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ABSTRACT
Caldera collapse events can be sudden and violent in the case of large explosive volcanic 

eruptions, or incremental in the case of long-lived eruptions. Faults nucleating during col-
lapse are associated with seismic activity, yet the kinematic behavior of newly formed faults is 
poorly constrained. We conducted a series of novel sandbox experiments using piezoelectric 
sensors to monitor stress perturbations during a caldera collapse. We found excellent spatial 
and temporal correlations among (1) fault nucleation, inferred from the stress sensor data, 
(2) the appearance of faults on the surface, and (3) final fault structure, obtained via cross 
sections. We estimated fault propagation rates for early inner faults and found that these rates 
increase with increasing magma evacuation rates. We applied our experimental results to seis-
mic data from natural caldera-forming episodes in order to estimate rates of fault propagation 
for these systems. Our experiments are consistent with en masse caldera collapse events, such 
as at Mount Katmai (Alaska, USA) in A.D. 1912 and Mount Pinatubo (Philippines) in 1991.

INTRODUCTION
Calderas are large depressions found in all 

types of volcanic settings. A caldera-forming 
eruption involves significant hazards on local, 
regional, and global scales, hence the impor-
tance to study and understand the mechanics of 
such events. Faults forming during caldera col-
lapses play a fundamental role, as they control 
the locations of the eruptive vents as well as the 
nature and rate of caldera subsidence.

Notable advances in our knowledge of caldera 
formation have occurred in the past few decades, 
thanks to field (e.g., Geshi et al., 2002), experimen-
tal (e.g., Roche et al., 2000), theoretical (e.g., Roche 
and Druitt, 2001), and integrated studies (e.g., Stix 
and Kobayashi, 2008). Nevertheless, a number of 
fundamental problems have yet to be solved. When 
do faults nucleate at depth and how fast do they 
propagate? How is seismic energy released from 
the caldera in a spatial and temporal sense?

We address these questions through a series of 
novel analogue experiments, focusing on the effect 
of evacuation rate on the kinematics of collapse. 
We instrumented our experiments with a series of 
sensors designed to record fault development as a 
function of both time and space. We then compare 
our results to historical caldera-forming events.

METHODOLOGY

Experimental Apparatus
Our experimental setup is composed of a 

1-m-diameter, 1.4-m-high, cylindrical tank filled 

with brown sand. We used a water-filled rubber 
bladder to represent the magma chamber. Once 
inflated, the bladder is an oblate ellipsoid 30 cm 
wide and 15 cm thick at the center, with an initial 
volume of 5 L. The bladder was buried so that its 
top was ~7 cm beneath the surface, thus yield-
ing a roof aspect ratio (roof thickness / bladder 
diameter) of 0.23. These conditions represent a 
natural magma chamber whose roof lies at ~2 
km below the surface. Full details of the exper-
imental setup can be found in the GSA Data 
Repository1 and in Coumans and Stix (2016).

We used piezoelectric sensors to monitor 
changes in the interior of our sandbox. The sen-
sors feature piezoelectric transducers, which pro-
duce an electric signal in response to differential 
stresses. Thus, our sensors record stress varia-
tions. Three sensors were placed on a horizontal 
line and buried about halfway between the top of 
the bladder and the surface. The first sensor was 
located directly above the center of the bladder, 
and the other two were placed above the edge 
of the bladder. We refer to them as center, east, 
and west sensors, respectively.

In running an experiment, water was pumped 
out of the bladder, simulating an eruption and 
triggering the caldera collapse. The evacuation 
rate was controlled so that, regardless of the 
duration of the experiment, the final volume of 
water evacuated from the bladder was 50% of 

1 GSA Data Repository item 2018005, additional 
details about the experimental setup and the sensors 
used, as well as spectrograms and close-up views of 
the sensors signals, and information about the fault 
propagation direction, is available online at http://
www.geosociety.org /datarepository /2018/ or on 
request from editing@geosociety.org.

the initial volume. After each experiment, we 
sectioned the caldera to obtain pictures of cross 
sections.

A key objective was to compare fault devel-
opment for a caldera that formed rapidly at 
relatively high evacuation rates versus one that 
formed more slowly at reduced evacuation rates. 
Hence the duration of our first experiment (A) 
was 2.5 min with an evacuation rate of 1 L min–1; 
for the second experiment (B) the duration was 
12.5 min with an evacuation rate of 0.2 L min–1.

Scaling Relations
Every parameter of the experiment was care-

fully scaled to accurately reproduce natural cal-
dera collapses (Sanford, 1959). For each fun-
damental dimension X, we define a ratio X* = 
Xmodel / Xnature. Our length ratio is L* = 3.5 × 10−5, 
so that our 35 cm calderas represent a 10-km-
diameter caldera in nature. Gravitational condi-
tions are identical in nature and in our model, 
thus g* = L*T*–2 = 1 (T is time), yielding a time 
scaling ratio of T* = (L*)½ = 5.9 × 10−3. Dry sand 
has a bulk density of 1650 kg m–3, whereas the 
density of volcanic rocks is ~2800 kg m–3. Hence 
our density ratio is ρ* = 0.59. The density ratio 
for the fluids (water with density of 1000 kg 
m–3 and magma with density of 2200 kg m–3) is 
0.45, indicating that the two densities are within 
the same order of magnitude. The stress ratio is 
σ* = ρ*g*L* = 2 × 10−5. The natural cohesion 
of volcanic rocks is ~107 Pa (Hoek et al., 1995) 
but can be as low as 106 Pa (Schultz, 1996). It is 
difficult to precisely determine our sand cohe-
sion, but it is safe to assume it is within 0–100 
Pa, which is reasonable for our purpose. Finally, 
the viscosity ratio is given by μ* = σ*T* ≈10−7. 
Because μwater = 10−3 Pa·s, this represents a natu-
ral magma with a viscosity of 104 Pa·s.

Limitations
We focus solely on fault nucleation and prop-

agation as the caldera develops, so our experi-
ments did not include any preexisting structural 
discontinuities, although they are present in 
nature because of magma chamber inflation or 
local tectonics. Furthermore, our experiments did 
not include any temperature, magma rheology, 
ring dike, or vent migration effects, which can 
influence the collapse dynamics (e.g., Kennedy 
et al., 2008). However, our simplified approach 
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allows us to focus on and isolate the caldera 
response to evacuation of the magma chamber. 
The stress changes recorded by the piezometers 
are not directly equivalent to ground motion 
recorded by seismometers at real calderas. Nev-
ertheless, they provide a good approximation of 
and guide to the locations of seismic events in 
nature. Lastly, our magma evacuation procedure 
did not include eruption and accumulation of 
material at the surface. Although such processes 
are likely to influence caldera subsidence, our 
procedure focuses directly on how the roof of 
the reservoir responds to progressive evacuation 
of the reservoir.

RESULTS
Both experiments followed the four general 

stages commonly observed and summarized by 
Acocella (2007). Deformation starts with broad 
sagging, before the first inner faults appear. 
Peripheral regions then start subsiding, and 
finally, outer faults appear on the surface. The 
output from the stress sensors is presented in 
Figure 1 for both experiments; the sensor units 
are arbitrary. For each experiment, we studied 
the most significant faults and noted the time at 
which they appeared on the surface. For experi-
ment A, we picked the first fault appearing, the 
second inner fault, the eastern outer fault, and 
the western outer fault. For experiment B, we 
used the first fault, the western outer fault, and a 
large northwestern embayment. For both experi-
ments, the first fault was the most obvious and 
significant feature as it appeared on the surface.

In experiment A, the signals from the three 
sensors are flat and steady before the experi-
ment starts (Fig. 1A). All three sensors record 
a large offset as the experiment is initiated by 
the pump being turned on. The signals return 
to a flat, steady pattern after a few seconds. 
The first noticeable event occurs in the center 
sensor signal; after a few small spikes, a very 
large drop occurs, starting at 20.5 s. The first 
fault also appears in the central area between 
23.5 and 24.5 s (Fig. 2A). This drop is followed 
by a positive signal peaking at ~33 s and then 
decaying for ~20 s. A second smaller peak is 
observed at ~56 s, and the second set of inner 
faults appear on the surface at 58–59 s. The 
center sensor signal then becomes flat, with 
progressively fewer perturbations until the end 
of the experiment. The east sensor is the next 
to record a period of unrest. From 75 s until 
the end of the experiment, the deviations from 
the baseline signal are much larger, with maxi-
mum amplitudes between 85 and 110 s. The 
eastern outer fault appears between 67 and 70 
s. From 125 s until the end of the experiment, 
the west sensor shows a period of high activ-
ity relative to its baseline. This coincides with 
the appearance of the western outer fault at the 
surface between 117 and 120 s. Outer faults 
propagate all around the caldera until ~125 s. 

B

A

Figure 1. Stress evolution during experiment A (A) and experiment B (B). Times at which faults 
of interest appear on surface are indicated. Green color corresponds to eastern features, and 
red corresponds to western features.

Figure 2. A: Final surface 
deformation of experiment 
A, viewed from above with 
lighting from west. Faults 
are highlighted. B: Cross 
section of experiment A. 
Plane of view is indicated 
by dashed line in A. Faults 
are highlighted. Green 
color corresponds to 
eastern features, and red 
corresponds to western 
features. Former surface 
of experiment is shown 
in red.
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After this time, the caldera continues to deepen 
but ceases its outward growth. All three sensors 
return to their initial state after the experiment 
ends at 150 s.

In experiment B, the three sensor signals are 
flat before the start of the experiment. Large per-
turbations are observed as the experiment starts. 
At 55 s, the center sensor signal starts dropping 
and forms a very large trough with a minimum 
value at ~80 s. The first fault appears on the 
surface at 96–98 s. This is followed by a posi-
tive signal, which peaks at 170 s, then slowly 
decays to ~415 s. The noise level is also much 
higher than beforehand, especially between 120 
and 220 s. The west sensor records a period of 
activity starting at 500 s until the end. West-
ern outer faults first appear between 406 and 
410 s and then propagate very slowly. A large 
embayment appears on the northwestern edge 
between 491 and 495 s. By ~500 s, the caldera 
is well defined and stops propagating outward. 
It deepens, however, and the walls become more 
defined until the end of the experiment. The east 
sensor records a few medium-amplitude peaks 
toward the end of the experiment but no large-
amplitude signal.

The stress field is not spatially uniform dur-
ing an experiment (Roche et al., 2000). Thus, the 
polarity of the signal (Fig. 1) is an indicator of 
whether the sensor is experiencing compressive 
or tensile stresses.

For experiment A, we show a plan view of 
the final deformation pattern after the experiment 
(Fig. 2A) and a representative cross section (Fig. 
2B). We use a color code in Figures 1 and 2 to 
illustrate fault development, in order to show (1) 
the faults’ first appearance on the surface and 
the respective sensor response (Fig. 1A), and 
(2) their respective location in the caldera (Fig. 2).

The final surface deformation is complex, 
with many small faults (Fig. 2A). However, the 
overall pattern is consistent with the results 
obtained by Kennedy et al. (2004). Our cross-
sectional data (Fig. 2B) are also consistent with 
observations made by Kennedy et al. (2004). 
Inner faults are outward dipping, whereas outer 
faults are inward dipping. The set of inner faults 
is complex with many subsurface branches. The 
outer faults accommodated significant displace-
ment on both sides and do not exhibit branching.

In summary, there is a clear correlation 
between stress perturbations, as recorded by our 
sensors during the course of an experiment, and 
fault development at the surface. Most notably, 
the large early trough in the signal is followed 
shortly by the first appearance of the main inner 
fault at the surface.

FAULT EVOLUTION
Despite the different run times, the two 

experiments are broadly comparable in terms of 
fault development and caldera evolution (Figs. 
1A and 1B). In both cases, the center sensor was 

the first to record significant events, namely a 
very large drop in the signal followed by a large 
peak. The west sensor exhibited very similar sig-
nals for both experiments, showing activity and 
instability near the end. For the east sensor, in 
experiment B there were very few perturbations 
compared to experiment A. This may be due 
to the fact that only a small amount of faulting 
developed on the eastern side of the caldera in 
experiment B. The style of collapse in the two 
experiments is very similar.

Fault nucleation processes are intimately 
related to stress perturbations. Faults are local-
ized, irreversible ruptures. They form as a 
response to decompression of the magma cham-
ber. Fault nucleation and propagation therefore 
produce a local, sudden stress drop. Our sen-
sors record stress changes; thus, perturbations 
from the equilibrium state of the sensors are 
associated with fault nucleation sequences. This 
hypothesis is supported by the excellent corre-
lation between (1) periods of large deviations 
relative to background in the sensor recordings 
and (2) fault formation observed at the surface. 
The correlation is spatial as well as temporal; 
when a fault appears at the surface, it is always 
the closest sensor that records significant vari-
ations. Furthermore, the sensors’ response to 
stress variations decreases rapidly with distance, 
reinforcing the idea that the largest observed 
signals from a particular sensor are generated 
by faults forming closest to that sensor. It is thus 
possible to follow the stages of collapse from 
the signals in Figure 1. The collapse is initiated 
along an inner fault in the central area, consistent 
with major changes in the center sensors stress 
signals, while the outer sensors record nothing. 
The outer faults form asymmetrically; they start 
nucleating on one side before propagating to 
the other. This behavior is particularly visible in 
experiment A, for which our visual observations 
suggest that collapse is initiated on the east side 
and then propagates to the west. This is again 
consistent with the data in Figure 1A where the 
east sensor records high stress changes begin-
ning at ~70 s, while the west sensor does not 
record any instability until ~110 s.

We observe two distinct faulting patterns 
in the stress signal (Fig. 1). On one hand, the 
appearance of inner faults at the surface are pre-
ceded by a large, single peak in the sensor signal. 
By contrast, outer faults are not associated with 
any stress deviation before they appear on the 
surface, but they are followed by intense stress 
fluctuations. These contrasting stress patterns 
can be explained by distinct fault dynamics.

Inner faults propagate from the top of the 
magma chamber upward, whereas outer faults 
nucleate at the surface and propagate downward. 
This difference has been well documented (e.g., 
Roche et al., 2000; Kennedy et al., 2004; Aco-
cella, 2007; Burchardt and Walter, 2010). It is 
confirmed in our experiments by observing how 

the amount of displacement accommodated by 
each fault varies with depth (see the Data Repos-
itory). The direction of propagation therefore 
explains why inner faults are recorded in the 
stress signal before they are visible at the sur-
face, while outer faults exhibit stress perturba-
tions only after they nucleate at the surface and 
propagate downward.

Inner and outer faults also exhibit two dis-
tinct growth modes (see the Data Repository). 
The large and abrupt peaks associated with inner 
faults suggest a rapid and sudden fault develop-
ment. By contrast, outer faults produced several 
smaller peaks in the stress signal for a longer 
period. This indicates slower, more incremental 
fault growth.

By indicating when faults nucleate, our sen-
sor data give us insight on where and when 
earthquakes occur during subsidence. The cen-
ter sensor records sudden, large stress changes, 
suggesting en masse caldera collapse at an early 
stage of caldera evolution. These data resemble 
those for collapse at Mount Katmai (Alaska, 
USA) in A.D. 1912 and Mount Pinatubo (Phil-
ippines) in 1991 (Stix and Kobayashi, 2008). In 
these natural collapses, large amounts of seismic 
energy were suddenly released about halfway 
through the eruptions. The largest signals we 
observed in our experiments are the first very 
large drops recorded by the center sensor in both 
experiments. This would thus correspond to the 
largest seismic events, followed later by smaller-
magnitude earthquakes, corresponding to events 
recorded by the east and west sensors. In our 
experiments, the largest events occurred after 
<10% of the reservoir volume was evacuated, as 
opposed to midway through the climactic erup-
tion sequence as observed at Mounts Katmai 
and Pinatubo. This is due to the different aspect 
ratios involved (roof thickness / magma chamber 
diameter). Our experiments had an aspect ratio 
of 0.23 whereas Mounts Katmai and Pinatubo 
have aspect ratios of 2.0 and 2.4, respectively. 
At higher aspect ratios, faults form later (Roche 
et al., 2000), delaying seismic events.

Stix and Kobayashi (2008) showed that this 
sudden, en masse collapse behavior contrasts 
strongly with a longer, more continuous style 
of collapse, as observed at Miyakejima (Japan; 
Geshi et al., 2002) in A.D. 2000, and Bárðar-
bunga (Iceland; Gudmundsson et al., 2016) in 
A.D. 2014–2015. This latter style of collapse 
involves (1) basaltic magma as opposed to the 
more silicic magmas of Mounts Katmai and 
Pinatubo, and (2) slower magma evacuation 
rates (1.7 × 102 and 1.2 × 102 m3 s–1 for Miyake-
jima and Bárðarbunga, respectively, compared 
to 2.2 × 105 and 3.6 × 105 m3 s–1 for Mounts 
Katmai and Pinatubo, respectively). The end 
result is a protracted and progressive style of 
collapse. Future experimental work could easily 
model this behavior and examine detailed stress 
perturbations under these conditions.
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FAULT PROPAGATION
By focusing on the timing of both the first 

sharp drop in the sensor signal and the associ-
ated fault’s appearance at the surface, we can 
estimate the rate of fault propagation from the 
magma chamber to the surface. First, we mea-
sure the time delay Δt between the beginning 
of the drop in the sensor signal and the fault’s 
appearance at the surface. Inner faults nucleate 
on top of the magma chamber and propagate 
upward. Knowing the depth of the top of the 
magma chamber h, we can then compute the 
model propagation rate Rmodel = h/Δt, which 
is 0.023 ± 0.005 m s–1 for experiment A and 
0.00168 ± 0.00004 m s–1 for experiment B. We 
then scale back to natural speeds using Rnature 
= Rmodel/R*, where R* is the propagation rate 
scaling ratio given by R* = L*T*–1. This scaling 
up produces fault propagation rates for natural 
systems of 3.8 m s–1, based on experiment A, 
and 0.28 m s–1, based on experiment B. A higher 
evacuation rate therefore yields a higher fault 
propagation rate.

We can now apply these propagation rates to 
natural settings at Mounts Katmai and Pinatubo 
and compare our estimates to real seismic data. 
Propagation rates depend on evacuation rates, 
hence to choose the appropriate propagation rate 
for natural systems, we scale our experimental 
evacuation rates Emodel back to natural values 
Enature using Enature = Emodel/E* and the scaling ratio 
E* = L*3T*–1 (see Scaling Relations section). 
Values for Enature are 2.3 × 106 m3 s–1 and 4.6 
× 105 m3 s–1 based respectively on experiments 
A and B. The value from experiment B is similar 
to observed evacuation rates at Mounts Katmai 
and Pinatubo (2.2–3.6 × 105 m3 s–1). Hence we 
apply a fault propagation rate of 0.28 m s–1 from 
experiment B to natural systems.

In the case of Mount Katmai, the top of the 
magma chamber was 4–5 km beneath the sur-
face (Hildreth and Fierstein, 2000). Based on 
this depth and our chosen fault propagation 
rate of 0.28 m s–1, we obtain a time interval of 
238–298 min for faults nucleating at the top of 
the magma chamber to reach the surface. This 
time scale can be compared with the occurrence 
of earthquakes at Mount Katmai. The largest 
earthquakes occurred on 8 June 1912 between 
0611 and 1300 h UTC, representing an elapsed 
time of 409 min. This interval is comparable 
to our experimental data and scaling analysis, 
suggesting that the major caldera-forming fault 
system at Mount Katmai was established and 
complete, from the top of the magma chamber 
to the surface, within 6.8 h, resulting in caldera 
subsidence.

For Mount Pinatubo, the top of the magma 
chamber was ~6 km deep (Mori et al., 1996). 
According to our analysis, it would then take 
357 min for a fault to propagate all the way to 

the surface. During the climactic eruption on 
15 June 1991, the largest seismic events of M5 
and greater occurred from 0739 to 1225 h UTC, 
yielding a total elapsed time of 286 min. How-
ever, the bulk of the seismic energy was released 
over a comparatively short interval of 51 min 
stretching from 1041 to 1132 h UTC. This obser-
vation suggests that both the fault propagation 
rate and magma evacuation rate were unusu-
ally high during this time. This is not surprising, 
because the evacuation rate likely undergoes sub-
stantial variations during such eruptions.

Despite the aspect ratio difference, the ele-
vated evacuation rates in our experiments and 
for our natural examples (Mounts Katmai and 
Pinatubo) indicate a specific sequence of fault 
growth. The principal inner faults, which form 
rapidly, contrast with the longer durations and 
time scales of the outer faults. This dichotomy 
may be explained as a drawn-out response of the 
outer faults to sudden, large-scale fault move-
ment in the central region of the caldera. Fur-
thermore, significant seismicity may occur under 
certain conditions after the climactic eruption. 
In our experiments, all stress perturbations and 
faulting ceased when the pump was turned off. In 
nature, however, some further magma evacuation 
may be expected to occur after the large eruption 
from a series of smaller eruptions, subsurface 
magma drainage, or both. A certain threshold 
may be reached, which causes further subsidence 
and associated earthquakes. This was observed 
at both Mounts Katmai and Pinatubo.

CONCLUDING REMARKS
Using piezoelectric sensors in a series of ana-

logue caldera collapse experiments, we were able 
to document stress perturbations of en masse 
caldera collapses similar to natural events such 
as at Mount Katmai in 1912 and Mount Pinatubo 
in 1991. Our results provide insight on the tim-
ing, location, and evolution of fault nucleation. 
This new and original experimental technique 
may be used to model other kinematic behav-
iors. We also estimated the propagation rate of 
early inner faults. This type of information is 
essential for our understanding of seismicity and 
fault development during caldera formation and, 
ultimately, our ability to assess and mitigate haz-
ards in such settings.
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