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ABSTRACT 16 

 17 

Caldera unrest can lead to major volcanic eruptions. Analysis of subtle subsidence or 18 

inflation at calderas helps understanding of their subsurface volcanic processes and related 19 
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hazards. Several subsiding calderas have shown similar patterns of ground deformation 20 

composed of broad subsidence affecting the entire volcanic edifice and stronger localized 21 

subsidence focused inside the caldera. Physical models of internal deformation sources 22 

used to explain these observations typically consist of two magma reservoirs at different 23 

depths in an elastic half-space. However, such models ignore important subsurface 24 

structures, such as ring faults, that may influence the deformation pattern. Here we use both 25 

analog subsidence experiments and boundary element modeling to study the three-26 

dimensional geometry and kinematics of caldera subsidence processes, evolving from an 27 

initial downsag to a later collapse stage. We propose that broad subsidence is mainly caused 28 

by volume decrease within a single magma reservoir, whereas buried ring-fault activity 29 

localizes the deformation within the caldera. Omitting ring faulting in physical models of 30 

subsiding calderas and using multiple point/sill-like sources instead can result in erroneous 31 

estimates of magma reservoir depths and volume changes. 32 

 33 

Keywords: volcanic deformation; ring faulting; caldera collapse; analog models; boundary 34 

element modeling; InSAR 35 

 36 

1. Introduction 37 

 38 

Volcanic deformation is commonly associated with changes in underlying magma reservoirs and 39 

plumbing systems (De Natale et al., 1997; Segall, 2010) and is often observed as inflation or 40 

deflation during episodes of eruption or unrest. Geodetic techniques, such as GPS and satellite-41 

based interferometric synthetic-aperture radar (InSAR) imaging are the primary tools to monitor 42 
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ground deformation on active volcanoes today (Pyle et al., 2013; Biggs et al., 2014). Observed 43 

displacements are then typically used to constrain analytical or numerical models of possible 44 

deformation sources in an elastic half-space, representing pressurization in magma bodies of some 45 

shapes such as spheres, vertical dike intrusions, and horizontal sills. The estimated parameters of 46 

the deformation sources are then interpreted as properties (dimensions, geometries, volume 47 

changes, etc.) of the crustal magma bodies in nature (Dzurisin, 2003; Poland et al., 2006; Segall, 48 

2010). 49 

 50 

Caldera collapse, induced by a major depletion of a magma reservoir, is probably the most notable 51 

type of volcanic deformation (Cole et al., 2005; Acocella, 2007). However, caldera collapses are 52 

rarely witnessed and calderas typically only experience subtle deformation in response to magma 53 

activity at depth. Interestingly, several deforming calderas have shown a similar surface 54 

deformation pattern observed by InSAR after changes in subsurface magma reservoirs or 55 

following small- to moderate-size eruptions. The pattern manifests overlapping deformation 56 

signals, composed of broad deflation affecting the entire volcano edifice and of localized 57 

subsidence concentrating within the caldera depression (Peltier et al., 2009; Chadwick et al., 2011; 58 

Bagnardi and Amelung, 2012; Xu et al., 2016; Holohan et al., 2017). One intriguing example was 59 

related to the 2015 Wolf volcanic eruption, Galápagos, where 60 cm coeruptive intracaldera 60 

subsidence was observed, superimposed on a smoother edifice-wide subsidence extending about 61 

12 km from the center of the caldera (Fig. 1). Modeling of the observed deformation showed that 62 

two shallow magma reservoirs, located at ~1 km and ~5 km below sea level under Wolf, explained 63 

the deformation signals (Xu et al., 2016). At another Galápagos caldera, Fernandina, observed 64 

ground deformation before and after an eruption in 2005 showed a similar overlapping deformation 65 
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pattern (Chadwick et al., 2011; Bagnardi and Amelung, 2012). As in the Wolf case, the concentric 66 

superimposed deformation was modeled by using two magma reservoirs at different depths below 67 

the caldera: a shallow sill at ~1 km depth and a deeper point source at ~5 km depth below sea level. 68 

 69 

Although the overlapping deformation signals observed at several subsiding calderas can be 70 

explained by models of multiple magma reservoirs at different depths (Table 1), such models 71 

usually assume simple point or sill-like sources in an elastic half-space (Chadwick et al., 2011; 72 

Bagnardi and Amelung, 2012; Xu et al., 2016). Furthermore, they do not take into account fracture 73 

systems in the host-rock under calderas, such as ring faults. Ring faults are subsurface structural 74 

boundaries of calderas and their activity has been extensively studied at both active and extinct 75 

volcanoes through seismic datasets (Mori and McKee, 1987; Ekström, 1994; Mori et al., 1996), 76 

geologic evidence (Michon et al., 2009), and laboratory experiments (Roche et al., 2000; Acocella, 77 

2007; Holohan et al., 2008; 2011; Burchardt and Walter, 2010; Howard, 2010; Ruch et al., 2012). 78 

The importance of ring faults in influencing ground deformation episodes was explored and 79 

modeled in three dimensions in a study of the Campi Flegrei caldera, Italy, showing that 80 

mechanically weak ring faults might localize surface deformation within the caldera (Beauducel 81 

et al., 2004). In addition, localized and sharply bounded deformation observed within the calderas 82 

of Tendürek volcano in Turkey (Bathke et al., 2015) and Bárðarbunga volcano in Iceland 83 

(Gudmundsson et al., 2016) was related to buried ring-fault activity. Furthermore, Xu et al. (2016) 84 

suggested that the overlapping surface deformation signals observed during the Wolf eruption 85 

might potentially be due to depletion of a single magma reservoir combined with the activity of a 86 

buried ring fault.  87 

 88 
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Similar inferences were made for Piton de la Fournaise, La Réunion, where observed volcanic 89 

deformation was seemingly caused by pressure changes within several reservoirs (Peltier et al., 90 

2009). The estimated reservoir depth changed from a depth of ~2 km during uplift before the April 91 

2007 eruption, to ~1 km following the eruption and then to only ~0.4 km later during the post-92 

eruption subsidence. As ring faulting was observed (Michon et al., 2007), Peltier et al. (2009) 93 

compared pressure source modeling in different media and suggested that deflating sources 94 

surrounded by a fractured medium would generate more localized ground deformation than similar 95 

sources within a homogeneous medium. This topic was further explored with discontinuum 96 

mechanics models by Holohan et al. (2017), who proposed that the inferred changes of shape, 97 

orientation, and depth of the magma reservoirs associated with the 2007 eruption were primarily 98 

related to inelastic host-rock deformation initiating from a deep magma reservoir and then 99 

migrating upward before eventually reaching the surface. Thus, using a homogenous host-rock 100 

assumption may lead to misestimation of the depth of magma reservoirs (Peltier et al., 2009). 101 

 102 

Here we study further the localization effect ring-fault activity may have on volcanic deformation 103 

and explore whether it can explain the observed overlapping surface deformation patterns seen at 104 

several deforming calderas. Our analysis is based on two complementary approaches: analog 105 

laboratory experiments and computer-based boundary element modeling. In addition, we discuss 106 

the influence of the choice of model on estimating source parameters (e.g., source depths and 107 

volume changes) between models, including ring-fault activity and models that only consist of 108 

multiple reservoirs in a homogeneous host-rock assumption.  109 

 110 

 111 
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2 Analog experiments of caldera subsidence and collapse 112 

 113 

To study caldera collapse in the laboratory, we constructed a glass sandbox analog model with a 114 

movable piston at the bottom of the box to simulate host-rock subsidence under magma 115 

depressurization. We then used multiple synchronized cameras surrounding the box for 116 

deformation field monitoring, which allows us to relate the evolving surface deformation features 117 

to the subsurface structures and further analyze the kinematics of the subsidence processes. While 118 

the setup of our experiment is comparable to several past analog studies of caldera collapses (e.g., 119 

Roche et al., 2000), the novelty here is the simultaneous monitoring of processes at depth (ring-120 

faulting) and the resulting surface deformation, using both photogrammetry and digital image 121 

offset tracking.   122 

 123 

2.1 Sandbox experiment setup 124 

 125 

The key elements of our analog experimental setup included a transparent glass sandbox and a 126 

movable piston controlled by a motor. The size of the box was 30 cm ´ 30 cm with a maximum 127 

depth of 30 cm (Fig. 2a). We loaded the box with horizontal layers of well-sorted crushed silica 128 

sand with grain sizes of 40–200 µm (from Valli Granulati). A semicircular opening (10 cm in 129 

diameter) at the bottom of the box (Fig. 2b) was connected to a piston, which was driven by a 130 

motor stepper and could move vertically with adjustable velocity. To prevent the sand from leaking 131 

out from the piston component, a viscous silicone putty was placed between the sand-stack and 132 

the piston, which leads to less subsidence near the edges of the piston (Fig. 2c). With this piston 133 

setup, we simulated depressurization in a magma reservoir and the resulting crustal subsidence.  134 
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 135 

To ensure the experiments are comparable to nature, parameters of the analog apparatus should 136 

comply with the principle of physical similarity and should be geometrically, kinematically and 137 

dynamically scaled to nature. The stress ratio between the analog experiments and nature σ∗ can 138 

be formulated as: σ∗ ≈ ρ∗g∗l∗, where ρ∗ is the density ratio, g∗ is the gravity ratio, and l∗ is the 139 

length ratio (Norini and Acocella, 2011; Ruch et al., 2012). To model a 5-km diameter caldera 140 

with a 10 cm piston in the experiment, l∗ = l*+,-. l/0123-⁄ ≈ 2´1089 . We take the density of 141 

shallow crustal material as 2,600–2,800 kg/m3 and the density of the quartz sand used in our setup 142 

is 1.38	 g cm?⁄ , resulting in a density ratio ρ∗  of 0.5. The gravity ratio g∗  is 1.0 because our 143 

experiments ran under the same gravitational condition as in nature. The apparent cohesion of the 144 

crushed silica sand has the same dimension as stress, so the resulting stress ratio σ∗ and cohesion 145 

ratio c∗ are 1089. In addition, we assumed a linear Mohr-Coulomb failure criterion with an internal 146 

friction angle 𝜙 ≈ 40° and a natural cohesion c = 10C	Pa (Norini and Acocella, 2011; Ruch et al., 147 

2012) to characterize brittle rock failure in volcanic settings. Considering the cohesion ratio above, 148 

the estimated apparent cohesion of the granular material in our experiments should be around 149 

100	Pa, which agrees with our choice of sand that has an apparent cohesion of 12-123 Pa (Galland 150 

et al., 2018). For the parameters above, this type of sand thus allows for modeling calderas ranging 151 

from about 4 km to over 10 km in diameter. 152 

 153 

We reproduced several sets of experiments to verify the repeatability of the results of the 154 

deformation pattern; we then chose one as representative of the structural evolution to present in 155 

this article (Supplement Table S1). Quantitative observations of the experiments were conducted 156 

using digital cameras. We aligned five synchronized cameras surrounding the sandbox: one at the 157 
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side for observing subsurface processes and four on the top for surface changes (Fig. 2a). The side-158 

view camera pointed straight at the cross-section of the setup from a distance of ~60 cm while the 159 

top-view cameras were placed ~100 cm above the sand-stack with 10°–15° angles between them 160 

to ensure sharp images (Galland et al., 2016). All five cameras were standard DSLR (digital single-161 

lens reflex) cameras (four Nikon D3X with Nikkor 55 mm f/2.8 and one D800E with Nikkor 60 162 

mm f/2.8) with a shutter speed of 1/40 and a frame rate of 1 Hz, controlled by a Hähnel Captur 163 

infrared remote-control system that synchronously activated five receivers installed on the cameras.  164 

 165 

Application of the structure-from-motion technique allows to retrieve quantitative surface 166 

deformation (Galland et al., 2016). We used a stand-alone spatial photogrammetry software 167 

(Agisoft Photoscan) and our top-view photographs to construct a series of digital elevation models 168 

(DEMs) of the evolving topographic surface. Based on a detailed point cloud derived from each 169 

set of synchronized images, a high-resolution DEM was produced after defining ground control 170 

points and the scale between the model and the images. The resolution of the DEMs corresponds 171 

to the pixel size of the captured images, i.e. ~0.11 mm/pix using these 24.5-megapixel cameras 172 

placed at one meter above the sand-stack surface. The resulting multi-temporal DEM provide a 173 

detailed time-series of the evolving surface topography. 174 

 175 

High-resolution digital image correlation is often applied to track the evolving displacement field 176 

of scaled analog experiments. We used PIVlab (Thielicke and Stamhuis, 2014), an open-source 177 

image correlation software running in Matlab, to cross-correlate temporally successive image pairs 178 

captured with both the top-view and the side-view cameras. Based on the referenced scaling, image 179 

pixel offsets were then converted to displacement, velocity and vortex fields (Burchardt and Walter, 180 
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2010; Ruch et al., 2012) of the granular particles through time. The vortex field reflects the shear 181 

strain in the sand and here we interpret the observed shear strain localizations as “faulting”, for 182 

convenience.  183 

 184 

2.2 Structural characteristics and evolution 185 

 186 

The onset of piston sinking drew the sand-stack downward and deformed the ground surface. 187 

Meanwhile, shear strain localizations initiated from the edge of the piston in the subsurface. They 188 

developed upward and eventually reached the surface and magnified the ground displacements 189 

throughout the experiments. We use reverse and normal ring faulting (RF and NF) to describe the 190 

sense of localized shear strain in the analog model experiments. At the surface, we use “near field” 191 

and “far field” for the areas inside and outside the subsiding source boundary (i.e. within the 10 192 

cm source diameter), respectively. The overall subsidence evolution in the experiments could be 193 

separated into an earlier downsag stage and a later collapse stage, based on the observed 194 

deformation features and the onset of surface rupturing, which started at ~4.8 mm of subsidence 195 

(i.e., after 90–100s at steady piston rate of 0.04 mm/s).  196 

 197 

During the downsag stage, compressive ridges formed around the center of the subsidence bowl 198 

(map view; inset Fig. 3a). This compressive regime (negative dilatational strain; the red area) was 199 

caused by movements of buried reverse ring faults (RFs) located below the compressive ridges 200 

(section view; inset Fig. 3b), which grew with increasing subsidence. As expected, the deformation 201 

in the near field is stronger and more localized than in the far field, with the topographic changes 202 

dominated by concentrated subsidence, while further away the topographic changes are featured 203 
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by steady subsidence. In addition to the RFs, extensional regime and fractures also formed at the 204 

surface (positive dilatational strain; the blue area in inset Fig. 3a) due to gravitational instability 205 

of the slopes formed by the buried RFs. 206 

 207 

In the collapse stage, normal faults (NFs) started to nucleate from the surface extensional fractures 208 

which coincides with the boundary of the underlying piston (the black, circular dashed lines in Fig. 209 

3c). As the collapse evolved, the circumferential NFs developed and further delineated a caldera 210 

structure (Fig. 3d). The near-field subsidence accelerated with increasing RF and NF activity, 211 

while the far-field subsidence remained stable without progressing much further. Different 212 

subsiding rates between the two fields led to prominent topographic changes across the surface. 213 

Snapshots of north-south and east-west surface profiles (Fig. 3 e, f) show how the ground surface 214 

progressed from the downsag stage (40, 60, 90s) to the collapse stage (110, 130, 160s). The former 215 

was mainly affected by broad and smooth subsidence, while the latter was dominated by 216 

concentrated subsidence in the near field. Most of the far-field subsidence occurred during the 217 

downsag stage, so the far-field topography remained mostly stable after ~90s. 218 

 219 

2.3 Surface deformation 220 

 221 

Vertical and horizontal surface displacements were retrieved from the DEM time-series of the 222 

evolving ground surface and from the image correlation results of successive top-view 223 

photographs, respectively. For better comparison of InSAR observations, and to reveal more 224 

details of the deformation pattern, we display the resulting surface displacements using wrapped 225 

deformation maps with InSAR-like fringe patterns, with one fringe corresponding to 0.4 mm 226 
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displacement in the line-of-sight (LOS) direction. We used a LOS vector typical of an ascending-227 

track satellite SAR image (e.g. ALOS-2), acquired from an orbit with a heading of N345°E and 228 

an incidence angle of 36° (the top right panel of Fig. 4).  229 

 230 

From the time-series of surface displacements, we find that a broad subsidence area was formed 231 

at the beginning of the downsag stage. This initial subsidence came with the onset of the piston 232 

sinking and is revealed by the smooth fringe pattern covering both the near and far fields with clear 233 

fringe spacing (Fig. 4a). The broad subsidence bowl steadily grew throughout the experiment. 234 

Localized subsidence in the near field, however, only started to occur at the end of the downsag 235 

stage when the ring faults reached the surface. As the ring faults further developed with increasing 236 

activity, the caldera surface progressively collapsed. The collapse stage is characterized by intense 237 

near-field subsidence as illustrated by localized fringe patterns and small fringe spacing (Fig. 4c), 238 

resulting in sharp and steep topography. 239 

  240 

Further analysis of the subsidence time-series shows that the magnitude of the near-field and the 241 

far-field subsidence was similar (about one fringe) at early stages of the experiments (Fig. 4a). 242 

Defining the subsidence difference between the near and the far fields as DS=  [near-field 243 

subsidence]−[far-field subsidence], we found that DS is close to zero at t = 40s, with a maximum 244 

subsidence at the caldera center of about 0.8 mm. Then, the subsidence in the near field started to 245 

increase faster than in the far field, with ∆S ≈ 0.6	mm at t = 60s, with a maximum subsidence of 246 

about 1.9 mm. At t = 90s, the steady far-field subsidence and the rapid near-field subsidence 247 

yielded a larger ∆S of ~3.0 mm and a maximum subsidence of ~4.8 mm. The different subsidence 248 
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rates between the near and the far field (at ~90s) resulted in distinctive features of the fringe pattern, 249 

with a broad subsidence overlapped by a localized subsidence (also Fig. 3e, f).  250 

 251 

In the collapse stage, the difference between the near-field and the far-field subsidence continued 252 

to increase (Fig. 4c) with ∆S reaching ~4.0 mm at t = 110s and the maximum subsidence at the 253 

caldera center ~6.4 mm. At t = 130s and 160s, ∆S increased to ~6.0 mm and ~6.6 mm, with the 254 

maximum subsidence of ~8.5 mm and ~11.2 mm, respectively. The evolution of ∆S shows the 255 

dominant role of the ring faulting in explaining most of the surface deformation. In addition, the 256 

perimeter of the concentrated fringe pattern demonstrates the close relationship between the ring-257 

fault location and the extent of the localized subsidence.  258 

 259 

A piston displacement of ~4.0 mm (when the ring fault reached the surface) scales to ~200 m 260 

subsidence and magma volume loss of ~3.9 km3 for a 5-km caldera, which is comparable to natural 261 

cases. For example, the subsidence of the caldera floor during the 2014–15 Bárðarbunga event was 262 

60 m and the volume loss was ~2 km3 for a 10-km caldera (Gudmundsson et al., 2016). The 263 

Miyakejima collapse in 2000 produced a subsidence of ~450 m during a ~1 km3 volume 264 

withdrawal from a 1.6 km wide caldera (Geshi et al., 2002). Finally, the 5 km wide Kilauea caldera 265 

subsided from 150 m to 550 m in 2018 and produced ~1 km3 of lava (Neal et al., 2018). 266 

 267 

2.4 Structural processes in cross-section 268 

 269 

The evolution of the subsurface structures in the experiments is closely related to the observed 270 

surface deformation. The downsag stage is characterized by the development of the buried reverse 271 
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faulting and smooth deformation of the sand-stack, while the collapse stage is featured by the 272 

reverse faulting reaching the surface, the onset of normal faulting, and the localized near-field 273 

subsidence. Here we present section-view photographs overlain with the rotational strain of the in-274 

depth material calculated using the image correlation technique (Fig. 4b, d), with clockwise 275 

rotational strain in red and counterclockwise in blue. 276 

 277 

The image correlation analysis shows that the RFs initiated during the downsag stage at t = 40s 278 

from the periphery of the piston (red and blue; Fig. 4b) are due to accumulating shear stress 279 

localization. The upper edges of the ring faults (hereafter called “fault tips”) at this stage were 280 

located at ~4 cm below the surface. With increasing subsidence and more intense shear strain in 281 

the sand, the RFs propagated further upward with the fault tips at ~1 cm depth at t = 60s. At the 282 

end of the downsag stage (t = 90s), both sides of the outward dipping RFs enclosing the central 283 

subsiding volume reached the surface and higher dip angle RF branches developed. 284 

 285 

During the collapse stage, the central subsidence gradually developed into a semicircular caldera 286 

collapse bordered by the normal faulting (Fig. 4d). At t = 110s , the numerous branches of 287 

subvertical RFs grew in succession around the primary RFs, enhancing the complexity of the fault 288 

system. At t = 130s, an inward dipping NF developed, which originated from an open fracture at 289 

the surface on the left. The NF further developed due to the instability of the hanging-wall block 290 

of the RFs, propagating downward and merging with the subvertical RFs (see also Fig. 3b, d). At 291 

t = 160s, the development of the NFs had enlarged the subsiding area surrounding the near field, 292 

together with the subvertical RFs merging below, yielding an efficient piston-like collapse (160s 293 

of Fig. 4d).  294 
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 295 

3 Boundary element modeling 296 

 297 

To further analyze the deformation patterns caused by a depleting magma reservoir and an active 298 

ring fault, we carried out numerical simulations based on the boundary element method (BEM). 299 

The BEM is an efficient technique as only source boundaries need to be discretized and thus, it is 300 

often applied in modeling of dike intrusions or earthquake fault slip in an elastic half-space. The 301 

source boundaries can be complex, although in our case we approximate a depleting magma body 302 

with a closing sill-like horizontal crack (Fialko et al., 2001a) and the ring faulting by a conical 303 

fault plane slipping in the dip-direction (Beauducel et al., 2004; Bathke et al., 2015). We modeled 304 

the subsidence from the initial downsag to the later collapse by running several cases composed 305 

of different sill and ring-fault configurations.  306 

 307 

3.1 Boundary Element Method Setup 308 

 309 

We used a sill-like horizontal magma reservoir that interacts with a conical ring fault above it (Fig. 310 

5). We let sill closure represent volume decrease in the sill-like magma body (Amelung et al., 2000; 311 

Bagnardi and Amelung, 2012) and the ring fault responds to the depressurization by fault slip 312 

(Bathke et al., 2015). The geometry of the two sources was constructed using two sets of meshes 313 

composed of triangular dislocations (Nikkhoo and Walter, 2015). Given appropriate boundary 314 

conditions (tractions) on each triangular dislocation as perturbations of an initial state of stress, we 315 

calculated the resulting displacements on all the source dislocations by using the least squares 316 

method. In this linear system, we further added up all the surface displacements caused by each 317 
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dislocation, applying the principle of superposition in order to get the total displacement field at 318 

the surface of the elastic half-space induced by both the ring faulting and the sill closure (Segall, 319 

2010). 320 

 321 

The sill model was designed as a disk with a diameter of 2.0 km and was placed at 4.08 km depth. 322 

Based on the analysis of caldera geometries related to source dimensions, our collapse model has 323 

a thickness to diameter ratio T D⁄ ≅ 2, representing a thick-roof geometrical collapse setting 324 

(Roche et al., 2001; Geyer et al., 2006). Thick-roof collapses are featured by reverse faulting on 325 

relatively steep outward-dipping ring faults (Holohan et al., 2011), which we approximated by the 326 

steep ring-fault geometry of our BEM source setups. This steep ring-fault geometry has also been 327 

revealed by seismicity at Bárðarbunga Volcano, for example (Ekström, 1994; Nettles and Ekström, 328 

1998), and has been seen in previous experimental studies (Roche et al., 2001; Acocella, 2007; 329 

Ruch et al., 2012) and in our analog experiments. We parametrized the geometry of the ring fault 330 

from two circles at different depths, representing the upper edge (diameter of 1.8 km) and lower 331 

edge (diameter of 2.0 km) of the ring fault. The fault plane was then linearly interpolated between 332 

these two circles. We kept the lower edge of the ring fault at 4.0 km depth and simulated upward 333 

migration of the ring fault by moving the upper edge of the ring fault in consecutive runs closer 334 

towards the surface (setup 1–6 in Fig. 5). 335 

 336 

We took the fault plane as frictionless while the sill, as the active deformation source, was given 337 

uniform negative tensile stress to model the depletion within a reservoir. This simulates a sill 338 

closure under a specific stress drop with the ring fault responding with slip in the dip-direction. 339 

The subsurface medium otherwise was considered as isotropic, linearly elastic and homogeneous, 340 
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and we considered a shallow crust setting with a Poisson's ratio of ν = 0.25 and Lame's constants 341 

of λ = µ = 33 GPa (Bathke et al., 2015). The uniform tensile stress boundary condition on the sill 342 

was set to −33 MPa (negative indicates compression) to generate a maximum of 1 m sill closure 343 

in setup 1. Similarly, for setups 2 to 6, we adjusted the sill stress to yield the same maximum 344 

closure of the sill. 345 

 346 

Although using a frictionless fault at the depth of the magma reservoir where the temperature is 347 

high might be acceptable, at shallower depths a fault with some strength seems more plausible. 348 

Frictional fault slip would not occur unless the change in stress is larger than the strength on the 349 

fault. However, including friction into the BEM setup is beyond the scope of this article (Maerten 350 

et al., 2010) as here we are primarily focused on investigating the relationship between 351 

deformation patterns at the surface and active ring-fault structure at depth. 352 

 353 

 354 

3.2 BEM results 355 

 356 

We show the resulting surface displacement fields of several BEM calculations that together 357 

approximate the temporal evolution of the ring-faulting process from the initial downsag stage to 358 

the later mature collapse stage (Fig. 6). Our results show that for the same sill location and closure 359 

settings, the different depths of the upper edge of the ring fault generate distinctive subsidence 360 

patterns at the surface. 361 

 362 
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Depressurization within a single reservoir placed at 4.08 km depth without any ring faulting (setup 363 

1) generates a broad and smooth subsidence bowl (shown by fringe patterns with large spacing) at 364 

the surface. The broad subsidence bowl has a maximum vertical displacement of 7.0 cm and clear 365 

subsidence up to 5 km away from the center of deformation (Fig. 6a). Setups 2 and 3 were 366 

implemented with deep ring faults whose upper fault edges are at 3.0 km and 2.0 km below the 367 

surface, respectively. These setups produce up to 7.9 and 10.8 cm of maximum subsidence 368 

respectively and already show focusing of displacements in the near field (Fig. 6b, c). Setups 4 369 

and 5 have the fault tips at only 1.0 km and 0.3 km depth producing both increasingly more 370 

localized subsidence and stronger vertical displacements in the middle (Fig. 6d–e), with maximum 371 

subsidence of 18.0 cm and 32.4 cm, respectively. Finally, as the ring fault reaches the surface 372 

(setup 6), a piston-like collapse with a maximum subsidence of 47.4 cm causes deformation fringe 373 

aliasing (Fig. 6f). While the near-field surface displacements increase, the average far-field 374 

displacements decrease from 2.9 cm in setup 1 to 1.8 cm in setup 6. The deformation characteristics 375 

and contributions of ring faulting on one hand and sill depletion on the other hand are separated 376 

and shown for setup 4 in Fig. 6g. The displacements due to ring faulting are concentrated and are 377 

confined mostly in the near field (red curve; Fig. 6g), whereas the sill closure produces a broad 378 

and smooth subsidence bowl at the surface (blue curve). Therefore, the sharp and concentrated 379 

near-field subsidence overlain on a broad subsidence bowl, which has been observed at several 380 

volcanoes, can thus be produced by a single deep sill-like deflating source and shallow ring-fault 381 

movements. 382 

 383 

The profiles of vertical displacement in Fig. 6h show the gradual evolution of the caldera 384 

subsidence from the initial sill deformation of setup 1 to the stronger and more concentrated piston-385 
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like collapse in setup 6. The early profiles of setups 1–4 with deeper ring-fault tips demonstrate 386 

broad and rather smooth subsidence due to the subtle contributions of the ring faulting (Fig. 6a–387 

d). These setups resemble the downsag stage of the caldera subsidence in our analog experiments. 388 

Setups 5–6, with shallower ring-fault tips, tend to have stronger and more localized displacements 389 

because the ring faulting is approaching the surface and its effects are more clearly seen on the 390 

surface (Fig. 6e, f). These setups are therefore more like the collapse stage of our analog 391 

experiments. As the volume change of the sill remained almost identical in all these setups, the 392 

surface displacement differences are primarily controlled by the depth extent and amount of the 393 

ring faulting.  394 

 395 

The BEM calculations reported here represent a thick-roof geometrical collapse setting with T/D 396 

= 2 (Holohan et al., 2011). We also carried out simulations under an intermediate roof collapse 397 

setting (T D⁄ = 1) by using a sill with a diameter of 4.0 km at the same depth as before, interacting 398 

with a ring fault with its lower diameter of 4.0 km and upper diameter of 3.8 km. This change to 399 

the sill and fault geometry results in different surface displacement amplitudes, slip values on the 400 

ring fault, and the required closing traction of the sill. However, the overall deformation trends 401 

and implications are the same as for T D⁄ = 2 (see supplementary materials Fig. S1).  402 

 403 

3.3 Two-sill models 404 

 405 

While two or more models may fit geodetic data at a volcano equally well, choosing an 406 

inappropriate model may lead to incorrect interpretations about subsurface processes. To 407 

demonstrate this issue, we use an alternative model composed of two sills at two different depths 408 
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to explain displacement profiles produced by our BEM setups consisting of a single deflating sill 409 

and ring faulting, as shown in Fig. 6. For the two-sill models, we fixed the lower sill at 4.08 km 410 

depth, with a diameter of 2 km and a volume change of 2.6´106 m3. We then tuned the upper sill 411 

parameters (diameter, depth, and volume change) such that the resulting surface displacements 412 

approximately matched the displacements produced by the BEM models (Fig. 7a–d). As the tip of 413 

the ring fault in the BEM setups becomes shallower, from 3.0 km to 1 km and then to 0.3 km, the 414 

resulting displacement profiles have more localized subsidence. To adequately fit these 415 

displacement profiles, the upper sill of the two-sill model has to be progressively shifted from 3.0 416 

km to 0.9 km and then to 0.42 km, respectively (Fig. 7a–c). The diameter of the upper sill also 417 

changes from 2.0 km to 1.8 km. When the ring faulting reaches the surface, leading to a collapse 418 

and strong surface displacement discontinuities across the ring fault, the two-sill model does not 419 

match the BEM displacement profile well (Fig. 7d). In general, the estimated depth of the sill 420 

migrates toward the surface along with the progressive upward development of the BEM ring fault. 421 

Similar upward migration of the estimated magma reservoir as subsidence increases was also 422 

pointed out by Holohan et al., (2017) using discrete element method simulations with host-rock 423 

fracturing. Together, these lines of evidence indicate that the true depths of pressure sources under 424 

calderas are usually underestimated and they may be impossible to constrain from geodetic data 425 

alone in the presence of ring faulting. 426 

 427 

Another issue is the estimated magma volume change. For the BEM models, the single-sill volume 428 

change in each case is roughly 2.6´106 m3 (blue bars in Fig. 7e), despite the different ring-fault 429 

geometries. While the lower-sill volume change in the two-sill case was set to be identical to the 430 

BEM sill volume change (roughly 2.6´106 m3), the upper-sill volume change needs to increase 431 
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from 1.3´105 to 7.6´105 m3 to match the BEM displacement profiles (Fig. 7e). As a result, the 432 

estimated total volume change of the two-sill models increases significantly, going from being 433 

identical to the BEM volume change without ring faulting (setup 1) to being ~20% larger when 434 

matching the BEM displacement profile with a ring-faulting tip at 0.3 km (setup 5). This indicates 435 

that in cases where a single magma reservoir is triggering ring faulting, one would overestimate 436 

the volume change by assuming a two-sill model, in particular if the active ring faulting is close 437 

to the surface.  438 

 439 

4 Discussion 440 

 441 

We have utilized two complementary methods to improve understanding of the subsurface 442 

processes that may be responsible for the observed volcanic deformation consisting of both 443 

volcano-wide smooth deflation and localized caldera subsidence (Fig. 1). Below, we will relate 444 

our results to cases in nature and then discuss some challenges in volcano geodesy concerning the 445 

estimation of deformation sources using geodetic data. 446 

 447 

The overlapping displacement patterns observed at Wolf volcano and at Fernandina have been 448 

explained by pressure changes within two magma reservoirs at different depths (Chadwick et al., 449 

2011; Bagnardi and Amelung, 2012; Xu et al., 2016). These results suggest that the localized 450 

subsidence inside the caldera may be linked to the shallower reservoir deflation while the broader 451 

deformation to the deeper reservoir. In contrast to these interpretations that include more than one 452 

reservoir, we have demonstrated by analog and BEM modeling, that overlapping deformation 453 

patterns may also be due to deflation of a single reservoir in combination with ring-fault activity.   454 
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 455 

Comparing the results of the analog modeling with the case studies mentioned above may seem 456 

questionable. The analog experiments model a full caldera evolution including a collapse and 457 

formation of ring-fault structures. The case studies, on the other hand, represent only moderate 458 

subsidence events at already developed calderas that structurally are well beyond the downsag 459 

stage. However, moderate depressurization of a caldera reservoir would not cause further caldera 460 

collapse with surface faulting, but rather begin by reactivating ring faulting at depth with subtle 461 

subsidence at the surface, similar to the downsag stage of the analog experiments. This said, 462 

however, we also tried modeling reactivation of pre-existing ring faults in the analog experiments, 463 

by stopping the piston for a while and then restarting its withdrawal, but it turned out to be 464 

challenging and provided limited results (Supplement section 1.2). Another issue with the analog 465 

modeling includes boundary effects, such as friction of the glass pane, which slightly offsets the 466 

deformation pattern but does not appear to significantly affect the overall kinematics. We thus 467 

think the benefit of having a cross-sectional view of the ring-fault activity at depth at the same 468 

time as the resulting deformation at the surface outweighs this design limitation. A further 469 

simplification is that the models do not include topography. To assess topographical effects, we 470 

carried out an experiment with a conical volcanic edifice (Supplement section 1.3) and similar 471 

complex deformation features were observed, indicating that topographical influence is limited, at 472 

least in presence of gentle topography.  473 

 474 

In the BEM calculations, we used a single outward dipping ring fault with a constant dip-angle 475 

and without any fault branches. This setup simplifies what we observed in our analog experiments 476 

and what has been seen in other studies (Fig. 4 and Fig. 5; Roche et al., 2001; Acocella, 2007; 477 



Y.-K. Liu et al. / revised manuscript submitted to Earth and Planetary Science Letters (2019) 
 

 22 

Holohan et al., 2011) where mature ring faults have been found to be composed of a major outward 478 

dipping reverse fault as well as of an inward dipping normal fault. However, the architecture of 479 

the ring-fault system depends not only on the geometrical setting (i.e. reservoir’s shape, T/D ratio, 480 

etc. ; Roche et al., 2001; Holohan et al., 2011), but also on mechanical factors (e.g. rock strength; 481 

Holohan et al., 2011). In addition, development of ring-fault branches can be complicated and 482 

somewhat unpredictable (stochastic), as shown in our analog experiments, and thus not always 483 

reproducible. Therefore, considering these possible fault segments and geometries in the BEM 484 

calculations would probably not add valuable information. Furthermore, even if inward dipping 485 

normal ring faults appear at the later collapse stages in analog experiments, the majority of the 486 

surface subsidence is likely related to displacement on the outward dipping reverse ring fault. 487 

Therefore, we focused on the primary structure and only used a single outward dipping ring fault 488 

in the BEM calculations. 489 

 490 

Geodetic data play a key role in constraining parameters of models that describe possible 491 

deformation sources at active volcanoes and the model parameters provide useful information 492 

about underlying magma bodies, e.g., their dimensions, location and volume change (Dzurisin, 493 

2003; Poland et al., 2006). However, more than one model can usually be applied to explain the 494 

same set of observations. Therefore, parameters of deformation sources can be difficult to 495 

constrain uniquely, particularly when the host-rock contains heterogeneities, such as dike 496 

intrusions, faults, or layering (Trasatti et al., 2003; Manconi et al., 2007; Bagnardi and Amelung, 497 

2012). As ring faults are probably the most obvious structural inhomogeneities in calderas, we 498 

conclude that the superimposed displacements observed by satellite interferograms at volcanoes 499 

such as Wolf (Xu et al., 2016) and Fernandina (Chadwick et al., 2011; Bagnardi and Amelung, 500 
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2012) are most likely a consequence of changes within a single deep magma reservoir interacting 501 

with subsurface ring faulting.  502 

 503 

Using two sill-like pressure sources to model observed displacements, that are in fact caused by a 504 

single deflating sill interacting with ring faulting, will lead to considerable underestimation of the 505 

magma source depth and overestimation of the volume change. In addition, when the surface 506 

deformation is intense, this choice of model can lead to unrealistic volume changes and very 507 

shallow depth estimates, as has been recognized at Campi Flegrei in Italy (De Natale et al., 1991; 508 

Trasatti et al., 2005), Kilauea in Hawaii (Davis, 1986; Dieterich and Decker, 1975) and Rabaul in 509 

Papua New Guinea (De Natale et al., 1997; Saunders, 2001). The localized deformation observed 510 

in these cases was considered to be beyond the elastic limit, particularly at localized 511 

inhomogeneities, such as at caldera ring faults. Therefore, mechanically weak ring-fault systems 512 

and ring-fault slip that enhance caldera deformation are likely to be misinterpreted as near-surface 513 

magma reservoirs.  514 

 515 

As described above, mechanical explanations for observed volcano deformation are not unique 516 

(Dieterich and Decker, 1975; Fialko et al., 2001b) and it can be difficult to distinguish between 517 

different possible deformation sources (e.g. two-sill models versus BEM models). In the above 518 

comparison, we only considered vertical displacement profiles, but including horizontal 519 

displacement components can sometimes help to differentiate between different source types 520 

(Fialko et al., 2001a; Yun et al., 2006). The two-sill model, for example, generates stronger 521 

horizontal displacements than the corresponding BEM model (Fig. 7f). In practice, we often only 522 

have InSAR line-of-sight measurements of volcanic deformation, which are usually less sensitive 523 
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to horizontal displacements than to vertical displacements. We also often lack images from the 524 

opposite-looking InSAR satellite track that are needed to separate between vertical and ~east-west 525 

horizontal displacements. When available, GPS data can help as they provide 3D displacement 526 

information at locations where GPS instruments are installed. In summary, these challenges in 527 

volcano geodesy highlight the importance of using other data, e.g., seismic data and seismic 528 

imaging results (when available), and mapped structural information (Nettles and Ekström, 1998; 529 

Aoki et al., 2013; Gudmundsson et al., 2016), as well as geochemical and petrological analysis of 530 

erupted lavas. Together, such interdisciplinary data should be integrated to yield more realistic 531 

subsurface models and to improve images of the active subsurface volcanic structures. 532 

 533 

5 Conclusions 534 

 535 

Observed surface deformation patterns at several subsiding calderas, consisting of both localized 536 

and broad subsidence, have usually been modeled using two magma reservoirs at two different 537 

depths. Such models ignore caldera ring fault structures and possible fault slip, which may be 538 

driven by moderate deflation of the underlying magma reservoir, thus localizing surface 539 

deformation within calderas. Combining analog experiments and BEM modeling of caldera 540 

deformation processes, we have shown that subsurface ring faulting associated with deflation 541 

within a single reservoir offers an alternative and more plausible explanation for the observed 542 

overlapping deformation patterns, compared to models consisting of two or more reservoirs (Fig. 543 

8). In particular, the two-reservoir model requires the upper source to migrate towards the surface 544 

to fit deformation that over time becomes increasingly localized, a temporal pattern that is more 545 
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realistically explained with progressively shallower ring faulting caused by increasing reservoir 546 

deflation.  547 

 548 

Possible ring faulting under deforming calderas leads to difficulties in determining parameters of 549 

subsurface magma reservoirs. Ignoring ring-fault activity may not only lead to inappropriate model 550 

choices consisting of multiple magma reservoirs but also to incorrect estimations of the subsurface 551 

magma volume changes. In addition, trade-offs between ring-fault activity and magma reservoir 552 

characteristics make it challenging to accurately determine the magma reservoir depth from 553 

geodetic data alone. These limitations of volcano geodesy show the importance of integrating 554 

additional data into the model setup and interpretation, including locations of ring-fault related 555 

earthquakes and mapped structures, when studying unrests and activity at calderas. 556 

 557 
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TABLES 735 
 736 

Table 1. Several cases of overlapping deformation patterns at calderas 737 
 738 

Volcano Data Interpretation Reference 
Campi Flegrei 
(Italy) 
 

InSAR, leveling One spherical source,  
ring-fault 

Beauducel et al., 2004 

Sierra Negra InSAR Trapdoor faulting Jónsson et al., 2005 
(Galápagos) 
 

   

Fernandina 
(Galápagos) 

InSAR, GPS One sill, one point  
source, one dike 

Chadwick et al., 2011 

 InSAR Two sills Bagnardi and Amelung, 
2012 
 

Tendürek InSAR One sill, ring-fault Bathke et al., 2015 
(Turkey) 
 

   

Bárðarbunga 
(Iceland) 

InSAR, seimicity One sill, ring-fault Riel et al., 2015 

 InSAR, GPS, 
seismicity, etc. 
 

One reservoir, ring-fault Gudmundsson et al., 
2016 

Wolf InSAR Two sills Xu et al., 2016 
(Galápagos) 
 

   

Piton de la Fournaise 
(Réunion) 

GPS Multiple ellipsoidal  
sources 

Peltier et al., 2009 

  One elliptical source,  
host-rock fracturing  

Holohan et al., 2017 

  739 
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Table 2. Scaling factors in the analog experiments 740 
Parameter Symbol Model/nature ratio 
   
Brittle crust   
Length l* 2´10-5 
Density r* 0.5 
Gravity g* 1.0 
Stress s* 10-5 
Cohesion c* 10-5 

 741 
  742 
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 743 

FIGURES744 

 745 

Fig. 1. Overlapping surface deformation patterns observed at Wolf volcano, Galápagos, modified 746 

from Xu et al. (2016). (a) Co-eruptive InSAR data (ALOS-2, descending orbit) of the 2015 Wolf 747 

eruption spanning 42 days (22 May–3 July), with each fringe corresponding to 10 cm line-of-sight 748 

(LOS) displacement. The InSAR data show concentrated subsidence within the caldera 749 

superimposed on a broad subsidence signal affecting the entire volcanic edifice. (b) A model that 750 

includes two sill-like magma reservoirs (purple rectangles) and two eruptive dikes (thick black 751 

lines) can approximately reproduce the deformation pattern. (c) Illustration of the two-reservoir 752 

model and the corresponding vertical displacements composed of long- and short-wavelength 753 



Y.-K. Liu et al. / revised manuscript submitted to Earth and Planetary Science Letters (2019) 
 

 37 

subsidence. (d) The observed (black) and modeled (red) displacements along profile A-A’ shown 754 

in (a). 755 

 756 

Fig. 2. The analog experiment setup. (a) Perspective view of the sand-filled glass box. The grey-757 

shaded areas indicate the zones of interest where the main deformation occurs. One side camera 758 

was placed in front of the box for the subsurface processes while four top cameras were positioned 759 

above the box to monitor the surface evolution. (b) Map view of the basal steel plate of the box 760 

and the semicircular deformation source. (c) The cross-section view of the setup. A silicone putty 761 

(in orange) was placed between the sand-stack and the piston to avoid sand leaking from the box.   762 
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 763 

 764 

Fig. 3. Surface and subsurface structures of laboratory caldera collapse. (a) The downsag stage of 765 

the subsidence features a gentle central depression and compressive ridges. (b) Subsurface 766 

mapping of ring faults at depth late in the downsag stage at t = 90s. Reverse faults (RF; in red) 767 

have almost progressed to the surface and normal faults (NF; in blue) have just started to form. 768 

Concentrated and localized subsidence can be seen in the near field (in grey) and smooth 769 

subsidence in the far field (in yellow). (c) Surface structures during the collapse stage after the ring 770 

faults rupture the surface at 90–100s.  (d) Subsurface mapping late in the collapse stage at t = 160s 771 

where both outward-dipping RFs and inward-dipping NFs are active. (e) Temporal evolution of 772 

N-S and (f) E-W topographic profiles (plotted at 40, 60, 90, 110, 130, and 160s) show that the 773 

overall subsidence is localized primarily in the near field.  774 
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 775 

Fig. 4. Subsidence evolution derived from surface and side-view image processing. (a) Wrapped 776 

surface deformation at different times (at t=40s, t=60s, and t=90s) during the downsag stage 777 

showing cumulative displacements from t = 0s. The crossed arrow indicates the ascending LOS 778 

vector used to produce these interferogram-like deformation maps (for further information, see top 779 

right panel). (b) Cross-sectional view photos overlain with the rotation field (shear strain 780 

concentration), revealing the location of ring faults in the subsurface. Arrows indicate the sense of 781 

motion. (c) Surface deformation and (d) the rotational field at different times (at t=110s, t=130s, 782 

and t=160s) during the collapse stage. (e) The major ring faults developed from the innermost 783 

outward-dipping reverse faults to the outermost subvertical and inward-dipping normal faults.  784 
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 785 

 786 

Fig. 5. The model setup for BEM calculations. The deformation sources consist of a horizontal 787 

contracting sill and a ring fault, discretized into triangular dislocations. Circular dashed lines 788 

indicate the projected sill-like source border at the surface. The sill diameter is 2 km and it is placed 789 

at ~4 km depth, leading to a “thickness of roof”/ “diameter of source” ratio T/D = 2.0. Different 790 

BEM setups from 1 to 6 are implemented with progressively shallower ring fault to resemble 791 

possible upward propagation of the ring faulting.   792 
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 793 

Fig. 6. Surface displacements from the BEM calculations. (a–f) Surface deformation illustrated as 794 

wrapped fringe maps (ascending LOS projections; 4 cm per fringe) for the six different BEM 795 

setups, showing increasingly focused near-field displacements as the ring faulting becomes 796 

shallower. (g) Vertical displacement profiles for BEM setup 4 showing the displacement 797 

contributions from the sill closure and the ring faulting separately. (h) Vertical surface 798 

displacement profiles for the six BEM setups.  799 
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 800 

Fig. 7. Comparison between the vertical displacement profiles from the BEM setups and models 801 

with two depleting sills. (a–d) The superimposed surface displacements from the BEM setups can 802 

be reproduced approximately by two-sill models. For BEM setups with shallower ring faulting, a 803 

shallower upper sill is required in the two-sill model with a larger volume decrease. (e) The volume 804 

change of each BEM setup and of each corresponding two-sill model. (f) Horizontal displacements 805 

along the A-A’ profile help to discriminate between the two source models. 806 

 807 
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 808 

Fig. 8. Schematic figure of caldera subsidence due to magma reservoir deflation and ring-fault 809 

activity. We propose that the broad and smooth subsidence affecting entire volcanic edifices and 810 

the concentrated subsidence confined within calderas are caused by the deflation of a single deep 811 

magma reservoir and ring faulting (the dimensions are not drawn to scale).   812 
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Supplementary material 813 

Section 1. Analog experiments: Sets of experiments conducted 814 

We produced several sets of analog experiments to test the repeatability of the subsurface structure 815 

evolution and surface deformation patterns (Table S1). Experiment CAL13 was selected as a 816 

representative experiment and its structural evolution and results reported upon in this article. 817 

 818 

1.1 The piston withdrawal rate 819 

The withdrawal rate of the piston was typically 0.04 mm/s, e.g., in the presented case CAL13. 820 

Some other runs had a slower withdrawal rate of 0.02 mm/s, yielding similar results (Table S1). 821 

 822 

1.2 Reactivation of ring faults at well-developed calderas 823 

As the deformation cases discussed in the article (i.e. Wolf, Fernandina, Piton de la Fournaise, 824 

etc.) are subtle deformation events on already well-developed calderas, any triggered ring-faulting 825 

would mean reactivation of pre-existing structures. Therefore, we also conducted experiments in 826 

which we attempted to model fault reactivation (RA and CY in Table S1). To do so, we halted the 827 

piston movement after the caldera formation and then restarted it after a pause. However, the 828 

results were of limited use, as the response of viscous silicone putty (between the sand and the 829 

piston) was slow and continued after the piston movement was halted. Therefore, a different analog 830 

modeling setup is needed to look into possible ring-fault reactivation processes and behavior.  831 

 832 

1.3 Effects of topography 833 

To assess topographic effects, we conducted an experiment that included a gentle conical edifice 834 

with a slope of ~22° (4 cm high and 20 cm wide, see CAL 9, Table S1). The results showed 835 
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consistently similar deformation patterns as in the other experiments, composed of both localized 836 

near-field subsidence and broad deflation in the far field. Therefore, the deformation processes do 837 

not appear to depend strongly on topography, at least not when it is gentle, although more realistic 838 

caldera topography with steeper slopes should be considered in future modeling efforts. 839 

 840 

Table S1. Details and variables of our analog experiments 841 

 Apparent 

cohesion 

Friction angle T/D # Cameras Motor rate Featured 

settingsa 

Experiment (Pa) (deg) - (side+top) (mm/s)  

CAL5 < 30 25 0.5 1+1 0.02  

CAL6 12–123 40 1.0 1+1 0.02 RF, RA 

CAL7 12–123 40 1.0 1+4 0.02 RF, RA 

CAL8 12–123 40 1.0 1+4 0.04 RF, RA 

CAL9 12–123 40 0.6–1.0 1+4 0.04 TP 

CAL10 12–123 40 1.0 1+4 0.04 RF, CY 

CAL11 12–123 40 1.0 1+4 0.04  

CAL12 12–123 40 1.0 1+4 0.04 CY 

CAL13 12–123 40 1.0 1+4 0.04 CY 

CAL14 12–123 40 1.0 1+4 0.04 DM 

a Refilling of sand: RF; Reactivation of sinking: RA; Topographic effect included: TP; Cycles of 842 

uplift and sinking reactivation: CY; Doming caused by inflation before deflation phase: DM.  843 
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Section 2. BEM simulations: intermediate roof collapse (T/D = 1) 844 

 845 

In addition to the thick-roof collapse (“roof thickness”/ “source diameter” = T/D = 2), we also 846 

conducted simulations for an intermediate roof collapse setting (T/D = 1), while keeping other 847 

parameters similar to our thick-roof experiments. The intermediate roof setting was designed by 848 

using a sill with a diameter of 4.0 km located at 4.08 km depth, and the roof was connected to a 849 

ring fault right above it with the lower diameter of 4.0 km and upper diameter of 3.8 km. This sill 850 

area was four times larger than the sill in the main article and the ring-fault plane is twice the size 851 

of the one in the main article. The sill stress change (boundary condition) was chosen such that the 852 

maximum contraction of the sill was 1 m. This modification of the geometrical settings altered the 853 

resulting surface displacement amplitudes and the area that deforms (Fig. S1. a – f), as well as the 854 

slip-values on the ring fault and the required stress change of the sill. For example, the maximum 855 

subsidence at the caldera center in setup 6 was ~65 cm (Fig. S1. g), compared to 47.4 cm in setup 856 

6 of the thick-roof scenario. However, the results suggest that the overall deformation trends and 857 

implications are the same as for T D⁄ = 2, with overlapping deformation patterns clearly visible 858 

in displacement profiles for cases with shallow ring faulting (Fig. S1. d–f). In summary, the broad 859 

subsidence was made by the deep contracting sill, as in the thick-roof case, and the localized near-860 

field subsidence was caused by the shallow ring faulting (Fig. S1. h). 861 
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 862 

 863 

Fig. S1. BEM results for a caldera roof of intermediate thickness. The model setups 1 to 6 are 864 

shown at the top, all of which have a sill at 4 km depth and with a diameter of 4 km, leading to a 865 

T/D ratio = 1. (a–f) The resulting surface deformation for the different setups shown as wrapped 866 

deformation maps (ascending LOS projections; 4 cm per fringe). (g) Vertical displacements 867 
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produced by the sill-like source on one hand and the ring fault on the other hand for setup 5. (h) 868 

Vertical surface displacement profiles for the six setups. 869 

 870 


