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Abstract

Planar magma intrusions such as dykes and sills are major magma transport features and the main feeders of volcanic eruptions.

Among planar intrusions, sheet intrusions are fracture-like continuous conduits, which are assumed to form by tensile opening

and dominantly elastic deformation of the host. However, numerous planar intrusions are not continuous, and consist of

aligned finger-shaped or more lobate conduits. Field observations show that the emplacement of these fingers is associated

with inelastic, shear failure of the host rock, suggesting that the Mohr-Coulomb properties of crustal rocks play a significant

role in the emplacement of fingers. In this study, we test the effects of the Mohr-Coulomb properties of crustal rocks on the

emplacement of sheet-shaped and finger-shaped intrusions through quantitative 2-dimensional laboratory experiments. The

model magma is viscous Golden Syrup, and the model rock is made of mixtures of dry granular materials of variable cohesion.

A sideview camera allows monitoring the shape of the propagating intrusions and the associated deformation in the host, and

a pressure sensor monitors the pressure of the syrup. Our experiments show that sheet intrusions form in high-cohesion hosts

whereas finger-shaped intrusions form in low-cohesion hosts. Deformation analysis of the host and pressure data show that

the sheets and fingers result from drastically distinct dynamics: sheets dominantly propagate as a fracture, whereas fingers are

emplaced as viscous indenters. All in all, our experiments highlight that the cohesion of the Earth’s crust and the associated

shear damage play a major role on planar intrusion emplacement.
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Abstract 15 

Planar magma intrusions such as dykes and sills are major magma transport features 16 

and the main feeders of volcanic eruptions. Among planar intrusions, sheet intrusions 17 

are fracture-like continuous conduits, which are assumed to form by tensile opening 18 

and dominantly elastic deformation of the host. However, numerous planar intrusions 19 

are not continuous, and consist of aligned finger-shaped or more lobate conduits. Field 20 

observations show that the emplacement of these fingers is associated with inelastic, 21 

shear failure of the host rock, suggesting that the Mohr-Coulomb properties of crustal 22 

rocks play a significant role in the emplacement of fingers. In this study, we test the 23 

effects of the Mohr-Coulomb properties of crustal rocks on the emplacement of sheet-24 

shaped and finger-shaped intrusions through quantitative 2-dimensional laboratory 25 

experiments. The model magma is viscous Golden Syrup, and the model rock is made 26 

of mixtures of dry granular materials of variable cohesion. A sideview camera allows 27 

monitoring the shape of the propagating intrusions and the associated deformation in 28 

the host, and a pressure sensor monitors the pressure of the syrup. Our experiments 29 

show that sheet intrusions form in high-cohesion hosts whereas finger-shaped 30 

intrusions form in low-cohesion hosts. Deformation analysis of the host and pressure 31 

data show that the sheets and fingers result from drastically distinct dynamics: sheets 32 

dominantly propagate as a fracture, whereas fingers are emplaced as viscous indenters. 33 
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All in all, our experiments highlight that the cohesion of the Earth’s crust and the 34 

associated shear damage play a major role on planar intrusion emplacement.  35 

 36 

 37 

Introduction 38 

The emplacement of dykes and sills in the Earth’s crust is a fundamental process in the 39 

transport of magma and feeding volcanic eruptions [Halls and Fahrig, 1987; Rivalta et 40 

al., 2015; Tibaldi, 2015; Magee et al., 2016; Galland et al., 2018]. Understanding the 41 

emplacement mechanics of magmatic intrusions allows for an improved understanding 42 

of the Earth system, but it is also of applied importance in terms of hazard mitigation 43 

and natural resource exploration [Senger et al., 2017; Guldstrand et al., 2018; Rabbel 44 

et al., 2018]. Dykes and sills usually overall exhibit long and thin planar shapes, i.e., 45 

igneous sheets, similar to those of fractures. Based on this resemblance, most dyke and 46 

sill emplacement models have assumed that they form as tensile fractures propagating 47 

through elastic medium [e.g. Pollard, 1987; Bunger and Cruden, 2011; Galland and 48 

Scheibert, 2013; Rivalta et al., 2015]. According to this mechanism, dykes and sills are 49 

expected to be continuous and to exhibit sharp tips accommodating tensile opening of 50 

the host rock, as supported by field observations [Figure 1; Galland et al., 2018; Poppe 51 

et al., 2020].  52 

All planar intrusions emplaced in the brittle crust, however, do not exhibit 53 

shapes and structures that are compatible with the sheet intrusion emplacement 54 

mechanism. For example, numerous igneous sills exhibit lobate morphologies, so-55 

called finger shapes [Pollard et al., 1975; Schofield et al., 2012; Galland et al., 2019]. 56 

Detailed field observations and 3D seismic data analysis of fingers show that even if 57 

the overall apparent shapes of these intrusions look like sheets, they are discontinuous 58 

and the tips of individual segments are blunt, i.e. everything but sharp [Pollard et al., 59 

1975; Schofield et al., 2012; Spacapan et al., 2017; Galland et al., 2019; Kjøll et al., 60 

2019]. In addition, the visible structures accommodating the propagation of the fingers’ 61 

tips dominantly exhibit shear, compressional failure of the host rock [Pollard et al., 62 

1975; Duffield et al., 1986; Spacapan et al., 2017; Galland et al., 2019].  63 

The structural differences between sheet- and finger-shaped intrusions resides 64 

principally in contrasting mechanical behaviors of their host rock, especially on their 65 

failure modes (tensile versus shear). Tensile and shear failure modes are fundamental 66 
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features of the Mohr-Coulomb-Griffith failure criteria of brittle rocks, and their 67 

occurrence depends on parameters such as rock cohesion and angle of friction [Fig. 1; 68 

Jaeger et al., 2009; Abdelmalak et al., 2016]. The different failure modes associated 69 

with sheet and finger intrusions leads to the main working hypothesis this paper intends 70 

to test: Mohr-Coulomb properties of crustal rocks, and in particular their cohesion, 71 

control the emplacement of igneous sheets versus igneous fingers.  72 

We propose to test this hypothesis through quantitative quasi-2D laboratory 73 

models of model magma intrusion with strong (high cohesion) to weak (low cohesion) 74 

model host rocks. The model magma used was viscous golden syrup injected at a 75 

constant flow rate at room temperature with pressure monitored at the inlet. In order to 76 

decipher between distinctive deformation modes accommodating the emplacement of 77 

the syrup, the model rock displacements were monitored using a Digital Image 78 

Correlation (DIC) algorithm available through the open source photogrammetric 79 

structure-from-motion software MicMac [Galland et al., 2016]. Our results show that 80 

cohesion has a significant control on the emplacement mechanics on the intrusion of a 81 

viscous fluid. Higher cohesion hosts result in sheet emplacement while lower cohesion 82 

hosts result in the emplacement of finger intrusions with drastically different 83 

emplacement mechanics at work evident in deformation and pressure monitoring. 84 

 85 

 86 

 87 

 88 
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Figure 1. A,B sharp tipped tensile sheet intrusions into competent host rock. C,D Blunt tipped intrusions 89 

associated with shear failure into weak host rock [Spacapan et al., 2017; Galland et al., 2018; Kjøll et 90 

al., 2019; Poppe et al., 2020]. 91 

 92 

 93 

 94 

Method 95 

Experimental setup  96 

The experimental setup is an improved version of that of Abdelmalak et al. [2012]. It 97 

consists of a 30 mm thick 2D Hele-Shaw cell with dimensions 80 cm wide and 50 cm 98 

high (Fig. 2). The frame consists in total of 4 separate aluminum bar profiles. Front and 99 

back glass panes are kept in place with clamps and gaskets. The inlet consists of a 100 

rectangular 1 mm wide, 3 cm high, slit in order to promote the initiation of a vertical 101 

sheet intrusion; it is an interchangeable separate piece attached to the center of the two 102 

bottom aluminum profiles. Rubber gaskets ensure a tight seal of the inlet to the glass. 103 

A simple tube system connects a syringe-pump to a pressure sensor before proceeding 104 

to the inlet. The syringe pump injects the model magma at constant volumetric flow 105 

rate. 106 

 107 

Materials 108 

The model host rock consists of 4 different mixes of silica flour and glass microbeads 109 

(table 1). These two fine-grained materials fail according to a Mohr-Coulomb criterion 110 

[Abdelmalak et al., 2016]. The glass bead flour (GB) has a modal grain size of 30 µm 111 

and is nearly cohesionless as it collapses under its own weight. Silica flour (SF) has a 112 

modal grain size of 10-20 µm and is cohesive when compacted. As such, SF does not 113 

collapse under its own weight and sustains vertical walls [Galland et al., 2006]. 114 

Abdelmalak et al. [2016] showed that the cohesion of GB/SF mixes follows a near linear 115 

trend with respect to mixing proportion, so that these mixes allow us to explore the 116 

effect of variable cohesion on the modeled processes. We added 7wt% of black 117 

aluminum silicate powder, with a grain size of 0.2-0.6 mm, to the flour mixes to add 118 

texture to the host. This was in order to apply Digital Image Correlation (DIC) to track 119 

the deformation induced by the propagating model magma. We tested that the addition 120 

of the tracer did not significantly affect the cohesion of the mix.  121 
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 122 

 

Figure 2 Dimensions of Hele-Shaw cell including a compacted mix of cohesive silica flour and glass 

beads into which golden syrup is injected through the use of an automated syringe pump at 0.5 ml/min. 

Monitoring is done through recording of pressure and a camera taking photographs each 120/180 s 

depending on the mix used. We then apply digital image correlation (DIC) to the series of processed 

images. 

 123 

The model magma, Lale & Tate’s Golden Syrup, is a commonly used fluid in intrusion 124 

experiments [e.g. Mart and Dauteuil, 2000; Mathieu et al., 2008; Delcamp et al., 2012]. 125 

The injection was done at room temperature (~21ºC), at which we measured the 126 

viscosity (~55 Pa s) and the density (~1440 kg m-3) of the syrup. This is in agreement 127 

with reported values of Llewellin et al. [2002] and Beckett et al. [2011]. The wettability 128 

of the golden syrup was tested in combination with the silica flour, glass beads and 129 

glass by measuring the contact angle in air using the DSA drop shape analyzer from 130 

Krüss. From this we concluded that Golden Syrup was non-wetting in all cases for the 131 

time scale of an experiment. The non-wetting property and the small grain size ensure 132 
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fluid propagation occurred mainly through fracturing and pushing the host material, 133 

and not through percolation and porous flow. 134 

 The suitability of the model materials to simulate viscous magma 135 

emplacement in the brittle crust has been discussed in detail by [Abdelmalak et al., 136 

2012]. Given the size of our laboratory setup and the range of cohesion of the model 137 

crust, 1 cm in our experiment scales to 10-100 m in nature. In that scale, the high-138 

cohesion materials simulate competent rocks (i.e. limestone, consolidated sandstone, 139 

plutonic rocks, etc.) whereas the low cohesion materials simulate weak rocks (i.e. shale, 140 

poorly consolidated sandstone, volcanic tuff, etc.) [Abdelmalak et al., 2016]. 141 

 142 

Experiment Protocol 143 

To prepare an experiment, first the inlet is plugged, and a known mass of flour is poured 144 

into the cell. The flour mix must not be poured into the cell too carefully as it will 145 

enhance sorting of the aluminum silicate grains, and so decrease the quality of the 146 

texture that is necessary for DIC. A heavy metal bar with a handle is placed on top of 147 

the flour within the cell; a water level is used to ensure that a flat and level surface is 148 

achieved. We then compact the flour using a high- frequency shaker running on 149 

compressed air (Houston Vibrator, model GT-25). The heavy metal bar was lined with 150 

a porous foam so that when lifted it did not create suction and disturbance of the 151 

compacted flour. This procedure ensures a homogeneous and repeatable compaction.152 
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153 

Table 1. Experiment parameters and model host rock properties 154 

aCompaction between measured and initial density and final compacted density.  155 
bFrom Abdelmalak et al. [2016]. 156 

 157 

The amount of compaction differs between the mixes, as pure GB does not compact 158 

much, whereas pure SF compacts up to ~15%. For each mix, we compacted the 159 

maximum amount, a range of 3-15% compaction, resulting in final densities of 1052-160 

1652.8 kg m-3 (0/100 GB/SF and 90/10 GB/SF respectively). The inlet plug was 161 

removed after compaction. 162 

 The viscous golden syrup was put into a syringe and allowed to degas during 163 

the model host rock preparation. The syringe was then put into the syringe pump and 164 

connected to the inlet. A pressure sensor was connected to the injection system with a 165 

T-connector in-between the pump and inlet. All experiments were performed with a 166 

constant flow rate of 0.5 ml min-1 resulting in experiment durations of ~52- 130 min. 167 

The pressure data has been smoothed using a Savitsky-Golay filter applied equally to 168 

all pressure data to remove oscillations inherent to the syringe pump and tube system. 169 

However due to the low injection velocity and the high viscosity of the fluid we deem 170 

that the effects of such oscillations are negligible. 171 

 A DSLR camera (NIKON D3200) took pictures of one side of the 172 

experiment (Fig. 2) at constant framing rate to monitor the evolution of the model 173 

dykes. The camera and pump triggers, as well as the pressure logging, were integrated 174 

and synchronized via a custom designed Arduino system. 175 

 176 

Deformation Monitoring 177 

Exp 

Nr 

Vinj 

(mL min-1) 

Mix  

(GB/SF) 

Mass  

(kg) 

Depth  

(cm) 

Density  

(kg m-3) 

Compa

ction  

%a 

Cohesion 

(Pa)b 

Temp  

(C) 

Erupt 

Time  

(Min) 

16 0,5 90/10 7,5 16,2 1652,8 2,5 239.5 21,1 52 

24 0,5 90/10 7,5 16,75 1606,7 6,0 239.5 21 77 

14 0,5 80/20 7,5 16,2 1652,8 4,0 313.1 21,3 54 

23 0,5 80/20 7,5 15,9 1679 10,4 313.1 20,9 48 

19 0,5 50/50 6,5 16,3 1425 14,6 374.96 20,6 69 

20 0,5 50/50 6,5 16,8 1388,9 13,9 374.96 21,6 82 

21 0,5 0/100 4,5 14,2 1107,1 14,4 559.91 21 96 

22 0,5 0/100 4,5 15,1 1052 14,6 559.91 21,5 130 
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The side view photographs are used to compute maps of displacements induced by the 178 

intruding syrup within the model crust. We corrected the optical distortion of the lens 179 

by taking a series of pictures of a checkerboard, of known size, attached to the front 180 

glass plate of the cell after each experiment. The image distortion correction was 181 

calculated using the image toolbox available in MATLAB. The image toolbox also 182 

allows for adaptively adjusting the contrast of the image, enhancing the texture. We 183 

then applied DIC using the MM2DPosSism-algorithm, which has been specifically 184 

designed to detect very small displacements [Galland et al., 2016]. This algorithm is 185 

available through the free open-source structure-from-motion software MicMac 186 

developed by the French National Geographic Institute IGN [Rosu et al., 2015; Rupnik 187 

et al., 2017]. This allows us to compute displacements smaller than 0.1 mm between 188 

images [e.g. Galland et al., 2016]. The MM2DPosSism-algorithm is most successful 189 

for a given range of displacements. In order to give the best displacement results, we 190 

adjusted the temporal resolutions in our experiments. For the experiments in 90/10 and 191 

80/20 mixes, which were shorter in duration, the temporal resolution was 120 s. The 192 

experiments in 50/50 and 0/100 mixes, which were longer in duration and of smaller 193 

displacements, the temporal resolution was 180 s. 194 

 195 

Results 196 

Intrusion Characteristics 197 

We produced experiments using 4 different mixes of cohesive Mohr-Coulomb host 198 

material. Each experiment was performed twice to test the repeatability of our results. 199 

These repeated experiments exhibited consistent results with the first experiment using 200 

the same cohesion. The repeatability of this type of experiment has also been 201 

thoroughly demonstrated by Abdelmalak et al. [2012]. All experiments used an inlet 202 

depth of ~16 cm, except the 100% SF experiments (0/100) where the inlet depths were 203 

14.2 and 15.1. Shallower depths were chosen as attempts at 16 cm depth failed to 204 

produce eruptions because the intrusions were significantly thicker than those in the 205 

other experiments, such that the available syrup volume in the pump was insufficient.  206 

 A typical experiment started with chaotic emplacement of the syrup, 207 

resulting in complex branching nucleating from the inlet. However, the dominant 208 

vertical flow from the inlet ultimately forced a sub-vertical intrusion to form, 209 

propagating in a relatively stable fashion. At a certain depth, the intrusion changed 210 
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behavior. Its tip either deviated from vertical (Fig. 3) or bifurcated into two small 211 

branches (Fig. 3). In the following sections, we will refer to this transition depth as the 212 

critical depth. Subsequently, the syrup keeps ascending until erupting at the surface. 213 

All of the intrusions were associated with uplift and surficial extensional fractures 214 

parallel to the intrusion and perpendicular to the cell. Some extensional fractures can 215 

close and migrate as the intrusion approached the surface. The intrusion could also 216 

cause the basal uplift of a block of the host. These observations are consistent with 217 

those of Abdelmalak et al. [2012]. Although this general description fits all our 218 

experiments the differences which will be detailed in the following paragraphs. 219 

 In the high cohesion hosts (50/50 and 0/100 mixes, Fig. 3C, D), the 220 

intrusions were planar in geometry, perpendicular to the glass walls, clearly splitting 221 

the flour in two blocks. The initial chaotic branching near the inlet was less than in the 222 

low cohesion experiments; note, however, that the bottom branches grew during the 223 

duration of the experiments. The stable ascending intrusions exhibit a clear sheet shape, 224 

unit it reached the critical depth. In the 50/50 mix experiment, the intrusion grew 225 

continuously and inclined after reaching the critical depth (Fig. 3C). Conversely, in the 226 

0/100 mix experiment (the highest cohesion), the intrusion tip arrested at the critical 227 

depth, resulting in thickening of the sheet, until the overburden failed (Fig. 3D). At the 228 

critical depth, the intrusion tip split in two small branches (Fig. 3D middle column), 229 

and subsequently one branch took over to accommodate for the syrup propagation (Fig. 230 

3D right column). In these experiments, significant uplift can only be seen after the 231 

intrusion crossed the critical depth. 232 

 For lower cohesion hosts (90/10 and 80/20 mixes, Fig. 3A, B), the intrusions 233 

exhibited a more undulating and branching geometry. In the experiment with the 90/10 234 

mix, the intrusion did not appear as a perfect continuous sheet, so that it did not split 235 

the entire host in two (Fig. 3A). Instead, the intrusion exhibited a finger structure, such 236 

that blocks of the host material remained between the intrusion and glass walls. As a 237 

result, the intrusion appeared as disconnected segment along the photographed glass 238 

plate, while they were connected in the third dimension. In the experiment with the 239 

80/20 mix, the base of the intrusion was thick enough to constitute planar sheet 240 

geometry (Fig. 3B). Significant uplift was visible already when the intrusion was at 241 

depth, i.e. under the critical depth. At the critical depth, a hybrid form of damage ahead 242 

of the intrusion was observed, i.e. distributed damage throughout the wedge of material 243 
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above the intrusion and small extensional open fractures at the surface. These fractures 244 

were more prominent in the 80/20 mix host than in the 90/10 mix host (Fig. 3A, B). 245 

 246 

 

Figure 3. The rows show intrusion into a compacted mix of 90 wt% glass beads and 10% silica flour 

(A), 80/20 (B), 50/50 (C) and 0/100 (D). Columns show experiment photos at an initial, intermediate 

and late time step. The time steps were chosen such that they show intrusion initiation, a period of 

stable vertical propagation and the critical depth where failure of the overburden occurs. Experiments 
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in 50/50 (C) and 0/100 (D) comprise sheet intrusions while only the base of the 80/20 (B) intrusions 

are of sheet geometry. Accelerated experiment videos are available in supplemental material S1. 

 247 

Propagation Velocity 248 

The experiment durations differed, even if the injection rate was constant. The 249 

experiment duration was in general shorter for low cohesion experiments and longer 250 

for high cohesion experiments, implying distinct propagation velocities. We measured 251 

the propagation velocity of the intrusion tips using simple image analysis (Fig. 4; left 252 

column). The highest point of the intrusion was then extracted at each time step. 253 

However, in the initial and final time steps, because of the complex shapes of the 254 

intrusions, we may not adequately track the propagating tips. In addition, during the 255 

initial timesteps, the intrusion is often not yet observable. Thus, for the time steps earlier 256 

than the first visible occurrence of the liquid on the photographs, we set a constant value 257 

corresponding to the depth of the intrusion tip at its first documented position. Thus, 258 

the analysis presented in Fig. 4 (left column) is most relevant in the stable phase of 259 

propagation of the intrusion, i.e. the intermediate part. We interpolated the discrete 260 

measurements of the depth of the intrusion tips to a continuous curve (Fig. 4; red line 261 

in left column), allowing us to compute propagation velocity of the intrusion tips (Fig 262 

4; right column). 263 

 264 
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Figure 4. Left plots in each row show the depth of the intrusion tip identified in the experiment 

pictures using an interval of 120 s. The right plots show the vertical propagation velocity calculated 

from the intrusion depth and time. The average propagation velocity is plotted in red and presented in 

the legend. During initial time steps we cannot track the intrusion tip until the intrusion is visible 

therefore the initial values are set to the constant depth where the intrusion is first visible. During final 

time steps due to the damage created ahead of the intrusion and the creation of open fractures it also 

makes the intrusion difficult to track. Plots of additional experiments are available in the supplemental 

material S2. 

 265 

 266 

 The average propagation velocity (red horizontal line in right column of 267 

Fig. 4) decreases from ~0.5×10-5 m s-1 to ~0.15×10-5 m s-1 with increasing cohesion of 268 

the host material. We note as well that the propagation was not steady, with periods of 269 

slow, even no, propagation alternating with sudden accelerations, i.e. burst-like 270 

behavior. There are many more busts in the low cohesion experiments than in the high 271 

cohesion ones.  272 

 273 

Horizontal Displacements 274 
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Figure 5 displays time series of maps of horizontal displacements Ux. In all 275 

experiments, the displacements are rightward to the right of the intrusions and leftward 276 

to the left of the intrusions, indicating opening of the host to accommodate the 277 

emplacement of the intrusions. The maximum displacement values are along the walls 278 

of the intrusions, and the displacements decrease gradually away from the intrusions, 279 

marking displacement halos on each side of the intrusions.  280 

 However, we can notice differences between the low and high cohesion 281 

experiment. In the high cohesion experiments (50/50 and 100/0), the Ux opening occurs 282 

along the entire length of the growing intrusions (Fig. 5C, D). Little or no horizontal 283 

displacement is detected in the overburden when the intrusion is below the critical 284 

depth. When the intrusion reaches the critical depth, the displacement along the deeper 285 

part of the intrusion walls decreases or ceases. From this time on, displacements mainly 286 

affect the shallower part of the host, in between the critical depth and the surface (Fig. 287 

5C, D).  288 

 The Ux displacements in the low cohesion experiments (90/10 and 80/20), 289 

before the intrusion reaches the critical depth, concentrate in the very upper parts of the 290 

intrusions, and even extend shallower than the intrusion tips (Fig. 5A, B). Conversely, 291 

the bottom parts of the intrusions exhibit no horizontal displacement at all. After the 292 

intrusion reaches the critical depth, it triggers horizontal displacements that extended 293 

until the model surface. We note that in the early stage of the 80/20 experiment, the 294 

initial sheet triggered horizontal displacement that extended along the entire intrusion 295 

(Fig. 5B). The displacement subsequently localized close to the intrusion tip. 296 

 Videos of all horizontal displacements are available in the supplemental 297 

material S2. 298 

 299 

 300 

 301 

 302 

 303 
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Figure 5. The rows show intrusions (black) into mixes of 90/10 (A), 80/20 (B), 50/50 (C) and 0/100 

(D). Columns show experiment photos at an initial, intermediate and late time step. A and B shows 

that deformation, during propagation, is mainly concentrated to and beyond the intrusion tip. C and D 

show the entire fracture being active and displacing during vertical propagation. Once the critical 

depth is reached, the overburden fails and pathways were created for the fluid to utilize for the final 

ascent and any opening of the intrusion ceased. Accelerated experiment videos are available in 

supplemental material S1. 
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 304 

Vertical Displacements 305 

Figure 6 displays time series maps of vertical displacement Uy. Overall, the intrusions 306 

triggered uplift only, mostly restricted in the overburden of the intrusions. In the 307 

weakest host (90/10), widespread uplift occurred above the intrusion tip already at a 308 

very early deep stage of intrusion emplacement. This uplift affected the entire 309 

overburden, from the tip of the intrusion up to the surface (Fig. 6A). The uplift 310 

magnitude increases as propagation occurs, but remains constrained above the intrusion 311 

tip. This implies that the uplifted domain reduced in size during the propagation of the 312 

intrusions. The boundaries of the uplifting domain were gradual. Once the critical depth 313 

is reached and the overburden fails, the majority of the displacements cease with the 314 

exception of minor displacements of blocks as the fluid propagates to the surface. A 315 

similar evolution is observed in the 80/20 experiment (Fig. 6B). However, the 316 

deformation field displays discontinuities that suggest the occurrence of faults that 317 

partly dissect the uplifted domain. 318 

 In the more cohesive 50/50 experiments, the early and intermediate 319 

propagation of the intrusions did not trigger significant uplift of their overburden, 320 

except small sporadic patches (Fig. 6C). However, as the intrusion tip approaches the 321 

critical depth, sudden substantial uplift affected the overburden (Fig. 6C). We notice 322 

that the center of the uplifted domain is off-centered to the left with respect to the 323 

underlying intrusion in both 50/50 experiments; in these experiments, the intrusion 324 

deviated rightward after crossing the critical depth. The 0/100 experiment displayed 325 

more prominent patches of uplift at depth until the overburden reached its critical depth 326 

(Fig. 6D). At this point there is widespread uplift dominantly above the intrusion. The 327 

repeated experiment clearly shows asymmetric uplift with one side of the host being 328 

uplifted (Supplemental material S2). 329 

 Videos of all vertical displacements are available in the supplemental 330 

material S2. 331 

 332 
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Figure 6. The rows show intrusions (black) into mixes of 90/10 (A), 80/20 (B), 50/50 (C) and 0/100 

(D). Columns show experiment photos at an initial, intermediate and late time step. A and B shows 

that vertical displacement extends from the intrusion tip to the surface already at depth. C & D shows 

only small vertical displacements during propagation at depth, late intermediate stage show uplift 

primarily on one side of the intrusion while uplift is strongest directly above the intrusion tip. The 

color bar has limited in the positive value to enhance smaller uplifts at depth. Accelerated experiment 

videos are available in supplemental material S1. 
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 333 

Shear Strain 334 

The horizontal and vertical displacement maps in the host material allow for calculating 335 

time series maps of shear strain, 𝛾 =
1

2
(
𝜕𝑈𝑥

𝜕𝑦
+

𝜕𝑈𝑦

𝜕𝑥
), as the intrusion propagates (Fig. 7). 336 

As the displacements are small, this analysis is prone to noise so smoothing has been 337 

applied to the data before calculating the shear strain. Videos of the shear strain in all 338 

the experiments are available in the supplemental material S2. 339 

 The experiment with the 90/10 host, i.e. low cohesion, show prominent 340 

bands of reverse shear strain rooted on the intrusion tip. Already at depth, there are two 341 

inclined bands extending out from the intrusion tip (Fig. 7A; left column). These shear 342 

bands are persistent while the intrusion propagates upwards until the critical depth, 343 

where the shear bands curve and extend from the intrusion tip to the surface, signaling 344 

failure of the overburden. The shear bands display similar characteristics in the 80/20 345 

mix but appear slightly larger in extent (Fig. 7B). 346 

 In the experiments with higher cohesion hosts (Fig. 7C, D), shear strain is 347 

generally smaller in magnitude and restricted to smaller domains. Small, inclined 348 

reverse shear bands extend beyond the visible intrusion tip already at depth and during 349 

propagation. However, these are visible only intermittently and are shorter than in the 350 

lower cohesion experiments. Sporadically, the shear bands appeared asymmetrically, 351 

i.e. only the left or right shear band was visible. During propagation at depth, small 352 

shear strains intermittently occurred below the intrusion tip, i.e. along the walls of the 353 

dyke (Fig. 7C, D). Once the intrusion reached the critical depth, failure of the 354 

overburden initiated and bands of localized shear strain emanated from the tip to the 355 

intrusion to the surface (Fig. 7C, D). At this point in time, shear strains concentrate only 356 

in the overburden of the intrusions and the small shear strains below the intrusion tip 357 

ceased. We note as well that in the high cohesion experiment (0/100), shear bands 358 

gradually developed at the critical depth as the intrusion arrested and subsequently 359 

forms a split tip (Fig. 7D). One of the arms grows larger and later serves as the main 360 

conduit for the eruption while the other ceased to be active (Fig. 7D; right column). 361 

 In all experiments, when the intrusion reaches its critical depth, the observed 362 

localized shear bands affecting the overburden generally curve from the intrusion tip to 363 
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the surface, steepening as they came shallower, and finally intersecting with the surface 364 

almost perpendicularly.  365 

 366 

 

Figure 7. The rows show intrusions (black) into mixes of 90/10 (A), 80/20 (B), 50/50 (C) and 0/100 

(D). Columns show experiment photos at an initial, intermediate and late time step. The computed 

shear strain in A and B extends from the intrusion already at depth until ultimately causing critical 

failure of the overburden. C & D shows smaller zones of shear associated with the intrusion tip. The 
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scale has been limited enhance smaller shear strains at depth. Accelerated experiment videos are 

available in supplemental material S2. 

 367 

Pressure and Displacement Analysis 368 

The pressure evolution curves for the low cohesion and high cohesion experiments 369 

show drastically distinct behaviors. In the low lower cohesion experiments, an initial 370 

pressure buildup is followed by a gradual pressure decrease until eruption occurs (Fig. 371 

8A, B). In contrast, in the higher cohesion experiments (Fig. 8C, D), an initial rapid 372 

pressure build-up is followed by a rapid pressure drop. After this initial pressure peak, 373 

pressure gradually increases until a second pressure drop occurs just before eruption.  374 

 375 

In one of the 80/20 host experiments, a very small pressure drop occurred after the 376 

initial pressure build-up, while the early stage intrusion displayed sheet intrusion 377 

properties, similar to the high cohesion experiments. One of the 90/10 host experiments 378 

also displayed a late-stage pressure drop prior to eruption (available in supplemental 379 

material S2).  380 

 The initial pressure peak appears to anticorrelate with cohesion, as initial 381 

pressure peak in the lower cohesion experiments are higher (3-4104 Pa) than in the 382 

higher cohesion experiments (1.5-2.5104 Pa; Fig. 8). Admittedly, the lower cohesion 383 

hosts exert a higher lithostatic stress but even when accounting for this difference the 384 

pressure and cohesion anticorrelation remains. In all experiments, the pressure after 385 

eruption ranges between 0.9 – 1.5 ×104 Pa with the low cohesion host experiments 386 

being at the higher end of this range.  387 

 To interpret the pressure evolution curves in terms of intrusion dynamics, 388 

we attempt to correlate the evolution of pressure with the deformational evolution of 389 

the host. To do so, we filter the horizontal and vertical displacement maps from noise 390 

and compute the average incremental displacements throughout the experiment: UxR 391 

for horizontal displacements to the right, UxL for horizontal displacements to the left 392 

and Uy for vertical displacements. This calculation provides a combined measure of the 393 

magnitude of displacement and of the displaced area (Fig. 8). In the lowest cohesion 394 

experiment (Fig. 8A), the average horizontal displacements UxR and UxL initiate once 395 

the initial pressure peak has been reached. Then UxR and UxL reach a plateau between 396 

~750 s, when stable vertical propagation initiates, and ~2500 s when the intrusion 397 
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reaches the critical depth and failure of the overburden occurs. The average vertical 398 

displacement Uy also initiates at an early stage (~500 s), and gradually increases until 399 

reaching a constant value at ~2000 s. This increasing stage corresponds to the uplift of 400 

a triangular area of the intrusion overburden that transitions into a stable stage due to 401 

the narrowing of the uplifting cone counterbalanced by the increased uplift magnitude 402 

(Fig. 6A; left and right column).  403 

 In the 80/20 host (Fig. 8B), UxR and UxL gradually increase between ~300 s 404 

and ~1500 s, while the sheet intrusion lengthens; subsequently, UxR and UxL reach a 405 

short plateau before decreasing in value from ~2300 s, before eruption. The evolution 406 

of Uy displays a similar trend to the experiment using a 90/10 mix. The main difference 407 

being that Uy does not reach a plateau and instead suddenly decreases after reaching its 408 

maximum value at ~2300 s (Fig. 8A). We attribute this shortened plateau to the 409 

increased cohesion of the host allowing localized failure to occur and create pathways 410 

ahead of the intrusion. 411 

 In both experiments with higher cohesion mixes, we observe a gradual 412 

increase of UxR and UxL with time, and negligible Uy during most of the experiment 413 

duration (Fig. 8C, D). Suddenly at ~4000-4500 s, UxR and UxL strongly decrease and 414 

Uy reaches a sharp peak; note that this coincides with the pressure drop, and we interpret 415 

this behavior as the result of failure of the overburden ahead of the intrusion. Note that 416 

the values of UxL are higher than the values of UxR. This suggests asymmetrical opening 417 

of the intrusion, but this may also be an artifact due to syrup flow along the glass. The 418 

latter is especially present in the experiments in 100% silica flour during the arrest 419 

phase of the dyke (see Fig. 3D).  420 

 In all experiments, the average displacements started growing only after the 421 

pressure reached its peak (Fig. 8). For higher cohesion experiments, this seems to 422 

coincide with the end of the initial pressure peak, i.e. after the first pressure drop. The 423 

second pressure drop in the higher cohesion experiments is associated with substantial 424 

uplift, after which most displacements cease. 425 

 To complement the average displacements, we extract the maximum 426 

incremental horizontal and vertical displacements (Fig. 8; central and right columns). 427 

All experiments show initial large horizontal displacements, as the intrusion initiates, 428 

followed by a decrease (Fig. 8). In the experiments with 90/10 and 80/20 hosts, the 429 

maximum incremental displacements remain constant, until they increase as the 430 
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intrusion approaches the surface (Fig. 8A, B). In both low cohesion experiments, the 431 

maximum vertical uplift gradually accelerates as the intrusion rises through the model; 432 

the maximum vertical uplift then suddenly decreases after failure of the overburden 433 

occurs shortly before eruption. 434 

 In the 50/50 experiment, the maximum horizontal displacements exhibit a 435 

first peak at ~1000 s, followed by a low at ~1500 s, then followed by rapid increase 436 

leading to a stable value during vertical ascent of the intrusion (Fig. 8C). We also note 437 

that the left side is constantly opening more than the right side. Failure of the 438 

overburden is associated with large horizontal maximum displacements (Fig 8C; central 439 

column). Uplift throughout the experiment is generally low during most of the 440 

experiments except for isolated timesteps. It accelerates rapidly when the intrusion 441 

approaches the free surface and the overburden fails ahead of the intrusion (Fig 8C; 442 

right column).  443 

 The highest cohesion experiment, 0/100, displays high initial maximum 444 

horizontal displacements at ~1500 s, followed by a gradually decreasing trend as the 445 

intrusion propagates (Fig. 8D; central column). In similarity with the 50/50 experiment, 446 

asymmetrical opening is evident in the average displacement, where the left side is 447 

opening significantly more than the right side. However, the large difference in average 448 

displacement is not echoed in the maximum displacement. This suggests that the 449 

average displacement calculation may have been influenced by flow parallel to the 450 

glass. Maximum uplift is low during most of the experiment, except for patches 451 

occurring in the early stages of the experiment, whereas the major uplifts occurred only 452 

in the late stage (Fig. 8D; right column). Here, critical failure of the overburden occurs 453 

creating open fractures acting as fluid pathways to the surface (Fig. 3). We associate 454 

the final uplift and horizontal displacement peaks to the uplifting of a block at the 455 

surface (Fig. 3). 456 

 457 

Interpretation: emplacement mechanisms 458 

Our results suggest that host cohesion plays a significant effect on the emplacement 459 

mechanics of the intrusion of a viscous fluid. At least two significantly differing 460 

emplacement mechanisms can be identified for the high and low cohesion hosts. In the 461 

following section we will interpret each set of experiments 462 

 463 
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Emplacement mechanism in the 50GB/50SF high cohesion experiments 464 

For 50GB/50SF experiments, prominent planar sheet intrusions formed (Fig. 3C). The 465 

intrusion tip was generally narrow and sharp. During intrusion at depth, i.e. below the 466 

critical depth, there was very little or no uplift (Fig. 6C). Concurrently, a horizontal 467 

displacement halo could be observed indicating opening and minor compaction of the 468 

material along the fracture (Fig. 5C). The opening of the fracture appears to be slightly 469 

asymmetrical with one side opening more than the other (Fig. 8 C). The zone around 470 

and ahead of the fracture tip displays intermittent shear bands suggesting that the 471 

vertical sheet intrusions are propagating through both opening of the fracture and 472 

pushing ahead of the fracture tip (Fig. 7C). Pressure monitoring shows that the higher 473 

cohesion experiments (both 50/50 and 0/100) after the initial pressure peak, exhibited 474 

a significant pressure drop and a subsequent gradual pressure increase during vertical 475 

propagation. The initial pressure peak and subsequent drop, exhibit similar pressure 476 

behavior to that seen of hydraulic fractures [cf. Murdoch, 2002]. Finally, the intrusion 477 

of the sheet occurred step-wise, by arrested episodes of widening followed by transient 478 

bursts of propagation as seen in the propagation velocity (Fig. 4C). Some of these 479 

observation match well with that of hydraulic fractures such as the pressure curve and 480 

the sharp and narrow shape of the intrusion. However, the shear bands ahead of the tip 481 

and minor compaction of the host indicate non negligible plastic deformation playing 482 

an important role in the emplacement mechanics. Thus, we conclude that the syrup in 483 

the 50GB/50SF experiment was emplaced through a combined mechanism of dyke 484 

opening and widening along the entire walls and pushing ahead at the tip. 485 

 486 
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Figure 8. Left column Pressure and average displacement plots for 90/10 (A), 80/20 (B), 50/50 (C) 

and 0/100 (D). The black line shows pressure associated with the left axis. Blue and red lines are left 

and right average displacements, respectively and green shows upward average displacement 

associated with the right axis. Plots of additional experiments are available in the supplemental 

material S2. Center and right column Incremental maximum displacements in the left column for left 

(blue) and right (red) and in the right column for displacements upward (red) and downward (blue). 

Plots of additional experiments are available in the supplemental material S2. 

 487 

 488 

Emplacement mechanism in the 0GB/100SF high cohesion experiments 489 

The data monitored of the highest cohesion experiment (0/100) match well with that of 490 

the 50/50 experiment except that it showed signification signs of compaction during 491 

propagation at depth. All other experiments showed a quasi-constant maximum lateral 492 
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opening of the host during vertical propagation (Fig. 8 middle column). This was not 493 

the case for the 100% silica flour that showed an initial large maximum opening that 494 

gradually decreased (Fig. 8D middle column). The tip of the intrusion approached a 495 

standstill at the critical depth during which the intrusion dilated and opened until finally 496 

failing the overburden (Fig 4). It seems plausible therefore that compaction of the host 497 

played a role in temporarily arresting or stalling the intrusion in favor of dilation rather 498 

than upward propagation increasing the overall duration of the experiment. The role of 499 

compaction or an effective strain hardening in association with magma emplacement 500 

has not been greatly studied but has been proposed to play a non-significant role 501 

[Summer and Ayalon, 1995; Schmiedel et al., 2017b]. Similarly to the 50GB/50SF 502 

experiments, the syrup was emplaced through a combined mechanism of dyke opening 503 

and widening along the entire walls and pushing ahead at the tip. In addition, the dyke 504 

widening was accommodated by inelastic compaction of the host.  505 

 506 

Emplacement mechanism in the 90GB/10SF low cohesion experiments 507 

The discontinuous nature of the intrusion in the 90GB/10SF experiment, visible in the 508 

experiment photographs (Fig. 3A), suggest a complex intrusion shape in the third 509 

dimension, i.e. a finger shape. This is confirmed when excavating the intrusion, which 510 

exhibits a finger-like tubular shape. The time series of vertical deformation show that 511 

the intrusion is associated with significant uplift already when the intrusion was at depth 512 

(Fig. 6A). The uplift increases throughout the experiment until the intrusion reaches the 513 

critical depth, where the overburden fails. The in-plane horizontal deformation 514 

demonstrates that in low cohesion hosts, deformation is concentrated to the tip region 515 

during propagation at depth (Fig. 5A). The concentration of horizontal deformation to 516 

the tip is drastically different form that observed in the two higher cohesion experiments 517 

described above. When the critical depth is reached, horizontal deformation extends 518 

from the intrusion tip up until the surface. The analysis of shear deformation in the host 519 

revealed larger reverse shear zones ahead of the intrusion tip compared to high cohesion 520 

experiments (Fig. 7). This indicates that there is a significant component of pushing of 521 

the fluid ahead of the path in which it is propagating. However, the shear bands ahead 522 

of the tip become weaknesses that may act as precursors for the subsequent propagation 523 

of the intrusion [Pollard, 1973; Haug et al., 2017; Schmiedel et al., 2019]. This may 524 

explain the undulating nature of the intrusion. The pressure readings exhibit a very 525 
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different behavior than what was seen for high cohesion experiments (Fig. 8), 526 

suggesting a drastically different emplacement dynamics than hydraulic fracturing. The 527 

propagation velocity also indicates the low cohesion experiments to propagate in bursts. 528 

However, due to the aforementioned 3D-nature of the intrusion shape we must caution 529 

against interpreting this as definite evidence. I.e., it is not sure that we are at all times 530 

properly tracking the intrusion tip in these experiments and therefore we must consider 531 

this observation to be inconclusive. We conclude from these observations that the 532 

finger-shaped intrusions in the 90GB/10SF experiments result from a “viscous 533 

indenter” mechanism, i.e. the viscous magma makes its own space by pushing the host 534 

ahead, which fails dominantly in shear. 535 

 536 

Emplacement mechanism in the 80GB/20SF low cohesion experiments 537 

The host material in the 80GB/20SF experiment has a slightly larger cohesion than that 538 

in the 90GB/10SF experiment. This experiment overall exhibits many of the same 539 

characteristics as the previous low cohesion experiment (Figs. 3, 5-8). However, due to 540 

the higher cohesion the intrusion initially formed a sheet intrusion at the base of the 541 

model and transitions into a finger shaped intrusion (Fig. 3B). Fig. 5B Left shows this 542 

transition occurring with a horizontal displacement halo occurring simultaneously as 543 

there are lobes of horizontal deformation focused to the tip. Subsequent timesteps, 544 

below the critical depth, only show horizontal deformation focused to the intrusion tip. 545 

Similarly, Fig. 8B Left displays a brief low amplitude pressure drop followed by a 546 

transient pressure increase similarly to that of the higher cohesion experiments but then 547 

transitions into the linearly decreasing pressure displayed in the 90/10 experiment. We 548 

believe this to be associated with the sheet intrusion at the base of the intrusion and the 549 

transitions into a finger intrusion associated with pressure dropping as it propagates 550 

towards the surface. We therefore consider the 80/20 experiment to be a hybrid 551 

intrusion and an interesting look into the transition from one emplacement mechanism 552 

to another. 553 

 554 

Emplacement mechanisms above the critical depth 555 

In all experiments, a clear transition happens at a few centimeters depth, referred to as 556 

the critical depth. Here, rapid uplift occurs associated with failure of the overburden 557 

and a change in the emplacement mechanism for both lower and higher cohesion 558 
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experiments. Abdelmalak et al. [2012] and Poppe et al. [2019], who similarly observed 559 

this shallow mechanism, showed that when the dyke tip is shallow enough, it is more 560 

favorable to lift up the overburden, which entire fails along shear bands from the dyke 561 

tip to the surface. This is supported by the sudden pressure drop happening when the 562 

dyke lifts up the overburden at the critical depth. This mechanism illustrates how the 563 

damage created ahead of the intrusion has the potential to act as weaknesses and 564 

mechanical precursors for the intrusion to utilize and intrude into [e.g. Haug et al., 565 

2017; Schmiedel et al., 2019].  566 

 567 

Summary - Emplacement mechanisms below the critical depth 568 

Below the critical depth, we document two types of emplacement mechanics depending 569 

on host cohesion. (1) For low cohesion hosts, a finger-shaped intrusion formed as a 570 

viscous indenter. In this mechanism, the intrusion tip pushes its host ahead, and the 571 

opening of the intrusion only focuses near the tip. (2) For high cohesion hosts, a sheet 572 

intrusion formed as a fracture. In this mechanism, the intrusion thickens by opening 573 

along its entire length, and the tip propagates by intermittent local opening and pushing 574 

of the host with a horizontal deformation halo surrounding the entire opening fracture 575 

(Fig. 9). These two emplacement mechanisms exhibited distinctly different pressure 576 

behavior, illustrating distinct emplacement dynamics. Both emplacement mechanisms 577 

were associate with shear bands. The shear bands were larger in areal extent as well as 578 

magnitude for the lower cohesion experiments. The shear bands were intermittent in 579 

high cohesion hosts and associated with upward propagation of the intrusion while they 580 

appeared more continuous for the lower cohesion experiments. Our experiments 581 

evidence the great role of host rock cohesion on the dynamics of emplacement of 582 

viscous liquids in Mohr-Coulomb hosts. Especially, our experiments show that sheets 583 

intrusions are favored in high-cohesion hosts whereas finger-shaped intrusions are 584 

favored in low-cohesion hosts. 585 

 586 

Discussion 587 

 588 

Experimental constraints 589 

The experiments presented in this article use model host rocks made of compacted 590 

cohesive mixes of silica flour and glass beads. Such materials fail according to Mohr-591 
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Coulomb criterion similar to rocks found in the shallow crust [Jaeger et al., 2009]. Due 592 

to its cohesiveness, the 100% silica flour withstands non-negligible elastic stresses, as 593 

it sustains vertical walls under the load of its own weight [Abdelmalak et al., 2016; 594 

Guldstrand et al., 2017]. Conversely, pure glass beads collapse under their own weight 595 

and are close to cohesionless [Galland et al., 2006; Abdelmalak et al., 2016; Schmiedel 596 

et al., 2017b]. In addition, the 100% silica flour exhibits a higher friction coefficient 597 

than the 100% glass beads. Therefore, we can fine-tune and study the effect of cohesion 598 

and friction on intrusion experiments by using mixes of these two materials 599 

[Abdelmalak et al., 2016; Schmiedel et al., 2017b]. The presented experiments are the 600 

first ones that investigate systematically the effect of rock cohesion and friction on the 601 

emplacement of dykes.  602 

 603 

 

Figure 9. Interpretative sketch of the emplacement mechanics at play in high cohesion experiments 

(right) and low cohesion experiments (left). Shaded grey area denotes areas of horizontal deformation. 

 604 

 605 

 However, these materials and the experiment setup include some 606 

limitations. First, our experiments are homogeneous, i.e. without layering. Second, they 607 

assume lithostatic stress and do not account for the influence of tectonic stresses or 608 

stresses dues to topography. Additionally, the use of granular Mohr-Coulomb materials 609 

do not allow for quantifying and extracting the elastic and plastic deformation 610 

separately [Guldstrand et al., 2017].  611 
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 The 2D Hele-Shaw cell ideally intends to simulate 2D processes in plain 612 

strain configuration, however in practice this is not the case. First, the friction of the 613 

granular materials along the glass walls trigger 3D stress distributions within the 614 

models. Second, in the low cohesion experiments, the intrusions cannot be considered 615 

strictly 2D as they consist of finger intrusions that appear disconnected on the 616 

observation plane, but connected in the third dimension. Nevertheless, the displacement 617 

maps and videos (supplemental material S2) show that the deformation monitored 618 

correlates well with the extracted intrusion from the experiment photos such that we 619 

are confident that we are tracking relevant deformation to the respective intrusions.  620 

 The tracking of the intrusion tip revealed significant advances in 621 

propagation to occur in bursts. This was more evident for lower cohesion hosts than in 622 

higher cohesion hosts, such that the average propagation velocity was higher in hosts 623 

of lower cohesions and lower in hosts of higher cohesions. Admittedly there are 624 

limitations in tracking the tip in the initial and final times of the experiments and in 625 

lower cohesion experiments as we may have more 3D effects in these experiments 626 

where we cannot track the tip of the intrusion. This means that we cannot strictly 627 

consider the observed burst dynamics to be strictly linked to emplacement mechanism 628 

for low cohesion experiments. 629 

 One may attribute the differing sheet and finger intrusion emplacement 630 

mechanisms and pressure readings to buoyancy. By just comparing densities, the syrup 631 

is indeed positively buoyant compared to the low cohesion glass beads and negatively 632 

buoyant compared to the high cohesion silica flour (see Table 1). However, we 633 

performed further analysis that show that the pressure within the syrup, when corrected 634 

for stresses due to viscous pipe flow and buoyancy, still remain significantly higher 635 

than the lithostatic stress for a given depth for all but one of the experiments into 100% 636 

silica flour (cf. supplemental material S3). This was calculated by taking the difference 637 

between the pressure readings and the hydrostatic stress of the fluid at a given tip depth 638 

and the viscous stress due to pipe flow when entering the setup (calculated through the 639 

Hagen-Poiseuille equation). This was compared to the lithostatic stress and the 640 

expected stress perpendicular to the dyke at a given depth. No interaction was observed 641 

between these pressure curves in all but one experiment (100% silica flour). In addition, 642 

the differences between the high-cohesion and low-cohesion experiments were 643 

noticeable already in the very early phases of the experiments, i.e. when the intrusions 644 



 

 29 

were small and so the buoyancy effects negligible. We infer that in all experiments the 645 

effects of buoyancy were secondary and cannot explain the differences of pressure 646 

evolutions in the experiments.  647 

 648 

The role of plastic deformation during magma emplacement in the brittle crust 649 

Our experiments highlight that small-scale (shear bands) and large-scale (compaction) 650 

plastic deformation can greatly control the propagation of sheet intrusions. In detail, 651 

our experiments show how local shear damage controls locally the propagation of the 652 

intrusion tips. Our laboratory results corroborate well (1) field observations of igneous 653 

fingers emplaced in low-strength rock [e.g. shale Pollard et al., 1975; Spacapan et al., 654 

2017; Galland et al., 2019] and elasto-plastic numerical models [Haug et al., 2017; 655 

Haug et al., 2018; Souche et al., 2019], which evidence how local plastic damage at the 656 

tip of propagating intrusions trigger weaknesses favorable to the subsequent 657 

propagation of the magma. Our experimental results provide a viable alternative 658 

mechanism to the widely established models of sheet intrusion emplacement, which 659 

assume intrusion propagation by tensile failure through a purely elastic host. Further 660 

research is now necessary to constrain under which geological conditions elasticity- or 661 

plasticity-dominated emplacement of igneous sheet intrusions occur. 662 

 663 

Sheets versus fingers - Implications for dike and sill emplacement in the brittle crust 664 

Our experiments evidence two drastically distinct emplacement mechanisms of a 665 

viscous fluid in Mohr-Coulomb hosts of varying cohesions and friction angles, and the 666 

resulting intrusions exhibit different shapes, i.e. continuous sheets with relatively sharp 667 

tips in high-cohesion hosts versus aligned fingers in low cohesion hosts (Fig. 3). The 668 

modes of deformation of the host accommodating the emplacement of the viscous 669 

liquid also differ, with significantly more shear damage and failure in the low-cohesion 670 

hosts. Such difference has been proposed by Galland et al. [2014] on the basis of a 671 

scaling argument, and documented by Poppe et al. [2019].  672 

 The scaling argument of Galland et al. [2014], however, does not only 673 

involve the host cohesion, but it considers the mechanical coupling between the viscous 674 

stresses in the flowing liquid and the strength (i.e. cohesion) of the host rock. This 675 

scaling implies that when the viscous stresses dominate over the cohesive forces, the 676 

host rock deforms dominantly by shear failure. Our experiments corroborate well this 677 
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theoretical prediction, in agreement with the experiments of Poppe et al. [2019]. Our 678 

experiments show that not only the deformation mechanisms of the host differ, but also 679 

the emplacement dynamics of the liquid and the resulting intrusion shape.  680 

 Applied to geological systems, it predicts that fingers are expected to form 681 

preferably when the magma is highly viscous (e.g. andesitic to rhyolitic magmas) 682 

and/or when the host rock exhibits low cohesion (e.g. volcanic tuff, shale, poorly 683 

consolidated sandstones). Geological observations corroborate well this prediction. 684 

Igneous fingers observed in nature are often made of felsic magmas (andesitic to 685 

rhyolitic) [e.g. Pollard et al., 1975; Spacapan et al., 2017; Galland et al., 2019] or were 686 

emplaced in very low strength host rock [Duffield et al., 1986; Schofield et al., 2012]. 687 

Conversely, clear igneous sheets are common to mafic, i.e. low viscosity, magmas 688 

emplaced in relatively high cohesion host rock [e.g. Gudmundsson, 2020; Poppe et al., 689 

2020]. Therefore, we expect that fingers form preferably at felsic volcanoes and/or in 690 

sedimentary basin settings whereas sheets form preferably at mafic volcanoes. 691 

 The overall shapes of the model intrusions differ: in the high-cohesion 692 

experiments, the sheets are continuous with sharp tips, whereas in low cohesion 693 

experiments the intrusions are made or aligned fingers with more blunt tips. 694 

Nevertheless, outcrop observations rarely provide exposures of entire intrusions, so that 695 

only short segments are observable. For instance, if only a short segment of a finger, 696 

without the tip, in our low-cohesion experiments was observable, one could easily 697 

extrapolate that the overall intrusion is a sheet. Thus, the overall inferred shape and 698 

emplacement mechanism of the observed intrusion would be incorrect. A field example 699 

illustrates this discussion point. The kilometer-scale outcrop studied by [Galland et al., 700 

2019] exhibits an intrusion with an overall shape of a sill, however, it is made of a string 701 

of fingers. This interpretation was only possible because (1) the outcrop was large 702 

enough to display the gaps between the fingers and (2) the blunt tips and the 703 

surrounding structures in the host were exposed. If only the central part of a finger, with 704 

parallel top and bottom contacts, were exposed, or if the outcrop were discontinuous 705 

and did not expose the gaps between the fingers, one would naturally interpret this 706 

intrusion as being a sheet. Therefore, a local sheet shape is not conclusive to interpret 707 

the nature and the emplacement mechanism on intrusions. This example shows that 708 

intrusion-scale observations in addition to tip observations are necessary to infer the 709 

nature and emplacement mechanisms of intrusions in the brittle crust. It implies that 710 
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numerous dykes and sills have likely been interpreted as sheets, whereas they are strings 711 

of fingers, and their emplacement mechanisms are radically different. 712 

 Host rocks of volcanic plumbing systems in volcanic environments and in 713 

sedimentary basins are typically made of layers, the strength of which can vary 714 

considerably from competent (e.g., consolidated sandstone or crystalline rock) to 715 

weaker rock (e.g. volcanic tuff in volcanic environment of shale in sedimentary basins) 716 

[Ranalli, 1995; Galland et al., 2018]. In the literature, the effects of the layering on 717 

magma emplacement has been addressed through static stress analysis resulting from 718 

stiffness contrast between the layers [Gudmundsson, 2020]. Yet so far the effect of this 719 

strength variation has only just started to be studied [Vachon and Hieronymus, 2016; 720 

Haug et al., 2017; Schmiedel et al., 2017a; Souche et al., 2019]. Our experimental 721 

results suggest that the propagation mechanisms of an intrusion through layered crust 722 

may greatly vary from elasticity-dominated to plasticity-dominated depending on the 723 

local cohesion of the host rocks it propagates through, such that the propagation 724 

mechanism and dynamics may considerably vary from that of a sheet to that of a finger, 725 

and vice versa. Such variety of propagation mechanisms may explain why igneous sills 726 

and fingers tend to concentrate in low-strength host rock such as tuff and shale [e.g. 727 

Rodriguez Monreal et al., 2009; Spacapan et al., 2020]. Similarly, recent field studies 728 

in the Swedish and Norwegian Caledonides show that the emplacement of dykes can 729 

vary laterally and through time as the thermal state of the host vary [Kjøll et al., 2019]: 730 

cold hosts behave competent and dykes are emplaced similarly to our high-cohesion 731 

experiments, but when the host rock gets hotter due to geodynamic processes, it can 732 

behave weak and dykes are emplaced similarly to our low-cohesion experiments. The 733 

close similarities between our experimental results and field observations strongly 734 

suggest that the lateral and temporal variations of inelastic properties of crustal rocks 735 

play a major role on the emplacement of igneous sheet intrusions. 736 

Dyke arrest, i.e. the halting of vertical propagation of sheet intrusions, has often been 737 

attributed to the interaction with a more competent layer [Rivalta et al., 2005; 738 

Gudmundsson, 2020], a weak interface [Kavanagh et al., 2015; Kavanagh et al., 2017] 739 

or due to reaching its neutral level of buoyancy [Hogan et al., 1998; Taisne et al., 2011]. 740 

However, our experiments show that temporary halting of the model dykes can occur 741 

without layering and with constant magma influx. We infer from our experiments that 742 

the widening of the model dyke due to host compaction and cohesion may inhibit 743 
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vertical propagation, as the volume of the incoming magma is accommodated by dyke 744 

widening rather than by dyke lengthening.  745 

 746 

Geophysical and geodetic implications 747 

The host deformation patterns accommodating dike and finger emplacement in our 748 

Mohr-Coulomb models do not match those predicted by static linear elastic model (e.g. 749 

Okada dislocation model). In all our experiments, only uplift above the propagating 750 

intrusions are observed [Figures 6 and 8; cf. Guldstrand et al., 2017]. To date, there is 751 

no elastic geodetic model able to calculate only uplifting dome above a sub-vertical 752 

intrusion. For example, the elastic Okada model tends to produce two uplifting bulges 753 

delineated by a trough above, and aligned with, the orientation of the underlying sheet. 754 

However, symmetric and asymmetric doming has frequently been documented in 755 

nature [e.g. Amelung et al., 2000; Wright et al., 2006; Jay et al., 2014], and the Okada 756 

model fails to interpret such data. Instead, these types of uplift are commonly modelled 757 

using inflating point sources or sub-horizontal inflating planar dislocations, despite the 758 

evidence of upward magma transport leading to eruption (e.g., Sigmundsson et al., 759 

2010). Our experimental results suggest that surface doming can be interpreted as a 760 

result of dike emplacement controlled by the Coulomb properties of the crust. Such 761 

interpretation is corroborated by field observations of steeply dipping reverse faults 762 

associated with the emplacement of dykes in the shallow part of the crust, even in 763 

extensional settings [Gudmundsson et al., 2008]. Therefore, our models show the 764 

limitation of the systematic use of elastic geodetic models to interpret geodetic signals 765 

monitored at active volcanoes, and strongly suggest that accounting for viscous flow 766 

[as already demonstrated by Marsden et al., 2019] and Mohr-Coulomb host rheology 767 

are essential to understand magmatic systems and the deformation it produces. 768 

 Stepwise propagation, as demonstrated in our high cohesion experiments, 769 

implies that fast advances of the intrusion tip can happen over short periods of time. 770 

However, in between bursts, the tip may also advance smoothly. The burst propagation 771 

of the dyke in our experiments are in good agreement with the seismicity monitored 772 

during the 2014-2015 Bárðarbunga dyke intrusion, which revealed burst-like 773 

propagation [Ágústsdóttir et al., 2016]. In addition, the seismicity at Bárðarbunga was 774 

not only active at the dyke tip but also remained active behind the interpreted dyke 775 

front. This observation is in good agreement with our high cohesion experiments, which 776 
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show that inelastic horizontal deformation affected the host over the entire fracture 777 

length, i.e., it is plausible that seismic activity would be active both at the dyke tip and 778 

below/behind the tip during intrusion.  779 

 780 

Implications for magma emplacement in felsic volcanoes and the formation of 781 

cryptodomes 782 

Our experiments aim to study volcanism in which the ratio of viscous stresses to 783 

cohesive stresses is non-negligible. This is more likely to be the case in areas with weak 784 

crust (such as in sedimentary basins or volcanic environments with pyroclastic 785 

deposits) and where there is felsic volcanism (i.e. high viscosity magma) [Galland et 786 

al., 2014]. Sheet intrusions, such as dykes, are commonly thought to be associated with 787 

low viscosity resulting in thin sheets with sharp tips [e.g. Poppe et al., 2020] however 788 

there are observations supporting high viscosity dykes to be more prolific than 789 

previously thought [Fink, 1985; Poland et al., 2008]. These studies show that these 790 

sheet intrusions are generally thicker than their low-viscosity counterparts. This is in 791 

agreement with the thicker sheets produced in our experiments compared to gelatine-792 

water models [Kavanagh et al., 2018]. Moreover, we find that as cohesion decreases 793 

the sheets gets thinner and finally transitions into a finger-shaped intrusion similar in 794 

shape to andesitic sills observed in sedimentary basins [Spacapan et al., 2017; Galland 795 

et al., 2019]. The shapes of intrusions and associated strain patterns in our observations 796 

match very well with field observations of felsic sills emplaced in low strength/low 797 

friction shale. Overall, our experiments suggest that finger-shaped intrusions are likely 798 

essential elements of felsic magma transport. 799 

 The shallow emplacement of the syrup in our experiments exhibits 800 

characteristics of cryptodome emplacement, i.e. largely cylindrical or elongated bodies 801 

associated with uplift and planes of shear failure [Okada et al., 1981; Donnadieu and 802 

Merle, 1998]. The emplacement of cryptodomes is a characteristic of another high-803 

viscosity magma intrusions in the shallowest crust [e.g. Stewart and McPhie, 2003; 804 

Burchardt et al., 2019]. The localized uplift and associated reverse fault planes in the 805 

latest stages of our experiments is in good agreement with uplift and semi-circular 806 

locations of seismicity at depth associated with the emplacement of a cryptodome at 807 

Usu volcano [Okada et al., 1981; Tobita et al., 2001]. Our experimental setup thus 808 

appears as a relevant tool for studying the dynamics of cryptodome emplacement.  809 
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 810 

Conclusions 811 

In this study, we present quantitative laboratory experiments simulating the intrusion 812 

of viscous magma into host rock of varying cohesion, in order to quantify the effects of 813 

the Mohr-Coulomb properties of crustal rocks on the emplacement of planar intrusions. 814 

The main conclusions are as follows: 815 

1. Continuous sheet intrusions form in high-cohesion hosts, whereas 816 

discontinuous finger-shaped intrusions form in low-cohesion hosts. 817 

2. In all experiments, inelastic shear damage with, and uplift of, the host 818 

accommodate partly the emplacement of the model magma. 819 

3. Sheet intrusions in high-cohesion hosts grow dominantly by dilation and 820 

opening along the entire length of the intrusion. In contrast, finger-shaped 821 

intrusions only thicken near the propagating tip of the intrusion. 822 

4. The propagation of the fingers’ tips is accommodated by significant shear 823 

damage bands, showing that the fingers dominantly propagate by pushing their 824 

host rock ahead, in agreement with the so-called viscous indenter model. 825 

Conversely, shear damage is much less prominent near the tip of sheet 826 

intrusions, which dominantly propagate like fractures. 827 

5. In all experiments, when the intrusion tip reached a shallow critical depth, the 828 

overburden is pushed upward and fails along shear damage bands, which control 829 

the subsequent propagation of the model magma. This shallow emplacement 830 

mechanism is likely relevant for revealing the emplacement of cryptodomes in 831 

nature. 832 

6. When magma is emplaced in layered host, like in sedimentary basins, it is likely 833 

that both emplacement mechanisms successively occur. 834 

7. All in all, our experiments suggest that the Mohr-Coulomb properties of the 835 

crust must be systematically accounted in models of planar intrusion 836 

emplacement. 837 
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