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Abstract 25 

Host rock deformation in active volcanic settings can signal and be used to constrain magma 26 

emplacement. Yet it is difficult to evaluate the accuracy of intrusion parameters derived from 27 

inversion of deformation signals because we cannot test estimates by directly accessing the 28 

magma body. Physical modelling is thus critical to understanding how intrusion translates 29 

into host rock deformation, particularly surface uplift and/or subsidence, because we can use 30 

transparent materials or excavate models to view the actual intrusion geometry. However, 31 

few physical models have investigated how a heterogeneous, layered host material impacts 32 

magma emplacement, despite evidence suggesting the presence of weak layers can control 33 

intrusion style and geometry. We conduct several models that simulate emplacement of a 34 

felsic magma at ~6 km depth within a granular (sand) host rock; in two of our models we 35 

incorporate two, thin, weak microbead layers into the layered host material. We show that 36 

intrusion solely within the granular material is primarily accommodated by lateral contraction 37 

(compaction and folding) of the host material, resulting in a dyke-like intrusion that erupted. 38 

When the microbead layers were present, a cone sheet and saucer-shaped sill preferentially 39 

formed, without erupting, accommodated by forced folding. Furthermore, we demonstrate 40 

that surface deformation does not simply reflect the complexity of the intrusion geometry or 41 

internal host material deformation. Overall, our results indicate that physical models should 42 

further explore the role of host material heterogeneity on magma emplacement.   43 

 44 
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 46 

Introduction 47 

Sill emplacement in the shallow subsurface may be accommodated by roof uplift (e.g., 48 

Cruden, 1998; Hansen and Cartwright, 2006; Johnson and Pollard, 1973; Pollard and 49 



Johnson, 1973). Such roof uplift, a form of forced folding (Stearns, 1978), can deform the 50 

free surface (e.g., Agirrezabala, 2015; Galland, 2012a; Magee et al., 2017a; Montanari et al., 51 

2017; Trude et al., 2003; van Wyk de Vries et al., 2014). By identifying, monitoring, and 52 

inverting the surface expression of intrusion-induced forced folding at active volcanoes we 53 

can locate subsurface sills (and other intrusions) and constrain their geometry, size, and depth 54 

(e.g., Biggs et al., 2009; Castro et al., 2016; Pagli et al., 2012; Sturkell et al., 2006); this 55 

method has proved critical to volcanic hazard assessment (e.g., Ebmeier et al., 2018; Magee 56 

et al., 2018; Sparks et al., 2012). However, computational restrictions mean inversions of 57 

measured surface deformation typically assume magma body geometries are simple and 58 

deformation occurs via elastic or visco-elastic processes (e.g., Galland, 2012a; Magee et al., 59 

2019a; Poppe et al., 2019). Yet field observations and 3D seismic reflection images of 60 

ancient intrusions and forced folds reveal they have complex geometries and inelastic space-61 

making mechanisms can simultaneously accommodate magma (e.g., Galland et al., 2019; 62 

Morgan et al., 2008; Schmiedel et al., 2017; Schmiedel et al., 2019; Schofield et al., 2012; 63 

Spacapan et al., 2017). Key barriers to deciphering how intrusion translates into surface 64 

deformation and, thereby, improving hazard assessment are that it is difficult to: (i) assess 65 

how simplifying intrusion geometries and deformation processes influences inversion 66 

accuracy, because we cannot test predictions without direct access to active volcanic 67 

plumbing systems (Galland, 2012a); and (ii) unravel intrusion and forced fold dynamics from 68 

ancient examples where magmatism has long-since ceased (e.g., Magee et al., 2017a). 69 

Physical modelling is a powerful tool in studying roof uplift above sills because we can 70 

quantify how intrusions, forced folds, and inelastic deformation structures evolve through 71 

time, thereby helping to bridge the gap between studies capturing short-lived emplacement 72 

events and those examining the final product of magmatism (e.g., Galland, 2012a; Guldstrand 73 



et al., 2017; Kavanagh et al., 2015; Kavanagh et al., 2018; Montanari et al., 2017; Poppe et 74 

al., 2019; Schmiedel et al., 2017; Schmiedel et al., 2019). 75 

Here we present a series of physical models that test how heterogeneous, layered 76 

media impacts the geometry of intrusions and associated host rock deformation structures, 77 

particularly forced folds. The rationale for this study is that measured disparities between 78 

intrusion thickness and forced fold amplitude, of seismically imaged sill-fold pairs, suggest 79 

inelastic deformation within heterogeneous, layered host rock sequences can accommodate a 80 

significant proportion of the magma volume (Hansen and Cartwright, 2006; Jackson et al., 81 

2013; Magee et al., 2013; Magee et al., 2017b). If similar interplays between elastic bending 82 

and inelastic deformation accommodate magma emplacement in active volcanic settings, 83 

inverting surface displacements using elastic models may thus introduce inaccuracies in 84 

retrieved intrusion parameters. However, most seismic-based studies do not account for 85 

burial-related compaction of forced folds, which decreases any disparities between measured 86 

fold amplitudes and intrusion thickness, implying elastic bending is the dominant space-87 

making mechanism (Magee et al., 2019b). Whilst few physical modelling experiments have 88 

examined how layering of different host rock lithologies controls translation of magma 89 

emplacement to surface deformation (cf. Gressier et al., 2010), they can allow us to quantify 90 

sill-fold pairs in 3D without needing to account for compaction (e.g., Galland, 2012a; 91 

Guldstrand et al., 2017; Montanari et al., 2017). Our results show that, with all other 92 

parameters kept the same, introducing weak microbead layers with the granular host material 93 

changes the intrusion style from dyke-like to sill-like. Furthermore, our models demonstrate 94 

that complex intrusion geometries and the internal deformation patterns within a forced fold 95 

are not necessarily reflected by contemporaneous surface deformation.   96 

 97 

Methods 98 



The aim of our physical model experiment series is to examine how the presence of weak 99 

layers in a heterogeneous host rock succession impact accommodation of intruding magma, 100 

and how intrusion translates into surface deformation. Experiments were performed at the 101 

Tectonic Modeling Laboratory of the CNR-IGG and of the Department of Earth Sciences in 102 

Florence, Italy, and involved injecting a magma analogue into an overlying brittle overburden 103 

(Fig. 1A). The models were built within a Plexiglas box with internal dimensions of 33 × 38 104 

× 13.5 cm. Magma was injected from a syringe via a cylindrical PVC pipe (4 mm in internal 105 

diameter; Dinlet), with the inlet point located within the analogue brittle overburden 10 mm 106 

from the basal interface (i.e. at Horizon A; Figs 1A and B). We used a stepper motor 107 

connected to a central unit to maintain a constant and controlled flow rate of the magma 108 

analogue throughout the 110 minute maximum duration of each experiment (Fig. 1A); with 109 

this system we applied a constant magma analogue injection velocity of 25 cm/hr (Table 1; 110 

see Montanari et al., 2017). Our model set-up meant the space required to accommodate the 111 

intruded magma analogue was created by roof uplift, without the need to impose any artificial 112 

discontinuity to drive the emplacement trajectories (e.g., Fig. 1C).  113 



 114 

Figure 1: (A) Experimental apparatus sett-up; see text for details. (B) Host material 115 

configuration for models FF-5, FF-07, and FF-08. Microbead layers are depicted in FF-07 116 

and FF-08 and are each 3 mm thick. (C) Schematic showing the different parameters 117 

measured, which include: current horizon height above injector (hcurrent); fold length (i.e. 118 

horizontal distance between fold inflections; r0); fold line length (r1); maximum amplitude 119 

(Amax); fold amplitude along selected vertical profiles (Avert); layer thickness along selected 120 



vertical profiles (tlayer); vertical intrusion thickness (tint); intrusion transgressive height (H); 121 

inclined limb dip (α); inner sill diameter (Dsill); and magma emplacement depth (hemp). 122 

 123 

Table 1: Model characteristics for experiments FF-05, FF-07, and FF-08 124 

Models Injection 
velocity 

 
[cm/hr] 

Time  
 
 

[minutes] 

Injected 
volume 

 
[cm3] 

     Model 
    thickness 

 
[mm]  

Host rock 
structure+ 

FF-05* 25 28 13 70 
 

FF-07 25 110 38.5 70 
 

FF-08 25 110 38.5 70 
 

*Stopped when erupted 
+grey = sand, black = 3 mm thick microbead layers 

 125 

Material properties  126 

The brittle behaviour of the upper crustal rocks was simulated by layers composed of a 127 

mixture of quartz (70%) and K-feldspar (30%) sand with grain dimensions <250 m, an 128 

angle of internal friction of 43°, cohesion of ~10 Pa, and a density of 1408 kg m-3 (Table 2; 129 

Montanari et al., 2017). Black quartz sand was sprinkled between each layer to provide 130 

marker horizons (Fig. 1B). Our control model, FF-05, comprises a homogeneous host rock 131 

consisting of seven distinct sand layers above the inlet (Fig. 1B). A heterogeneous 132 

overburden was replicated in two models (FF-07 and FF-08), by placing two layers of glass 133 

microbeads at different stratigraphic positions between sand layers (Fig. 1B); these 134 

microbead layers represent weaker frictional décollement horizons, relative to the sand 135 

layers, and simulate the presence of shales or marls interbedded with sandstone in nature. The 136 

microbeads have mean diameters of 200 m, an angle of internal friction of 20–22°, cohesion 137 



of ~10 Pa, and a density of 1480 kg m-3 (Table 2). For a magma analogue we used pure 138 

vegetable polyglycerine-3 (PG3), a low-viscosity Newtonian fluid with a viscosity of 17 Pa s 139 

and density of ~1190 kg m-3 (Table 2; Montanari et al., 2017). 140 

 141 

Table 2: Values of physical parameters in nature and experiments, and their experiment/nature ratio 142 

Parameter Models Nature Model/Nature ratio 

Length (l) [m]  0.01 1000 10-5 

Brittle layer 

(sand mixture) 

Density (ρ) [kg m-3]  1408 ~2700 ~0.5 

Internal friction coefficient 1.1 0.85-1 1.3-1.1 

Cohesion (C), Pa 10 ~107 1× 10-6 

Brittle dècollement 

(microbeads) 

Density (ρ) [kg m-3] 1480 ~2600 0.57 

Internal friction coefficient ~0,40 0.25–0.52 ~1 

Cohesion (C), Pa 10 4.4 106 2.2 10-6 

Magma PG3 
Density (ρ) [kg m-3] 1190 ~2400 ~0.5 

Viscosity (η) [Pa s] 17 ~4 ×1012 4.25 × 10-12 

Gravity (g) [m s-2]  9.81 9.81 1 

Stress (σ) [Pa]    ~5 × 10-6 

 143 

Scaling 144 

The models were scaled according to the principles of geometric, dynamic, and kinematic 145 

similarity (Hubbert, 1937; Ramberg, 1981). We used a length scaling ratio l* (where * 146 

denotes the ratio between the model and natural values) of 10-5, such that 10 mm in the 147 

models corresponds to 1 km in nature. The overburden above the top of the injection inlet, at 148 

the start of each model run was 60 mm (Fig. 1B), which thus corresponds to an initial 149 

emplacement depth of 6 km. Microbead layers added to models FF-07 and FF-08 were each 3 150 

mm thick (Fig. 1B). Both models and nature have the same gravitational acceleration (g), 151 

imposing a scale factor of g*=1. The density ratio () is ~0.5, resulting from the ratio 152 

between the analogue granular material (~1400 kg m-3) and natural rocks (~2700 kg m-3) 153 

(e.g., Schellart, 2000), as well as the ratio between our magma analogue (~1200 kg m-3) and a 154 

natural granitic magma at emplacement conditions (~2400 kg m-3; e.g., Montanari et al., 155 

2010). These ratios result in a stress scaling ratio g* l*) of ~5 × 10-6. The stress 156 



scaling ratio is related to the scaling ratios of strain rate (*), viscosity (), and velocity of 157 

deformation (V*), by the relationship V*/l*). Our applied magma injection 158 

velocity in the models (2.5 cm/hr) thus scales to natural magma ascent rates of ~0.02 km/yr 159 

for viscosities of a natural felsic magma (i.e. ~4 ×1012; e.g., Merle, 2015).  160 

 161 

Measurements 162 

During the experiments, deformation was monitored through top-view photos taken at regular 163 

five-minute time intervals (Fig. 1A). At the end of each experiment, the models were 164 

watered, frozen, and cut with a saw to obtain cross-sections that could be used to analyse 165 

internal deformation (e.g., Fig. 1C). We note that in the presented cross-sections, a 166 

percolation aureole has developed around the intrusions, which occurs as polyglycerols leach 167 

out of the magma during wetting of the model (e.g., Galland et al., 2007; Galland et al., 2015; 168 

Montanari et al., 2017); these percolation aureoles do not impact the geometry of intrusion-169 

induced deformation structures. Parameters measured for each model include: current horizon 170 

height above injector (hcurrent); fold length (i.e. horizontal distance between fold inflections; 171 

r0); fold line length (r1); maximum amplitude (Amax); fold amplitude along selected vertical 172 

profiles (Avert); layer thickness along selected vertical profiles (tlayer); vertical intrusion 173 

thickness (tint); intrusion transgressive height (H); inclined limb dip (α); inner sill diameter 174 

(Dsill); magma emplacement depth (hemp), which is equal to the depth of the injector inlet 175 

beneath the model surface; and the diameter of the fold at the model surface (Dfold) (Fig. 1C). 176 

Fold measurements were collated from all deformed horizons. We also calculate the linear 177 

strain (εr) across the fold, which describes its change in length (Δr = r0 - r1) during 178 

deformation (Fig. 1C) whereby: 179 

 180 

εr = Δr / r0 181 



 182 

Limitations and errors 183 

Whilst our models are scaled to natural systems, the values derived to describe natural 184 

parameters are typically averages and/or assume specific magma or host rock compositions. 185 

Physical modelling of magma intrusions therefore involves several simplifications, primarily 186 

concerning the rheological properties of the analogue magma, the geometry of the magma 187 

feeder system, magma injection rates, cooling and crystallization of the magma, and 188 

variations in rheology and strength of the host rocks during emplacement (e.g., Galland, 189 

2012b; Galland et al., 2006; Montanari et al., 2017). Adopting these simplifications limits the 190 

applicability of our models to examining natural systems. For example, our experiments 191 

simulate deformation induced by emplacement of felsic magma (Table 2), meaning our 192 

results cannot easily be compared to natural mafic systems and associated forced folds, which 193 

are the focus of most seismic reflection studies (e.g., see Magee et al., 2019b and references 194 

therein). In addition to adopting several simplifications, in this experimental series we could 195 

not quantify evolution of the model interior through time, since the host rock materials used 196 

are opaque and sectioning could only be conducted after the end of each model run 197 

(Kavanagh et al., 2018). Finally, we consider human error could introduce errors of up to 198 

±5% to our measurements of intrusions and deformation structures within the models.  199 

 200 

Results 201 

In the homogeneous host rock model (FF-05), where all layers comprise sand, the intrusion 202 

has a dyke-like geometry with minor (<10 mm wide), sill- and laccolith-like asperities 203 

formed at most layer boundaries (except for Horizon G; Fig. 2A). Horizons A-F are subtly 204 

downwarped by <2 mm where intersected by the intrusion but small-to-moderate amplitude 205 

antiforms occur adjacent to the intrusion at horizons B-F; the intrusion-adjacent antiforms at 206 



horizons B-D occur on the right-hand side of the intrusion and have maximum amplitudes 207 

(Amax) of 0.6–0.7 mm, whilst those at horizons E and F occur on the left-hand side of the 208 

intrusion and have Amax values of 2.1 mm and 2.7 mm, respectively (Fig. 2A; Table. 3). 209 

Broad antiforms are developed at horizons G and H, which have Amax values of 3.9 mm and 210 

2.3 mm, respectively (Fig. 2A; Table 3). The surface deformation associated with the 211 

Horizon H antiform reveals the fold is roughly circular, i.e. it is dome-shaped, with a 212 

diameter (Dfold) of ~40 mm. Eruption occurred at the outer fold inflection point and minor 213 

extensional faults and fractures, with variable orientations, are present across the fold crest 214 

(Fig. 2A). 215 

 216 

 217 

Figure 2: Uninterpreted and interpreted photographs of cross-sections through, as well as a 218 

plan-view of the final model geometry, for experiments FF-05 (A), FF-07 (B), and FF-08 (C). 219 

For each cross-section, a series of vertical profiles 10 mm apart were arbitrarily imposed and 220 

used to focus measurements (see Fig. 1C). 221 



 222 

Table 3: Data describing maximum amplitude and linear strain across model horizons 223 

Model Horizon Horizon 
height above 

inlet 

Maximum 
amplitude 

Intrusion 
thickness 

beneath Amax 

Fold 
length 

Fold 
line 

length 

Linear 
strain 

  (hcurrent) (Amax) (tint) (r0) (r1) (εr) 

    [mm] [mm] [mm] [mm] [mm]   

FF-05 

H 60 02.3 15.2 041.5 041.7 0.004 

G 50 03.9 13.0 035.2 036.9 0.049 

F 40 02.7 15.2 033.7 035.6 0.057 

E 36 02.1 23.2 027.4 028.2 0.029 

D 30 00.6 00.0 035.3 N/A* N/A 

C 20 00.6 02.5 048.9 N/A N/A 

B 10 00.7 01.6 018.3 N/A N/A 

FF-07 

I 60 04.8 06.1 092.8 093.4 0.006 

H 50 05.5 02.6 082.4 085.7 0.039 

G 47 05.6 03.3 079.8 081.0 0.015 

F 40 06.2 01.5 074.3 075.8 0.020 

E 33 06.3 02.9 073.4 075.8 0.032 

D 30 06.3 01.5 070.3 071.9 0.023 

C 20 06.8 06.0 052.6 055.5 0.056 

B 10 05.7 04.5 027.8 030.7 0.107 

FF-08 

J 60 04.6 07.6 105.7 106.6 0.009 

I 50 05.4 03.7 088.8 089.5 0.008 

H 40 06.1 07.0 088.6 090.4 0.020 

G 33 05.9 06.1 084.1 087.2 0.038 

F 30 06.6 09.5 083.9 085.6 0.020 

E 20 05.6 04.4 072.6 075.2 0.035 

D 16 05.2 05.7 068.2 069.3 0.016 

C 12 05.6 05.7 066.2 068.2 0.030 

B 10 05.1 08.5 053.1 N/A N/A 

*N/A = could not be measured because intrusion obscured fold 224 

 225 

Both models containing interbedded microbeads and sand layers (i.e. FF-07 and FF-226 

08; Fig. 1B) display sill-like intrusion geometries, with minor apophyses that appear to 227 

intrude down to the base of the model from the inlet, and do not feed eruptions (Figs 2B and 228 

C). The intrusion in FF-07 comprises two inclined limbs, depicting a ~69 mm wide ‘V-229 

shaped’ morphology, with the 30 mm high (H), left-hand limb transgressing up to and 230 

feeding a minor sill within the lowermost microbead layer (i.e. Layer D-E) at a dip (α) of 231 

~30° (Fig. 2B); the transgressive right-hand limb (H = ~23 mm; α = ~40°) stalls immediately 232 

above Horizon C (Fig. 2B). Model FF-08 contains a ~76 mm wide, saucer-shaped sill 233 



comprising a flat, concordant inner sill at Horizon A, with a diameter (Dsill) of ~30 mm, 234 

which passes laterally into two inclined limbs (Fig. 2C). The transgressive left-hand inclined 235 

limb of FF-08 (H = ~11 mm; α = ~20°), in the section presented, is separated from the main 236 

sill and stalls within the lowermost microbead layer (i.e. Layer C-D), where it appears to 237 

form a minor sill in (Fig. 2C). The right-hand inclined limb of FF-08 extends up to Layer E-F 238 

(H = ~25 mm; α = ~40°) (Fig. 2C); where the right-hand limb intersects Layer C-D, it 239 

displays a complex morphology and appears to intrude along the microbeads (Fig. 2C). 240 

Where inclined limbs of both FF-07 and FF-08 intersect folded horizons, they do so at the 241 

outer fold inflection points (Figs 2B and C). Surface deformation in FF-07 is characterised by 242 

an elliptical forced fold, ~110 × 90 mm, bound on its left-hand side by two arcuate reverse 243 

faults (Fig. 2B). The forced fold in FF-08, at the surface, is sub-circular, has a Dfold of ~10 244 

mm, and is bound on its left-hand side by a single arcuate reverse faults (Fig. 2C). Within the 245 

FF-07 and FF-08 forced folds, all horizons from Horizon B to the top of the fold display 246 

smooth, antiform structures in cross-section (Figs 2B and C); Amax values for FF-07 range 247 

from 4.8–6.8 mm, and for FF-08 range from 4.6–6.6 mm (Figs 2B and C; Table 3). In all 248 

models, the location of Amax varies between horizons and is rarely situated directly above the 249 

inlet (Fig. 2). 250 

 251 

Quantitative analysis 252 

For all models, there is a strong (R2 ≥0.90), positive correlation between fold line length (r1) 253 

and horizon height above the inlet (hcurrent) (Figs 2, 3, and 4A); the exception to this 254 

relationship are the folds developed along horizons C and D in model FF-05 (Fig. 4A), but 255 

these measurements include wide areas where the horizons are downwarped (Fig. 2A). In 256 

models FF-07 and FF-08 there is no obvious correlation between the height of microbead 257 

layers and where deviations from the gradient of the linear regression trendline occur (Fig. 258 



4A). All three models also show a similar pattern in how Amax increases and then decreases 259 

with hcurrent (Figs 3 and 4B). For FF-05 there is little change in Amax and hcurrent between 260 

horizons B-D, but then Amax steadily increases up to Horizon G (3.9 mm) before decreasing at 261 

Horizon H (2.3 mm) (Fig. 4B; Table 4); we note extensional faulting across the crest of the 262 

FF-05 forced fold may have reduced Amax along Horizon H (Fig. 2A). The Amax values for FF-263 

07 increase from 5.7 mm at Horizon B to 6.8 mm at Horizon C, and then gradually decrease 264 

to 4.8 mm at Horizon I (Figs 3A and 4B; Table 4). From an Amax of 5.1 mm at Horizon B, the 265 

greatest Amax of FF-08 is 6.6 mm at Horizon F, which decreases to 4.6 mm at Horizon J (Figs 266 

3B and 4B; Table 4). The Amax of the two top microbead horizons in FF-08 (i.e. D and G) are 267 

suppressed relative to the general trend of the data (Fig. 4B; Table 4). We note Amax also 268 

broadly increases and then decreases with r1 (Figs 3 and 4C).  269 

 270 

Table 4: Horizon amplitude measured along imposed vertical profiles 271 

Model 
Distance 

[mm] 
Horizon amplitude (Avert) [mm] Intrusion 

thickness [mm] 

    B C D E F G H I J   

FF-07 

0 - - - - - - - - N/A - 

10 - - - - - - - - N/A - 

20 - - - - - - - 00.2 N/A - 

30 - - - - 00.3 00.5 00.3 01.6 N/A 05.3 

40 - - 04.0 04.0 03.6 03.3 03.9 03.3 N/A 03.4 

50 - 04.7 05.5 06.1 05.5 05.1 05.1 03.9 N/A 05.5 

60 03.2 06.5 06.3 06.3 06.0 05.4 05.2 04.4 N/A 01.5 

70 04.8 06.8 06.2 06.0 06.0 05.5 05.4 04.8 N/A 05.0 

80 - 05.6 05.1 05.6 05.3 04.9 05.2 04.6 N/A 02.8 

90 - 02.2 02.9 03.6 03.4 04.1 04.8 03.8 N/A 01.8 

100 - - - - 00.2 00.6 01.2 02.3 N/A - 

110 - - - - - - - 00.3 N/A - 

120 - - - - - - - - N/A - 

130 - - - - - - - - N/A - 

FF-08 

0 - - - - - - - - - - 

10 - - - - - - - - - - 

20 - - - - - - - - 01.1 - 

30 - - - 00.3 01.0 00.9 01.8 02.7 03.1 04.1 

40 02.6 04.0 03.0 04.0 04.2 04.3 04.8 03.9 03.9 03.9 

50 04.4 04.9 04.9 05.4 05.1 05.4 05.6 05.2 04.4 07.8 

60 04.8 05.6 05.1 05.3 06.2 05.7 06.1 05.4 04.4 05.7 

70 04.1 05.0 04.1 04.8 06.5 05.7 06.2 05.1 04.6 09.5 

80 - - - 04.1 05.8 05.6 05.5 04.9 03.5 12.8 

90 - - - 03.2 04.0 03.9 04.1 03.4 03.1 07.1 



100 - - - - 01.5 01.4 01.9 01.7 02.3 01.9 

110 - - - - - - - - 00.7 - 

120 - - - - - - - - - - 

130 - - - - - - - - - - 

- denotes sites where no measurement was obtained (e.g., there is no folding or no intrusion) 272 

 273 

 274 

Figure 3: (A and B) Plots of fold amplitude, for each horizon, and sill thickness measured 275 

along the vertical profiles imposed on FF-07 and FF-08 (see Figs 2B and C; Table 4).  276 

 277 



 278 

 279 

Figure 4: (A) Plot of fold line length and horizon height above inlet for FF-05, FF-07, and 280 

FF08. Linear regression trendlines also plotted. (B) Plot of horizon height above inlet and 281 

maximum fold amplitude for each horizon in the three models. (C) Plot of fold line length 282 

and maximum fold amplitude. (D) Plot of linear strain and maximum fold amplitude. (E) Plot 283 

of linear strain and horizon height above inlet. Power-law trendline shown for FF-07; 284 

trendline does not take into account the microbead layer values. (F) Plot of intrusion 285 

thickness measured along the imposed vertical profiles (Fig. 2) and the corresponding 286 

amplitude of folds along each horizon. For A-F, see Figure 1C and text for explanation of 287 

measured parameters. 288 

 289 

 There appears to be little, if no, correlation between the Amax of a given horizon and 290 

linear strain (εr) at the same structural level (Fig. 4D). However, there is a broad decrease in 291 



εr, particularly for FF-07 and FF-08, from the lower horizons to the model top; important 292 

exceptions to this are the microbead layers that accommodate a disproportionate increase in εr 293 

(Fig. 4E). For example, horizons at the top of sand layers in FF-07 (i.e. horizons B, C, D, F, 294 

G, and I) describe a strong (R2 ≥0.95), power-law decay of εr with hcurrent (Fig. 4E). Yet those 295 

horizons marking the top of microbead layers in FF-07 show higher εr values of 0.032 296 

(Horizon E) and 0.039 (Horizon H) than the power-law trendline predicts (i.e. ~0.020 for 297 

Horizon E and ~0.012 for Horizon H; Fig. 4E). We note that whilst most horizons within 298 

models FF-07 and FF-08 have a smooth, bell-shaped profile in cross-section, the uppermost 299 

microbead layers (i.e. horizons H and G, respectively) have relatively flat-topped geometries 300 

(Fig. 3). 301 

There appears to be little, if no, correlation between the Amax of a given horizon and 302 

the tint of the underlying intrusion segment, particularly for models FF-07 and FF-08 (Fig. 303 

4F). Whilst intrusion thickness does not seem to control amplitude magnitude (Fig. 4F), 304 

relative changes in tint along-strike moderately (R2 = 0.46 and 0.69 for FF-07 and FF-08, 305 

respectively) and positively correlate too and are broadly reflected in amplitude variations 306 

(Figs 3 and 5A). There is also a strong (R2 = 0.89 and 0.95 for FF-07 and FF-08, 307 

respectively), positive correlation between Avert across the top of the fold and the 308 

corresponding intrusion depth beneath Avert (Figs 3 and 5B). 309 

 310 



 311 

Figure 5: Plots of intrusion thickness (A) and depth (B) measured along the imposed vertical 312 

profiles against the corresponding amplitude of the top horizon (i.e. model surface) for 313 

models FF-07 and FF-08. Linear regression trendlines shown. 314 

 315 

Layer thickness (tlayer) across the modelled forced folds is variable (Fig. 6; Table 5). 316 

Prominent apparent changes in tlayer, particularly relative reductions in thickness, are 317 

associated with where intrusions intersect a measured vertical profile (Figs 2 and 6). Model 318 

FF-05 displays the most prominent tlayer variations, with some layers showing localised 319 

thinning of up to ~5.2 mm (Layer F-G; Figs 6A and B). In all models, the top stratal layer 320 

thins across the fold crest and has thickened in the area encompassing the outer fold 321 

inflection points of its upper and lower bounding surfaces (Fig. 6). For example, in model FF-322 

07, Layer H-I thickens by ~0.8 mm and ~1.2 mm across the outer edges of the forced fold, 323 

but thins by up to ~1.3 mm across its crest (Figs 6C and D; Table 5). Other layers in the three 324 

models, particularly those situated towards the top of their respective forced folds and the two 325 

microbead layers in model FF-07 (i.e. layers D-E and G-H), show similar thickness trends to 326 

the top layers (Fig. 6). In model FF-08, the microbead layers (i.e. layers C-D and F-G) 327 

primarily display evidence of thinning across the forced fold, by up to ~1.2 mm and ~1.8 328 



mm, respectively; layers B-C, E-F, and G-H broadly thicken across the fold by up to ~1.4 329 

mm, ~1.7 mm, and ~0.9 mm, respectively (Figs 6E and F). 330 

 331 

 332 

Figure 6: Plots examining layer thickness in models FF-05, FF-07, and FF-08. (A, C, and E) 333 

Plots of layer thickness, for each layer, and sill thickness measured along the vertical profiles 334 

imposed on the cross-sections. (B, D, and F) Change in layer thickness over the duration of 335 

the models. Inset in (B): schematic diagram showing how upwards broadening of a forced 336 

fold produces areas across the fold crest where layers are thinned, and zones of thickening 337 

over the fold inflections. 338 

 339 

Table 5: Layer thickness measurements across the models where vertical profiles intersect 340 

Model Distance 
[mm] 

Layer thickness (tlayer) [mm] 

    A-B B-C C-D D-E E-F F-G G-H H-I I-J 

FF-05 
0 10.2 10.3 10.1 06.1 04.1 10.2 10.0 N/A N/A 

10 10.1 10.3 10.1 06.1 04.0 10.2 10.1 N/A N/A 



20 10.1 10.5 09.9 06.1 04.5 09.9 10.8 N/A N/A 

30 09.1 06.4 06.4 07.3 04.6 11.2 10.0 N/A N/A 

40 05.0* 07.8 - 04.4 03.5 12.8 08.5 N/A N/A 

50 07.5 10.0 09.5 05.1 00.6 04.4 07.8 N/A N/A 

60 10.3 10.6 10.0 05.9 04.1 10.1 10.1 N/A N/A 

70 10.1 10.3 10.1 06.1 04.1 10.2 10.0 N/A N/A 

80 10.1 10.4 10.1 06.2 04.1 10.1 10.1 N/A N/A 

FF-07 

0 09.8 10.1 10.2 02.9 07.1 07.1 03.5 09.9 N/A 

10 09.8 10.1 10.2 02.2 07.6 07.1 03.5 09.9 N/A 

20 09.8 10.1 10.4 01.9 08.0 07.1 03.5 10.1 N/A 

30 09.6 10.1 09.4 - 05.8 07.3 03.9 10.7 N/A 

40 09.9 10.0 10.1 03.6 06.5 06.7 04.2 09.2 N/A 

50 09.8 06.9 11.1 03.5 06.5 06.6 03.5 08.6 N/A 

60 11.6 13.3 10.0 02.9 06.7 06.6 03.2 09.1 N/A 

70 09.6 12.0 09.6 02.8 06.9 06.7 03.2 09.3 N/A 

80 11.3 11.4 09.8 03.5 06.5 06.7 03.8 09.3 N/A 

90 09.9 10.5 10.9 03.7 06.7 07.8 04.2 08.9 N/A 

100 09.9 10.0 10.4 03.2 07.1 07.4 03.9 11.1 N/A 

110 10.1 09.9 10.4 03.1 06.8 07.2 03.3 10.2 N/A 

120 10.0 10.0 10.4 02.9 06.8 07.3 03.4 09.9 N/A 

130 09.9 09.9 10.4 03.2 06.7 07.2 03.4 09.9 N/A 

FF-08 

0 10.6 02.6 03.8 03.5 10.3 03.5 06.6 11.3 10.1 

10 10.3 02.6 03.8 03.5 10.3 03.5 06.6 11.2 10.3 

20 10.3 02.7 03.8 03.5 10.2 03.6 06.6 11.1 11.4 

30 10.3 02.6 - 03.1 11.1 03.4 07.5 12.3 10.6 

40 09.3 04.0 02.6 04.5 10.8 03.4 07.1 10.4 10.1 

50 10.1 03.2 03.6 04.1 10.1 03.7 06.9 10.8 09.3 

60 11.7 03.4 03.4 04.1 11.3 03.1 07.0 10.4 09.3 

70 09.5 03.6 02.9 04.1 12.1 02.6 07.1 10.2 09.6 

80 09.0 - - 03.2 12.1 03.4 06.4 10.7 08.9 

90 09.3 03.6 - 03.2 11.2 03.4 06.9 10.5 09.9 

100 09.9 02.7 03.8 02.8 10.8 03.4 07.1 11.0 10.8 

110 10.1 02.6 03.8 03.4 10.6 03.4 06.6 11.4 10.9 

120 10.1 02.6 03.8 03.6 10.2 03.5 06.5 11.3 10.3 

130 10.1 02.6 03.8 03.5 10.3 03.5 06.5 11.4 10.1 

*measurements in italics correspond to where intrusion partly hinders thickness measurement 341 
- denotes where intrusion completely obscures layer thickness  342 

 343 

Discussion 344 

The geometrical properties of intrusion-induced forced folds, produced purely by elastic 345 

bending of the overburden, are expected to mimic the shape and size of the magma body they 346 

accommodated (e.g., Galland, 2012a; Schmiedel et al., 2017). If elastic bending fully 347 

accommodates emplacement, we can therefore use the amplitude (and volume) of forced 348 

folds measured either at Earth’s surface or in seismic reflection data as a proxy for intrusion 349 

thickness (and volume) (e.g., Hansen and Cartwright, 2006; Jackson et al., 2013). Yet our 350 



models show that: (i) the relatively smooth, dome-shaped folds do not capture the 351 

morphological complexity of the intrusions (Fig. 2): (ii) fold length (diameter) increases with 352 

height above the intrusion feeding site (Figs 3 and 4A); (iii) fold amplitude is locally variable 353 

but broadly decreases with height (Figs 3 and 4B), and is thus decoupled from intrusion 354 

thickness (Fig. 4F); and (iv) the weak microbead layers preferentially accommodate more 355 

linear strain (extension), and their layer thickness varies across the folds (Figs 4E and 6). 356 

These observations indicate the intruded magma volume was not purely accommodated by 357 

elastic bending, supporting an array of previous physical modelling studies that have shown 358 

the translation of magma emplacement into surface deformation is complex (e.g., Galland, 359 

2012a; Galland et al., 2019; Poppe et al., 2019; Schmiedel et al., 2019). Here, we discuss how 360 

our results contribute to our understanding of specific relationships between magma 361 

emplacement style, host rock behaviour during deformation, and intrusion geometry. 362 

 363 

Intrusion style and host rock lithology 364 

Numerous physical modelling experiments have examined how host rock properties (e.g., 365 

rock strength, and cohesion) impact intrusion morphology (e.g., Abdelmalak et al., 2012; 366 

Galland, 2012a; Galland et al., 2014; Guldstrand et al., 2017; Kavanagh et al., 2018; 367 

Kavanagh et al., 2006; Kervyn et al., 2009; Mathieu et al., 2008; Montanari et al., 2017; 368 

Poppe et al., 2019; Schmiedel et al., 2017; Schmiedel et al., 2019). For example, several 369 

experimental series injection of a magma analogue into a homogeneous and granular media 370 

have suggested massive intrusions (e.g. cryptodomes) typically form within low-strength 371 

material (i.e. low cohesion and angles of internal friction), whilst sheet intrusions (e.g. dyke, 372 

sills, and cone sheets) develop in material with moderate-to-high strengths (e.g., Poppe et al., 373 

2019; Schmiedel et al., 2017; Schmiedel et al., 2019). However, variations between materials 374 



used and model set-ups mean comparing different experimental results, and nature, can be 375 

difficult (Poppe et al., 2019).  376 

 Galland et al. (2014) derived a series of dimensionless numbers to facilitate 377 

comparison between different experimental set-ups and nature. These dimensional parameters 378 

include the depth-to-size of the magma source (Π1) and the dynamic ratio of viscous stresses 379 

due to magma flow and strength of the host rock (Π2): 380 

 381 

Π1 = hemp/Dinlet 382 

 383 

where hemp is the depth of the injector inlet and Dinlet is its inlet diameter (these correspond to 384 

h and d, respectively, in Galland et al., 2014). 385 

 386 

Π2 = (ηv)/(CDinlet) 387 

 388 

where η is the analogue magma viscosity, v is the injection velocity, and C is the cohesion of 389 

the host material. Different intrusion morphologies, both observed in nature and created in 390 

experiments, can be distinguished on a plot of Π1 vs Π2 (Fig. 7) (Galland et al., 2014). 391 

Importantly, the Π1 and Π2 values for our three models are the same (i.e. 15 and 0.03, 392 

respectively), yet different intrusion geometries are produced depending on whether the host 393 

succession is homogeneous or heterogeneous (Figs 2 and 7).  394 

 395 



 396 

Figure 7: Plot of Π1 versus Π2, highlighting the approximate parameter space occupied by 397 

different natural intrusions and experiments, including our models (modified from Galland et 398 

al., 2014; Poppe et al., 2019). 399 

 400 

It is clear from the model cross-sections that the magma analogue in FF-07 and FF-08 401 

forms inclined sheets or a sill, respectively, immediately after exiting the inlet; in contrast, 402 

magma in FF-05 intrudes straight upwards (Fig. 2). Because we keep all other input 403 

parameters consistent (including Π1 and Π2), it seems likely that the presence of microbead 404 

layers has caused the intrusion geometry to change from being dyke-like in the homogeneous 405 

sand model (FF-05), to having a cone sheet (FF-07) or saucer-shaped sill (FF-08) appearance 406 

(Fig. 2). This change in the behaviour of the magma analogue upon exiting the inlet may 407 

imply the presence of the microbead layers influences emplacement style before there is any 408 

physical interaction between the two materials. The dyke-like intrusion geometry and 409 

adjacent downwarping of horizons A-E, flanked by zones of uplift, in model FF-05 imply 410 

space for the magma analogue was primarily generated by lateral contraction (compaction 411 

and folding) of the host material (Figs 2A and 8A); this is also consistent with thinning of 412 

layers A-B to D-E (Figs 5A and B). When the dyke-like intrusion reached Layer D-E and 413 

formed a small sill, it appears the reduced overburden meant space could be accommodated 414 

by the formation of broader, dome-shaped forced folds (Figs 2A and 8B). In contrast, we 415 



suggest the injection of the magma analogue in models FF-07 and FF-08 caused the 416 

microbeads layers to immediately ‘flow’ laterally as porosity reduced, producing a central 417 

low in layer thickness, allowing underlying sand layers directly above the inlet to bend 418 

upwards (Fig. 8C and D). The capability of the microbead layers to compress laterally is 419 

evidenced by: (i) injection of intrusion portions along the microbead layers, without 420 

producing adjacent increases in the layer thickness (Figs 2B, C, and 5C-F); and (ii) the 421 

irregular surfaces bounding the microbead layers and particularly their upper boundaries, 422 

which accommodate more strain than horizons between sand-sand layers (Fig. 4E). 423 

Furthermore, the frictional resistance between the microbead layers and adjacent sand layers 424 

would likely have been less than between sand-sand layers in FF-05, possibly meaning 425 

flexural sliding and thus folding was easier in FF-07 and FF-08 (Hansen and Cartwright, 426 

2006; Pollard and Johnson, 1973).  427 

 428 

 429 

Figure 8: (A) Schematic showing how lateral contraction, by compaction and folding, of the 430 

lowermost sand layers in FF-05 accommodation dyke intrusion. (B) Diagram describing how 431 

compaction and lateral flow of microbead layers could accommodate uplift of the underlying 432 

sand, favouring development of a sill above the inlet. 433 

 434 

Saucer-shaped sill emplacement 435 



Saucer-shaped sills are commonly observed in sedimentary basins (e.g., Magee et al., 2016; 436 

Planke et al., 2005; Polteau et al., 2008; Pongwapee et al., 2019; Thomson and Hutton, 2004). 437 

It is broadly considered that the inclined limbs encompassing saucer-shaped sills develop in 438 

response to roof flexure and/or stress field rotation when once the inner sill diameter (D; here 439 

we use Dsill) is wide enough relative to its emplacement depth (d; here we use hemp) (e.g., 440 

Fialko et al., 2001; Goulty and Schofield, 2008; Hansen and Cartwright, 2006; Jackson et al., 441 

2013; Malthe-Sørenssen et al., 2004; Mathieu et al., 2008; Pollard and Holzhausen, 1979; 442 

Polteau et al., 2008). The ratio of Dsill/hemp required to promote intrusion of inclined limbs is 443 

~3–5, assuming host rock deformation is purely elastic (Koch et al., 1981; Malthe-Sørenssen 444 

et al., 2004; Pollard and Holzhausen, 1979); Mathieu et al. (2008) reported inelastic host rock 445 

deformation allowed cup-shaped intrusions, which saucer-shaped sills are an example, to 446 

form when the Dsill/hemp ratio was only ~0.5. Assuming our cross-section through model FF-447 

08 accurately captures the geometry of its intrusion, we calculate the inclined limbs formed 448 

when the Dsill/hemp ratio between the inner sill diameter (~30 mm) and emplacement depth 449 

(~60 mm) was ~0.5. Although a Dsill/hemp value of 0.5 is less than many studies predict, our 450 

result is consistent with those ratios recorded by Mathieu et al. (2008) and may similarly be 451 

potentially explained by the accommodation of magma by elastic and inelastic deformation. 452 

 453 

Forced fold development 454 

Our study supports recent physical model experiments by demonstrating dome-shaped forced 455 

folds can form, and be expressed at the free surface, above both dyke- and sill-like sheet 456 

intrusions (Fig. 2) (e.g., Galland, 2012a; Guldstrand et al., 2017; Poppe et al., 2019; 457 

Schmiedel et al., 2017). We also show the forced folds developed above the cone sheets and 458 

saucer-shaped sills widen and decrease in amplitude upwards (Figs 2B, C, and 3), consistent 459 

with previous suggestions that contemporaneous compaction of the overburden can partly 460 



accommodate strain (e.g., Hansen and Cartwright, 2006; Jackson et al., 2013; Morgan et al., 461 

2008; Pollard and Johnson, 1973; Withjack et al., 1990); i.e. inelastic deformation suppresses 462 

the translation of magma emplacement into surface deformation. 463 

 464 

Conclusion 465 

Physical modelling has played a pivotal role in isolating and testing how different processes 466 

and material properties impact the style of magma emplacement. Yet few physical 467 

experiments involve a heterogeneous, layered host succession, despite field evidence and 468 

numerical modelling indicating the juxtaposition of different lithologies can control intrusion 469 

geometry and emplacement. Here, we present physical models that comprise a granular sand 470 

host interbedded with thin, weak layer of microbeads at least 13 mm above the magma 471 

analogue inlet; all model except the host succession configuration were kept constant. In our 472 

control experiment (no microbeads), the intrusion attained a dyke-like geometry before 473 

erupting, showing evidence of the magma analogue being accommodated by lateral 474 

contraction of the host material near its base and roof uplift (forced folding) near the surface. 475 

Where two layers of microbeads were incorporated into our models, the injected magma 476 

analogue forms either a cone sheet or saucer-shaped sill, accommodated primarily by forced 477 

folding, and did not erupt. We suggest that upon injection of the magma analogue, the 478 

microbead layers immediately began to compact and thin, accommodating uplift of the 479 

underlying sand layers and promoting sill intrusion; i.e. microbead layer compaction could 480 

occur before lateral contraction of the sand layer above the inlet. Our results support previous 481 

observations that the configuration of a layered host rock succession comprising lithologies 482 

with different mechanical properties can influence magma emplacement and intrusion 483 

geometry. Furthermore, we show that simple doming at the surface poorly reflects the 484 

internal structure of the forced folds or the complex geometry of underlying intrusions. Our 485 



models thus imply that the translation of magma emplacement into surface deformation is 486 

perhaps more complex than previously thought, questioning the accuracy of ground 487 

deformation inversions to recover to intrusion geometries, volumes, and location. Overall, 488 

physical modelling has a key role to play in developing our understanding of sub-volcanic 489 

magma emplacement and coupled surface deformation, but future experimental series should 490 

further explore the importance of heterogeneous host successions of these systems.  491 
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