erupt. The blue and red diamonds in (c) indicate the experiments in which the only varying parameter is py/pr (except experiment 20b, in
which also the flow rate changes). (d) E,/E; against do/d; (blue) and X (red). The numbers above each point indicate the experiment number.

Decreasing the thickness ratio (7,/T) between the two layers decreases the dike length (S equal to 28.7 and
33.8 cm in experiments 36 and 32, respectively, Figures 5a and 5b), because the interface is shallower and the
dike erupts earlier after crossing it.

With vertical injection (Set 1) and topography, despite being ineffective on dike asymmetry (Figure 3c), the
decreasing density ratio (with no layering) promotes lateral propagation toward the plain (W = —4.6, 5.2,
and —2.6 cm in experiments 17, 19, and 24 respectively; Figure 5c).

3.3. Velocity Variations

Both the horizontal (v;,) and vertical (v,) velocities decrease with time (except for experiments 26 and 60), as a
constant flux is injected into a crack with an increasing area (Figures 6a and 6b). In experiment 26 v;, increases
in the first 30 s, while in experiment 60 v, increases abruptly when the dike reaches the interface with the softer
upper layer.

The v, averaged in 30-s-long intervals (<v,>) ranges from 0.17 (experiment 32) to 0.67 mm/s (experiment

33b), while the averaged v}, (<vy>) ranges from 0.17 (experiment 11) to 0.60 mm/s (experiment 60); thus
smaller dikes (i.e., with less surface) propagate faster vertically (Table S2).
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the topography profile. The dashed and dotted purple lines in (d) indicate the center and limits of the interface, respectively. The orange arrows indicate the injection
points. The colored lines indicate the dike edge contour every 120 s.

Vertically propagating dikes (B/H < 1) develop with rigidity layering with E,/E; < 1 (experiments 26 and 60,
Figure 7) and any simulated density layering (experiments 11, 21, 33, 33b, and 34), regardless of the injection
point position and any topography.

Lateral propagating dikes (B/H > 1) occur with rigidity layering with E,/E; > 1 (experiments 5, 6, 23,32, and 51,
except for experiment 24 without layering), regardless of any topography and vertical or lateral injection
(Figure 7).

Concentrically expanding dikes (mean B/H ~ 1, i.e., comprised between 0.9 and 1.1) occur with density layer-
ing and antibuoyancy (experiment 8) and homogeneous gelatin (i.e., no layering), both with (experiments 19
and 30) and without topography (experiments 27 and 57).

Vertical dikes show a stage of favored vertical propagation (B/H decrease), followed by a stage in which lateral
propagation is promoted (B/H increase, except experiment 19). In particular, the smaller dikes (i.e., with less
surface, experiments 33, 33b, and 34) show that lateral propagation becomes dominant after dike penetra-
tion in the upper layer (90-150 s), and not upon the dike arrival at the density interface (approximately 40 s).

V}, shows higher variations than v, because the lateral velocity is more sensitive to the studied factors (i.e.,
gelatin layering and topography both promoting lateral propagation, Figures 6a and 6b). As an example,
experiments 11 (only density layering) and 6 (rigidity layering), which represent two end members of vertical
and lateral propagation respectively, show highly different v, (0.30 mm/s in experiment 6 compared to
0.17 mm/s in experiment 11) despite a lower difference of v, (0.22 mm/s in experiment 6 and 0.26 mm/s in
experiment 11). This happens because in experiment 6 the dike propagates only in the lower layer (spreading
laterally at the interface), being shorter than in experiment 11 (which reaches the surface) so v, in experiment
6 is only apparently close to that of experiment 11.

In experiments 11 and 21, B/H first decreases both in the lower and upper layer and then increases. This is due
to different causes: in experiment 21 the B/H increase (at t = 400 s) is due to the dike deflection caused by
topography, whereas in experiment 11 (at t = 900 s) it is probably due to the effect of the free surface
(Rivalta & Dahm, 2006). Moreover, the passage from the decrease to the increase of B/H in experiments 11
and 21 is less abrupt than experiments 33, 33b, and 34.

Laterally propagating dikes tend to first elongate (increase of the aspect ratio) and then to expand vertically
before erupting (except for experiments 6 and 24). Experiments 23, 32, and 51 follow this trend, due to the
rigidity layering (with E,/E; > 1). Otherwise, in experiment 5 the B/H increases in two different stages: (1)
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Figure 5. (a) Dike length S against E,/E. (b) S against py/pr. The squares and the stars indicate experiments with and without topography, respectively.
Experiments 29, 30, and 39 are excluded in (a), as without layering. Numbers refer to experiments. The black and red symbols in (a) and (b) indicate the
experiments in which the only changing parameter is E,/E; or py/py, respectively. The red symbols in (b) indicate also the experiments with homogeneous gelatin
(no layering). (c) W against py/ps of Set 1 (diamonds) and Set 2 experiments (squares). The positive values of W indicate that the dike tip passed below the plain
edge. Experiments 28, 33, and 33b are excluded, as without topography. (d) X against py/pr of Set 1 (diamonds) and Set 2 experiments (with and without
topography, stars and squares, respectively). Experiments 20b, 28, 29, and 39 are excluded because the dike did not erupt. In both (c) and (d) the blue and
orange symbols indicate the experiments whose only changing parameter is p/pr. The orange symbols indicate also the experiments with homogeneous gelatin

(no layering).

initial water injection in the lower layer and (2) dike arrival at the interface (350 s, rigidity layering). However,
in both the lower and the upper layers the dike shows a similar (and constant) aspect ratio rate increase.

Experiments 6 and 24 show two stages of favored vertical and lateral propagation, similarly to the vertical
propagating dikes. In particular, experiment 24 isolates the effect of topography (favoring lateral propaga-
tion) on dike kinematics: B/H increases after an initial stage of favored vertical propagation but, because there
is no layering, the aspect ratio increase is due only to the effect of topography (which promotes downslope
propagation of the dike). In experiment 6, the high B/H decrease is due to the positive buoyancy in the lower
layer that favors vertical propagation. The abrupt switch to the high B/H increase (t = 90 s) is due to dike
approaching the interface with E,/E; = 1.83.

In experiments with E,/E; < 1 the interface with the softer layer leads to a vertical acceleration of the dike. In
particular, experiments 26 and 60 show a different trend: in experiment 26 (E,/E; = 0.47), the aspect ratio is
almost constant with time (except for an abrupt increase in the first 60 s), showing a slight decrease as the
dike approaches the interface (from 60 to 400 s) and a slight increase as the dike within the upper layer
approaches the surface (from 400 to 630 s). In experiment 60 (E,/E; = 0.19) the aspect ratio is nearly
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constant as the dike propagated in the lower layer (until 240 s), then it accelerates vertically (B/H decrease)
penetrating the interface with the softer upper layer.

4, Discussion

4.1. Interpretation of the Experiments

Our results for both sets show that lateral dike propagation is promoted most efficiently with rigidity layering
than with density layering and density ratio. This is supported, in Set 1, by the dikes propagating more in the
lower layer when increasing the rigidity ratio. With density layering and density ratio changes, the shape
variability is quite small (limited to about Ab,/b; = 0.2); thus, all dikes are vertical. Analogously, dikes in Set
2 with higher rigidity ratio are longer (up to 53.3 cm), whereas length variations are small with density layer-
ing (AS ranging from 0.9 to 1.3 cm, Figures 5a and 5b).

Exp 5 - = Exp:26
—Exp6 | | Exp 27
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—Exp 11 == Exp 32
——Exp 19 - = Exp 33

——Exp 21 - = Exp 33b
Exp 23 - - Exp 34
——Exp 24 —Exp 51
........ Exp 57
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Figure 7. Dike aspect ratio (B/H) against time.
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topography refers to the variation of the dike asymmetry (A (d,/d-), right y axis) of experiments 19 and 57.

Concerning topography, in both sets all the dikes were elongated toward the plain, highlighting lateral
propagation. This is due to the stress component normal to the dike plane (i.e., 65; Urbani et al., 2017) that
decreases downslope, squeezing the dike toward the plain, and increases upslope, hindering further
dike propagation.

To understand the different behavior of the inflow rate combined with topography between Set 1 and Set 2,
we must examine the effects of the position of the injection point. In fact, negative buoyancy (experiments
17, 20b, 29, and 39) drives the dike downward, but only in Set 2 (experiments 29 and 39) the dike is free to
descend, whereas in Set 1 (experiments 17 and 20b) the floor of the box prevents negatively buoyant dikes
propagating downward. Therefore, the difference might be due to a boundary effect caused by the box.

Dike kinematics suggests that rigidity layering favors lateral dike velocity (and thus propagation), highlight-
ing the subordinate role of density layering (B/H > 1 in experiments 5, 6, 23,32, and 51 and B/H < 1 in experi-
ments 11, 21, 33, 33b, and 34; Figure 7), similarly to what observed in the geometrical analysis.

The role of density ratio on dike propagation is less straightforward, as experiments 19 and 24 (which dif-
fer only in density ratio; Table 1 and Figure 3c) show a different evolution of the aspect ratio (Figure 7),
despite their comparable final shape (see d,/d; values in Figure 3c and Table 1). In experiment 19, B/
H~1 and approximately constant, whereas in experiment 24 B/H increases after an initial decrease, reach-
ing 1 (Figure 7 and Table 1). Therefore, density ratio variations influence more the dike kinematics (i.e., the
dike shape evolution) than their geometry (i.e., the dike final shape).

The kinematic analysis shows that no dike propagated with a steady state regime, as in a homogenous med-
ium (Menand & Tait, 2002; Takada, 1990). The exception of experiment 19 (approximately constant B/H
throughout the entire experiment) is probably related to the following: (1) the combined effect of the topo-
graphy profile and density ratio, which is almost 1 (p/ps= 1.0247), that did not influence dike kinematics and
(2) the propagation of a crack with constant and finite volume (Menand & Tait, 2002; Takada, 1990) conversely
to our continuously fed crack (thus increasing its volume).

4.2, Hierarchy of Parameters Controlling Lateral and Vertical Propagation

Our results suggest a hierarchy between the investigated factors (rigidity and density layering, density ratio,
flow rate, and topography) based on the variations of the aspect ratio, A(B/H), of selected pairs of experimen-
tal dikes (Figure 8) with only one changing parameter (among E,/E;, py/ps Q, and topography) per time. In
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particular, we compare experiment 57 (without layering and with flat topography) with experiment 6, since
the latter shows the maximum B/H in experiments with E,/E; > 1; we then compare experiments 8 and 10
with 27 and 33b, since both pairs show the highest density ratio variation (equal to 0.11).

Only in the case of Set 1 with topography the indicated value is calculated from the dike asymmetry variation,
A(d-/d,) (right y axis in Figure 8), rather than from the aspect ratio B/H.

Considering this, the hierarchy is defined as follows:
Set 1 (Vertical injection)

Rigidity layering; A(B/H) = 2.41 (experiments 6 and 57).
Topography; A(d,/d;) = 0.94 (experiments 19 and 57).
Density ratio; A(B/H) = 0.16 (experiments 8 and 10).
Density layering; A(B/H) = 0.07 (experiments 10 and 57).
Flow rate; A(B/H) = 0 (experiments 10 and 12).

ik wnNn =

Set 2 (Lateral injection)

Rigidity layering; A(B/H) = 8.44 (experiments 27 and 28).
Topography; A(B/H) = 0.30 (experiments 27 and 30).
Flow rate; A(B/H) = 0.06 (experiments 51 and 51b).
Density ratio; A(B/H) = 0.05 (experiments 27 and 33b).
Density layering; A(B/H) = 0.02 (experiments 27 and 33).

vk wnN =

This hierarchy shows that rigidity layering and topography predominate in promoting lateral propagation,
regardless of any position of the injection (Set 1 or Set 2). This implies that a stiffer layer overlying a softer
layer favors lateral dike propagation (or its vertical arrest) more efficiently than the LNB, which has been pre-
viously proposed by analytical (Lister, 1990, 1991; Lister & Kerr, 1991; Rubin, 1995; Ryan, 1994, and references
therein) and numerical models (Taisne & Jaupart, 2009) as the factor driving laterally propagating dikes.

Lateral dikes have never been observed with a neutral buoyancy interface in previous analogue models,
using both air (thus with a buoyancy 1 order of magnitude higher than here; Rivalta et al., 2005) or water
(Kavanagh et al., 2006; Ritter et al., 2013) as magma analogue. This provides additional support to the impor-
tance of rigidity layering in driving lateral dike propagation. Also, in our experiments we never witnessed lat-
eral propagation at the LNB, thus confirming previous results.

An exception to this is Lister and Kerr (1991): they obtained lateral dike propagation at the LNB injecting gly-
cerol in agar. The host medium showed a density gradient spanning from 1,066 to 1,310 kg/m, while glycerol
density was 1,221 kg/m with the LNB at 18.1 cm from the surface. The discrepancies with our models may be
explained by the higher antibuoyancy (i.e., a less buoyant fluid) and thickness of the low-density layer,
—155 kg/m (within the natural range of —300 + 300 kg/m®) and 18.1 cm, respectively, compared to
—35 kg/m? and 15.5 cm (experiment 61, Table 1). This implies a deeper equilibrium position of their experi-
mental dikes (at which they start to propagate laterally), allowing a more significant lateral propagation
before the eruption with respect to our dikes.

The discrepancies between our experiments and the analytical and numerical models on the role of LNB may
be explained by the finite thickness of the layers in our experiments. Indeed, both analytical and numerical
models assume an infinite thickness of the regions above and below the interface stating that the dikes,
before propagating laterally at the interface, should penetrate the low-density layers over a certain length
threshold before reaching the equilibrium (Lister, 1990; Maccaferri et al., 2011; Taisne & Jaupart, 2009;
Townsend et al., 2017). Therefore, the thickness of the upper layer in our experiments may have been below
this threshold, so that the dikes erupted before showing a consistent lateral propagation, which may have
been expected with a thicker upper layer. This is supported by the increasing dike aspect ratio in experiment
61 (with T, = 15.5 cm and B/H = 1) with respect to experiment 11 (with T, = 7.3 cm and B/H = 0.70), both
showing the same density contrasts between the gelatin and the injected fluid. In experiment 61 (thicker
low-density layer) the dike showed a more consistent lateral propagation at the LNB, probably because it
reached a stable height in the upper layer before reaching the surface. Since the stable height increases with
decreasing density contrasts between host rock and magma (Ap) (Townsend et al., 2017), and the negative
density contrasts are relatively small (up to —98 kg/m?), probably the dikes in density layering experiments
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erupted before reaching the vertical equilibrium. However, since with comparable layer thicknesses the B/H
variation with rigidity layering is still much higher, this does not affect the proposed hierarchy, confirming the
effectiveness of rigidity layering with respect to density layering and density ratio variations.

Moreover, most analytical and numerical models are formulated in two dimensions, focusing either on what
controls the propagation of the dike tip in a specific direction (Rivalta et al., 2015) or on the conditions that
determine the dike’s vertical equilibrium position (Townsend et al., 2017). In order to compare the analogue
models (such as those presented here) with the analytical and numerical ones, full 3-D models are required.

The importance of topographic loads in controlling dike propagation has been already suggested by analo-
gue (Acocella & Tibaldi, 2005; Urbani et al., 2017) and numerical models (Corbi et al.,, 2015; Heimisson et al.,
2015; Maccaferri et al.,, 2014).

In addition to previous studies, our models show that a stress gradient perpendicular to the dike plane drives
lateral propagation, especially if assisted by a stiff upper layer that prevents dike ascent. The dike tail is
compressed and the dike front squeezed toward the plain, until the normal stress start to increase upslope,
compressing the dike tip. This explains both the asymmetry and the increased length in both Set 1 and Set 2
experiments, respectively, plus the arrest below the plain of all of the experimental dikes, as already noticed
only for Set 2 experiments by Urbani et al. (2017).

Compared to rigidity layering and topography, it is challenging to define hierarchies among density ratio,
density layering, and flow rate because A (B/H) shows a low variability (ranging from 0 to 0.16).

4.3. Comparison to Nature

The studied range of density contrasts is small compared to the ranges occurring in nature. Indeed,
considering that the density of silicate melts ranges from 2,200 to 2,800 kg/m® (Bottinga & Weill, 1970;
Murase & McBirney, 1973) and the density of crustal rocks ranges from 1,600 to 3,100 kg/m? (Turcotte &
Schubert, 2014), we obtain that Ap spans from —1,200 to 900 kg/m>. Excluding extreme values, typical den-
sity contrast in recent diking events span from —300 to +300 kg/m? as for El Hierro 2011-2012 (Figure S9a;
Marti et al.,, 2013, 2017; Fullea et al., 2015), Bardarbunga 2014-2015 (Figure S9b; M. T. Gudmundsson &
Hognadottir, 2007; Haddadi et al., 2015; Hudson et al., 2017), and Kilauea (Ryan, 1987; Zucca et al., 1982). In
case of such negative density contrasts (i.e., a less buoyant magma) the dike stable height is relatively low
(1-2 km; Townsend et al., 2017), suggesting that the dikes were vertically trapped at high depths and propa-
gated laterally for tens of kilometers before erupting. The negative density contrasts in our models are a sub-
set of natural ones (up to —98 kg/m?3), implying a higher stable height (thus a shallower equilibrium position).
The maximum stable height (H,,) for our models can be calculated from (e.g. Rivalta et al., 2015):

Hm = 2(Ke/Apgm)?? %)

Therefore, assuming K. = 10~* MPa m"? and Apg = —0.4 x 103 MPa/m (from Ap = —35 kg/m?>, experiment
61), H,, (models) = 54 cm.

This means that in all our density layering experiments the dikes reached the equilibrium height after the
eruption (see values of T, in Table 1), preventing a significant lateral propagation, also because we have
not considered any extensional stress which may have assisted antibuoyancy to stop dike ascent.

However, also the rigidity contrasts tested in the experiments represent only a small portion of the natural
cases. Indeed, we tested a rigidity ratio E,/E, ranging from 0.1 to ~2, whereas in nature it spans from 0.09
to 11 (Turcotte & Schubert, 2014), thus up to 1 order of magnitude higher with respect to our models.
Therefore, also the tested effect of rigidity layering represents a conservative estimate of its influence on lat-
eral dike propagation occurring in nature, thus still supporting the highest efficiency of rigidity layering in this
study. Nevertheless, as the fracture toughness (not tested in our experiments) in natural rocks should vary by
orders of magnitude (10°-10° Pa m'’?), it may be even more important than rigidity.

In nature, the rigidity decrease with depth, leading to rigidity inversions (i.e,, stiff layer above a weak one, as
we modeled here), may be due to soft scoria layers capped by stiff lava flows, as in Afar (Abbate et al., 2015)
and Iceland (A. Gudmundsson, 2005). Moreover, at a broader scale, partial melt or superheated steam in
geothermal areas decreases the rigidity of the host rock by thermal weakening (Heap et al,, 2013), so that
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it becomes more compliant at high depths, as geophysically detected at Askja and Krafla (Iceland; Mitchell
et al,, 2013; Schuler et al., 2015), Kilauea's East Rift Zone (Hawaii; Haslinger et al., 2001), Afar (Desissa et al.,
2013), and Canary Islands (Marti et al., 2017). Therefore, these wide scale rigidity inversions due to thermal
and/or chemical alteration of the host rock seem common in volcanic areas and rift zones and should encou-
rage a dike to propagate laterally at the interface with the stiffer zone, as for example also locally observed
during the 2004 Asama (Japan) and 2011-2012 El Hierro (Canary Islands) eruptions (Aoki et al., 2009; Marti
et al, 2013).

Recent natural diking events such as Bardarbunga 2014-2015 (Sigmundsson et al., 2015) and Dabbahu
2005-2010 (Belachew et al., 2011; Ebinger et al., 2010) highlighted the relevant role of topography (Urbani
etal., 2017) in controlling dike propagation. Indeed, both these episodes show that the dike stopped before
a high relief, as observed in our models. Some of our experiments, with rigidity layering (experiments 23 and
32, Table 1) or strong negative buoyancy (experiment 17), showed that the dike tip propagated below the
plain as during the Bardarbunga eruption (Sigmundsson et al., 2015), but, contrary to Bardarbunga, erupting
before the plain. However, during the eruption, three “ice cauldrons” were observed on the Vatnajokull ice
cap (Reynolds et al,, 2017), suggesting that minor subglacial eruptions had occurred also before the main
eruption inside the plain. During the Dabbahu diking episode the northern section of the dike propagated
upslope erupting on NE flank of the volcanic edifice, in contrast with our experiments, which suggest that
upslope propagation is inhibited. In this case, the effect on crustal stresses of a lateral thermal gradient of
the crust may have overcome the effect of topography (Grandin et al, 2012), favoring upslope
dike propagation.

5. Conclusions
Our experimental results suggest the following:

1. Rigidity layering (i.e., stiff layers overlying soft layers) and topography (i.e., a slope perpendicular to the
dike plane) are the most important factors that promote lateral dike propagation, especially if combined
together. The joint effect of rigidity layering and topography should be considered to explain the lateral
propagation observed in recent diking events.

2. Density ratio between magma and host rock, density layering, and flow rate show a lower influence on
dike propagation. In particular, we did not observe any lateral propagation at the LNB, despite what
proposed by previous analytical and numerical models.

The proposed hierarchy should be completed adding the processes that influence dike propagation not
considered in this study such as regional tectonics, magma solidification, volatile exsolution, and preexisting
fractures in the host rock.
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