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ABSTRACT
The existence of a causal link between large earthquakes and 

volcanic unrest is widely accepted. Recent observations have also 
revealed counterintuitive negative responses of volcanoes to large 
earthquakes, including decreased gas emissions and subsidence 
in volcanic areas. In order to explore the mechanisms that could 
simultaneously explain both the positive and negative responses of 
volcanic activity to earthquakes, we here focus on the role played 
by topography. In the laboratory, we shook a volcanic edifice ana-
logue, made of gel, previously injected with a buoyant fluid. We find 
that shaking triggers rapid migration of the buoyant fluid upward, 
downward, or laterally, depending on the fluid’s buoyancy and 
storage depth; bubbly fluids stored at shallow depth ascend, while 
low-buoyancy fluids descend or migrate laterally. The migration of 
fluids induced by shaking is two orders of magnitude faster than 
without shaking. Downward or lateral fluid migration may decrease 
volcanic gas emissions and cause subsidence as a negative response, 
while upward migration is consistent both with an increase in vol-
canic activity and immediate unrest (deformation and seismicity) 
after large earthquakes. The fluid migration is more efficient when 
the oscillation frequency is close to the resonance frequency of the 
edifice. The resonance frequency for a 30-km-wide volcanic moun-
tain range, such as those where subsidence was observed, is ~0.07 
Hz. Only large earthquakes are able to cause oscillation at such 
low frequencies.

INTRODUCTION
Large earthquakes have been linked to unrest in volcanic areas. 

Induced activity includes swarms of earthquakes, ground deformation, 
migration of magmatic gasses, and excitation of geothermal activity; more 
rarely, eruptions have followed (e.g., Linde and Sacks, 1998; Manga and 
Brodsky, 2006; Harris and Ripepe, 2007; Hill and Prejean, 2007; Toda 
et al., 2011; Fujita et al., 2013; Yukutake et. al., 2013; Brenguier et. al., 
2014; Aizawa et. al., 2016; Avouris et. al., 2017; Nishimura, 2017; Sawi 
and Manga, 2018). Recent studies have reported that after the arrival of 
surface waves from large earthquakes, volcanic degassing increases in 
basaltic volcanoes, while it decreases in andesitic volcanoes (Avouris et. 
al., 2017). Permanent subsidence was observed after the A.D. 2010 Mw 8.8 
Maule earthquake in the southern Andes (Chile) in volcanic areas adjacent 
to the ruptured segment of the subduction (Pritchard et al., 2013). After 

the 2011 Mw 9.0 Tohoku (Japan) earthquake, increased seismicity of the 
Hakone volcanic complex, crustal deformation around Mount Fuji, and 
subsidence of volcanic areas in Tohoku were observed (Fujita et al., 2013; 
Takada and Fukushima, 2013; Yukutake et al., 2013). These observations 
suggest that large earthquakes can cause, in addition to volcanic unrest, 
negative responses and a decrease in volcanic activities.

Both static and dynamic stress changes associated with large earth-
quakes may trigger volcanic eruptions (e.g., Linde and Sacks, 1998; 
Manga and Brodsky, 2006; Hill and Prejean, 2007). Static stress changes, 
which cause long-term volumetric expansion and contraction (e.g., Nostro 
et al., 1998; Walter and Amelung, 2007), decay rapidly outside the source 
region and cannot entirely explain the widespread seismicity increases 
observed after the A.D. 1992 Landers earthquake (California, USA; e.g., 
Hill et al., 1993) and the Tohoku earthquake (Toda et al., 2011). Dynamic 
stress changes may explain responses at large distances (e.g., Hill and 
Prejean, 2007). Several mechanisms have been suggested to explain the 
triggered volcanic activities; i.e., bubble ascent (Steinberg et al., 1989; 
Sahagian and Proussevitch, 1992; Pyle and Pyle, 1995), liquefaction 
(Sumita and Manga, 2008), and sloshing (Namiki et al., 2016). Whether 
these mechanisms can similarly explain the observed negative responses 
has yet to be determined.

Here, we focus on topography as a site effect (e.g., Paolucci, 2002). 
The prominent topography of volcanoes focuses the incoming seismic 
waves that match the resonance frequency of the volcanic edifice and 
generate dynamic stresses that may activate volcanoes. Topographic 
loads induce rotations of the principal stress, focusing the trajectories of 
propagating dikes, and compress just below the edifices so that ascend-
ing magmas stall and accumulate at depth (Dahm, 2000; Muller et al., 
2001; Watanabe et al., 2002; Kervyn et al., 2009; Roman and Jaupart, 
2014; Pinel et al., 2017). The depth of storage depends on the magma 
buoyancy and the amount of loading stress (Pinel and Jaupart, 2004). 
Using analogue experiments, we explore how the focusing of dynamic 
stress by volcanic edifices affects the stability of stored fluids, and how 
this may lead to their mobilization.

EXPERIMENTAL METHODS
We built an analogue volcanic edifice by solidifying agar gel in a tank 

covered with a mountain-range–shaped mold of width W (0.14 m) and 
variable height H (0.04–0.15 m), producing a two-dimensional triangular 
prism, as denoted in Figure 1A (and in DR Section 1 and Figures DR1 
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and DR2 in the GSA Data Repository1). The elastic gel used as a rock ana-
logue (Figs. DR3 and DR4; Table DR1) has a density of ρ = 1134–1144 
kg m−3 and a shear modulus of G = 200–1300 Pa. Its stress perturbations 
are observable using photoelasticity by placing a polarizing sheet in front 
of and behind the gel edifice. When we removed the mold, the gel edifice 
shrank vertically and dilated laterally under its own weight, resulting in 
horizontal extension at the edifice base (Fig. 1A, yellowish color; Fig. DR5).

To simulate crack propagation, we injected a buoyant fluid (dyed water 
or air) into the bottom of the gel edifice and observed the deceleration 
of the ascending fluid-filled cracks induced by the edifice loading (Fig. 
DR5). Air-filled cracks decelerate and vertically shorten when entering the 
gel edifice (Figs. 1B and 1C). In contrast, water-filled cracks, which are 
broader in shape due to their higher density and larger volume required for 
propagation, reach the sidewall at the base of the gel edifice (white arrow 
in Fig. 1D; Fig. DR7; Kervyn et al., 2009; Taisne et al., 2011). Then, we 
shake the edifice-crack system on a shaking table using various values 
of displacement amplitude A and angular frequency ω (Fig. 2; Fig. DR1).

EXPERIMENTAL RESULTS AND DISCUSSION
When we shook the gel edifice at 5 Hz with an air-filled crack at its 

base (Fig. 2A; Movie DR1 in the Data Repository), it took only 3 s for 
the crack to ascend to the top of the edifice, as opposed to 30 min without 
shaking. A large stress concentration accumulated around the crack (blu-
ish region in Figs. 2B and 2D; 1.74 s). Because the slopes of the edifice 

1 GSA Data Repository item 2019027, methods, additional results, Tables 
DR1 and DR2, Figures DR1–DR15, and Movies DR1–DR5, is available online 
at http://www.geosociety.org/datarepository/2019/, or on request from editing@
geosociety.org.

reflect the elastic waves, the imposed and reflected waves interfere. The 
maximum stress at the crack tip enhanced by the wave interference was 
larger than that before the shaking, and was close to the yield threshold. 
As a result, the fracture accelerated (Figs. DR3, DR5, DR8, and DR9). 
Air flowed quickly into the newly fractured crack tip, leading to a prompt 
eruption (DR Section 2).

The wave interference was also observed in the pressure curve mea-
sured at the bottom of the tank (Fig. 2C; Fig. DR1). Initially (<0.5 s), the 
pressure waveform closely followed that of the imposed acceleration, 
but after some time (>1.5 s) the pressure peak split into two. The wave 
interference arose twice in each oscillation cycle; it first appeared as the 
small peak, and then the overlap of the interference and the shaking cycle 
appeared as the large peak (red arrows in Fig. 2C).

When shaking the gel edifice at 5 Hz with a red-dyed water-filled crack 
at the edifice base, the crack propagated both upward and laterally (Fig. 3; 
Movies DR2 and DR3). Dynamic stresses cause a rotation of the principal 
stresses and variations of amplitude over time, which changed the direc-
tion of the crack propagation intermittently, resulting in a zigzag pathway 
highlighted by the red-dyed water (white arrows in Fig. 3; 9 s). Fluid-filled 
cracks propagate perpendicular to the maximum tensile direction, in general 
(Anderson, 1951). Unlike the air-filled crack, the water-filled crack spread 
horizontally at the edifice base. After we resumed shaking at 8 Hz, the crack 
immediately reached the sidewall (green arrow in Fig. 3A; 15 s). Without 
shaking, a similar water-filled crack took more than 30 min to migrate over 
the same distance (Fig. 1D). When a mixture of air and liquid was injected 
(Fig. DR10; Movie DR4), air bubbles accumulated at the crack tip; upon 
shaking, the bubbles moved upward while some part of the liquid descended.

The force acting on an oscillating edifice with mass M during shaking 
equals MAω2. Dividing this force by W2, which is the area of the edifice 
base, gives the stress σb= MAω2/W2 (DR Section 3). Dividing σb by G, we
obtain the strain γ = MAω2/(GW2). Given that stress σb = MAω2/W 2 ∝ H,
taller edifices are affected by larger stresses during shaking. We here do 

Edifice base

Side view

0 6 12 18 24 30 36 42 48 54 60 66
Time (min)

0

-0.04

-0.08

D
ep

th
 (m

)

W

Edifice base

Front view Side view Side view

50
 m

m

B

A C D

0 0.5 1.3 2.1 2.9 s

1.68 1.70 1.72 1.74 1.76
1.78 s

Side view

Front view

10 mm

10 mm

50 mm

Front view A sin(ωt)

Time

A

B

D

C

Figure 1. Loading stresses of the experimental gel edifice decelerate the 
upward propagation of cracks. A: Front view of gel edifice with a width 
and breadth of W. Shape of gel edifice (red frame) readjusts when mold 
is removed (blue frame) as shown by small white arrows, generating 
extension (blue arrows) at the base of the edifice (green dashed line). 
Deviatoric stress field is shown in Figure DR5 (see footnote 1). B: Time 
lapse of ascending air-filled crack viewed from side. Volume of air in 
the crack is 1.5 mL and density is 1 kg m−3. Air-filled crack decelerates 
as it reaches edifice base. The effect of the discontinuous refraction 
index is removed (Fig. DR6). In this experiment, buoyancy pressure is 
Δρgl ≈ 280 Pa, where Δρ = 1139 kg m−3 is the density difference between 
the gel and the fluids filling the cracks, g = 9.8 m s−2 is gravitational 
acceleration, and l = 0.025 m is vertical length of fluid column. C: Crack 
trajectory visualized by injection of red-dyed water after ascent shown 
in B. D: Broader crack generated by injecting red-dyed water reaches 
the sidewall, as shown by white arrow. Water density is 1000 kg m−3 and 
volume is 15 mL. This results in Δρ = 140 kg m−3, l = 0.2 m, and Δρgl ≈ 
270 Pa, similar to that of the air-filled crack shown in B.

Figure 2. Rapid ascent of air-filled crack upon shaking. The gel edifice, 
with a fundamental resonance frequency of 3.8 Hz (Table DR1 [see 
footnote 1]), containing an air-filled crack with volume of 1.5 mL, is 
shaken laterally with a frequency of 5 Hz and displacement amplitude 
of A = 3 mm. A,B: Side (A) and front (B) views of area shown by white 
box in D. C: Measured pressure of gel edifice (red curve) and accelera-
tion of shaking table (blue curve) have different numbers of peaks, as 
denoted by arrows. D: Time evolution of stress field during half-cycle 
of oscillation. Direction of imposed displacement, Asin(ωt) (where A 
is displacement amplitude, ω is angular frequency, and t is time), is 
denoted in lower right panel. Bluish to reddish colors in B and D are 
higher to lower stress concentrations, respectively, highlighted by 
photoelasticity. Locations of air-filled crack in A, and in B and D, are 
traced by black and white curves, respectively.
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not consider edifice bending, observed in our gel edifices with low shear 
modulus but not realistic in nature. Most cracks propagated when γ ≈ 1 
(Fig. DR11C), which is the yield condition of our gel (Fig. DR3C). Some 
cracks propagated for γ < 1 and some failed to propagate for γ > 1, sug-
gesting that additional requirements exist for crack propagation.

The stress σb is amplified through interference if the oscillation period of
the incident wave is equal to the travel time across the width of the edifice, 
which is W/vs (where vs is the shear wave velocity), and vs = 0.4–1.1 m s−1 
in our experiments. The inverse of this travel time, vs/W, is close to the reso-
nance frequency of small-aspect-ratio edifices, i.e., with H/W < 0.5 (Figs. 
DR8 and DR12; Table DR1; DR Section 4; Paolucci, 2002; Towhata, 2008).

The fluid-filled cracks propagated more efficiently when the imposed 
shaking frequency was close to the fundamental resonance frequency 
of the gel edifice (Fig. 4A). Higher modes of the resonance frequencies 
(normalized by the fundamental resonance frequency ~2) also promoted 
crack propagation. At the highest frequency (normalized frequency >5), 
crack propagation became less likely, suggesting that fluid migration is 
difficult under a rapidly changing stress field (DR Section 5).

COMPARISON WITH NATURAL VOLCANOES
Our experimental arrangement differs from natural conditions in sev-

eral aspects. The aspect ratios of our gel edifices are in the range of 
0.28–1.1, larger than typical values for isolated volcanoes (0.05–0.3; 

Kervyn et al., 2009) and for the volcanic mountain ranges where subsid-
ence was observed after earthquakes (0.03, Fig. DR13). Buttressing of the 
rigid walls in our experiments likely affected the resonance of the edifice 
and interference of elastic waves. Under natural conditions, the largest 
displacement of an edifice base may be caused by Rayleigh waves in a 
vertical direction, different from the horizontal shaking in our experiments.

We thus numerically simulated horizontal and vertical oscillations 
of a volcanic edifice with an aspect ratio of 0.03, situated on a homoge-
neous layer of 15 km thickness, similar to the thickness of the upper crust 
(Fig. DR14; DR Section 6). The simulations show that both horizontal 
and vertical oscillations result in stress focusing and amplification of the 
displacement beneath the edifice where magmas may accumulate (Fig. 
DR14; Movie DR5). Therefore, we consider resonance of natural volca-
nic edifices plausible.

Natural volcanoes have a more complex shape and internal structure 
than our gel edifice, so we expect that they resonate over a range of 
frequencies. This may cause fluid migration and redistribution in more 
complex ways than those we observed in our experiments.

The low shear modulus of our gel exaggerates strains in ways that are 
unrealistic in rock. This is a limit common to many experiments using a 
gel as an analogue for rock. However, our experiments are well-scaled 
regarding stress balance. That is, in Table DR2, we compare stresses of 
σb, Δρgl (l is the vertical length of the fluid column), and fracture pressure 
PF, and find that their ratios in our experiments and in natural volcanoes 
are similar. We also find that σb in nature may be similar to or larger
than the stress changes estimated to trigger volcanic unrest (DR Section 
3). Our gel attenuates waves more efficiently than rock, suggesting that 
amplification by resonance may be more efficient in nature. A difference 
in attenuation does not affect the resonance frequency.

IMPLICATIONS FOR SUBSIDENCE AND GAS EMISSION 
CHANGES

Finally, we applied our experiments to triggered negative responses 
of volcanic activity to large earthquakes. The fundamental resonance 
frequency of volcanic mountain ranges with aspect ratios of H/W < 0.5 
is ~0.7 × vs/W (Paolucci, 2002). Assuming vs = 3 km s−1 for the shallow 
crust, the resonance frequency of the volcanic mountain range in Tohoku, 
Japan, with a width of ~30 km (Fig. DR13), becomes 0.07 Hz. Seismic 
waves recorded after the Tohoku earthquake close to the subsidence area 
in Iwate, Tohoku, show a frequency peak at ~0.07 Hz (Fig. DR15), sug-
gesting that resonance did occur.
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Figure 4. Response of fluid to shaking. A: 
Direction of fluid migration (see legend) upon 
shaking, mapped as a function of imposed 
frequency normalized by the fundamental 
resonance frequency of the gel edifice (Table 
DR1 [see footnote 1]), and the depth of the 
crack tip at onset of shaking, normalized by 
the edifice height. Crosses indicate that the 
crack reaches the edifice summit. Symbols 
with thick outlines indicate that fluid in the 
crack is air (as a liquid-free fluid) or bubbly 
fluids. Symbol color indicates aspect ratio of 
edifice, as denoted in the color bar; reddish 
colors indicate taller edifices. Crack propaga-
tion depends on imposed frequency, edifice 
loading, buoyancy of the internal fluid, and 
the stress field deviated by the resonance at 
the base of edifice (see details in Fig. DR11). 
B: Schematic illustration of positional rela-
tionship between the source region of a 
large earthquake and the resonating volcanic 
mountain range with a width of W. Interfer-
ence of elastic waves from the volcano slopes 
pushes out magma from the chamber.

Figure 3. Accelerated ascent of water-filled crack upon shaking, shown 
from side (A) and front (B) views. Crack makes a zigzag pathway (white 
arrows in B) and reaches the sidewall (green arrow in A).Crack has 
volume of 25 mL and buoyancy pressure of 150 < Δρgl < 270 Pa (where 
Δρ is the density difference between the gel and the fluids filling the 
cracks, g is gravitational acceleration, and l is vertical length of fluid 
column). The gel edifice, with a fundamental resonance frequency of 
4.2 Hz, is shaken with 3 mm amplitude at 5 Hz from 0 to 10 s, and at 8 
Hz from 14 to 15 s; i.e., no shaking between 10 and 14 s.
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The permanent subsidence associated with the Tohoku earthquake could 
be a result of static stress change (Pritchard et al., 2013; Takada and Fuku-
shima, 2013). However, the observed stress orientation did not change. In 
terms of the differential stress, it is not clear whether static stress change 
caused new crack openings (Toda et al., 2011; Yoshida et al., 2012).

Resonance of volcanoes and volcanic mountain ranges to shaking may 
be consistent with the diversity of observed responses to earthquakes, 
including both positive and negative responses. Vertical oscillation of 
volcanoes may push out the fluids in magmatic or hydrothermal reservoirs, 
or in the groundwater system beneath the volcano (Fig. 4B), redistributing 
fluids and potentially causing subsidence (Pritchard et al., 2013; Takada 
and Fukushima, 2013). This may also explain the observed drop in seis-
mic-wave velocities after the Tohoku earthquake (Brenguier et al., 2014).

Different responses observed at volcanoes of different composition 
(Avouris et al., 2017) can be explained by magma migration induced by 
resonance, by taking into account the viscosity dependence of bubble 
separation efficiency. Only if the viscosity of the surrounding melt is low 
enough, can bubbles separate from the melt upon shaking, to increase the 
outgassing (Namiki et al., 2016).

In conclusion, in our experiments, resonance of the gel edifice causes 
stress enhancement around fluid-filled cracks, promoting crack propaga-
tion and accelerating fluid migration. Similarly, our estimates suggest 
that resonance of a volcano, induced by large earthquakes, can promote 
redistribution of magma or other fluids in the volcano, triggering or inhib-
iting volcanic activity.
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