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Numerical modeling predicts seismic resonances in the magma
chamber-conduit system due to wavefield capturing
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ABSTRACT
This study utilizes 3D numericalmodels to simulate seismic resonances in a volcanic edifice, arising from the interaction between
an externally excited wavefield and a magma chamber-conduit system. The magma chamber and conduit efficiently capture the
incident wavefield of both P- and S-waves, excited by a high-frequency (~10 Hz) earthquake located within the edifice. Due to
multiple internal reflections off the boundaries of the chamber and conduit, prolonged reverberations occur, which are guided
along the conduit. Temporal and spectral analyses of synthetic seismograms illustrate that models with larger chambers and
wider conduits consistently yield larger resonance amplitudes at distinct frequencies. Our models indicate that a larger magma
chamber can produce an intensified scattered wavefield with a broad frequency range, observable up to several hundred meters
away from the central conduit. Generally, these externally initiated ‘calabash resonances’ may appear as tremor-like signals at
seismometers on the edifice, accompanying more conventional seismic events in its proximity.
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1 INTRODUCTION
The properties of the magmatic plumbing system within the
volcanic edifice are fundamental for characterizing volcanoes,
enhancing our understanding of eruptive processes, and im-
proving their forecasts. Generally, the interaction and re-
sponse of seismic wavefields to the internal structure and to-
pography of the volcanic edifice can offer valuable insights
into the geometry and physical properties of the volcanic
plumbing system [e.g. De Siena et al. 2014; Reiss et al. 2022] as
well as on the imaging of heterogeneous velocity distribution
[O’Brien et al. 2023]. Seismic signals observed at volcanoes
encompass volcano-tectonic events, tremors, resonances, and
relatively long-period signals, recorded in various volcanic re-
gions worldwide, e.g. Redoubt, Alaska [Power et al. 1994];
Soufrière Hills, Montserrat [Miller et al. 1998]; Arenal, Costa
Rica [Hagerty et al. 2000]; Erebus, Antarctica [Rowe et al. 2000];
Galeras, Colombia [Gómez M and Torres C 1997]; Karymsky,
Russia [Johnson and Lees 2000]; Lascar, Chile [Hellweg 2000].
Among the signals described above, volcanic tremors per-
sist over time periods ranging from seconds to hours and days,
while typical long and short-period seismic events at volca-
noes are more transient [e.g. Muñoz et al. 1990; Nishi et al.
1996; De Barros et al. 2013]. The tremors are thought to re-
sult from seismic events induced by magma (or fluid) move-
ments within the volcanic system, which can cause resonances
in the magma-filled conduit [Chouet 1986; Ferrazzini and Aki
1987; Chouet 1988; Jousset et al. 2003; Sturton and Neuberg
2003; Neuberg et al. 2006; Sturton and Neuberg 2006]. Liang
et al. [2020] conducted a study on very long-period seismic
signals and resonances in a conduit-crack system connected
to a reservoir. They used oscillating magma as a source,
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which causes surface displacements through crack inflation
and deflation. The presence of multiphase flow in the magma
and stratification in the conduit can generate acoustic-gravity
waves, complicating the analysis of resonant signals at vol-
canos [Karlstrom and Dunham 2016]. Wang et al. [2024] simu-
lated the seismic wavefield radiation resulting from a caldera
collapse and the response of the underlying magmatic reser-
voir to explain the complex seismic signals observed dur-
ing such collapse events. Jousset et al. [2004] and Sturton
and Neuberg [2006] conducted seismic waveform modeling of
long-period signals. They demonstrated that the magma-filled
conduit acts as a seismic resonator or wave guide due to the
contrasting wave speeds between conduit and host rock. Like-
wise, Cadena and Sánchez [2022] modeled long-period seismic
waves observed at Galeras volcano (Colombia) revealing res-
onances of the seismic signals in the magma-filled conduit.
Their studies rely on 2Dmodels with a seismic source situated
within the conduit. However, they do not consider the effects
due to a magma chamber and an externally generated wave-
fields, which could result from, e.g. far field seismic sources
such as volcano-tectonic events or deep magmatic fracturing
[Domínguez et al. 2001; De Barros et al. 2013].
In this study, we focus on modeling the wavefield scat-
tering and resonances of a magma-filled chamber and con-
duit system. Compared to existing studies, the seismic source
is located outside the magmatic system, but inside the edi-
fice. Using synthetic seismograms obtained from 3D mod-
eling that allow the propagation of attenuated P- and S-
waves in the host rock and magma, we examine the signals
recorded at a receiver line across the volcanic edifice. Seis-
mograms on the surface are linked with wave dynamics in
the chamber-conduit system. To more accurately constrain
potential sources and processes of wave scattering and rever-
berations in the volcanic edifice, we systematically vary the
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size of the magma chamber and width of the conduit within
the models.
The magma chamber used in our model of the volcanic ed-
ifice is relatively shallow and small, whereas chambers deeper
in the crust are typically larger. With our research, we aim
to improve the understanding of the complex seismic reso-
nance response of smaller magmatic structures inside the ed-
ifice, which generally might be overlooked by imaging meth-
ods, e.g. tomography. Incoming seismic waves from a distant
earthquake are characterized by relatively large wavelengths.
Contrastingly, local and shallow seismic activity [Patanè et al.
2017], e.g. at the crater or close to shallowmagmatic structures
(such as a magmatic conduit), produces waves with signifi-
cantly shorter wavelength. Such waves have the potential to
be captured by smaller structures followed by resonances, as
investigated in our study. This could be of general advantage
concerning imaging techniques applied on shallow objects or
minor magmatic structures inside the edifice.

2 MODEL AND SETUP
We perform simulations of wavefield propagation using the
Salvus software package, which employs the spectral element
method to solve the elasto-dynamic wave equation, taking into
account attenuation effects [Afanasiev et al. 2018]. The vol-
canic edifice considered here has a maximum height of 2000 m
(Figure 1). To focus on local and shallow seismic processes
within the edifice and to reduce computational costs, we use
a cropped modeling range of 800 × 800 m horizontally and
2500 m (from −500 to 2000 m) vertically. The cylindrical con-
duit, located at the center of the model, has a vertical length of
400 m and a diameter that varies using four different models
(D = 20 m, 30 m, 40 m, 50m), extending up to the surface.
The modeled magma chamber is relatively shallow (compa-
rable to Stromboli, see Patanè et al. [2017]) and is depicted as a
symmetrical sphere connected to the base of the conduit, with
varying radii (R = 0 m, 50 m, 100 m, 200 m), while the con-
duit length remains fixed. Both the chamber and conduit are
radially symmetric along the z-axis of the model. A visualiza-
tion of the increasing chamber size in the model is depicted
in Figure 1.
A double-couple source is positioned in the x-z-plane, be-
neath the chamber at horizontal position x = −200 m and
y = 0 m, and vertical position z = 1000 m. The coupled
forces of the source are oriented diagonally, rotated by 45°
around the y-axis. This source mechanism simulates a typical
volcano-tectonic event within the edifice, generating both P-
and S-waves. We use a Ricker-wavelet source function with
a dominant frequency of 10 Hz, suitable for shallow and local
seismic events in the vicinity of the volcano. The physical pa-
rameters of the host rock and magma (Figure 1) are based on
the values used in existing studies, such as Jousset et al. [2004]
and Cadena and Sánchez [2022]. The used elastic parameters
are consistent with empirical data and are characteristic for
rhyolitic rock [e.g. Christensen and Stanley 2003; Ji et al. 2019]
or shallow basalts [Lesage et al. 2018]. We also include at-
tenuation of P- and S-waves within both the host rock (weak
damping) and magma (stronger damping). The S-wave ve-
locity in the host rock is fixed to 1500 m s−1 and 450 m s−1

in the magma, to model partially melted rock [Paulatto et al.
2022]. However, as described below (see section on Effects of
reduced S-wave velocity in the magma) the S-wave velocity
in the magma is systematically decreased using models with
Vs = 750 m s−1, 450 m s−1, 150 m s−1, and Vs = 0 (acoustic
medium), to approximate higher melt content.
A receiver line, composed of 800 receivers spaced at 1 m
apart, is positioned along the surface across the volcanic ed-
ifice. In contrast to previous studies, we assume that the
magma is not entirely an acoustic fluid to better approximate
the properties of a viscous magmatic mush, allowing for the
propagation of S-waves. The mesh consists of hexahedral el-
ements and the discretization adheres to a minimum of three
elements per wavelength. The polynomial order (controlling
the grid points per element) is set at four, ensuring sufficient
resolution of structures and wavefields. Absorbent layers (see
Figure 1) of appropriate thickness are attached to the model
boundaries to suppress artificial reflections. We obtain syn-
thetic seismograms in units of ground velocity at each of the
800 receivers.

3 RESULTS
3.1 Wavefield capturing and resonance generation

We assume a seismic source located within the edifice (Fig-
ure 1). This source, situated beneath the edificial plumbing
system (Figure 2A), excites a wavefield that encompasses both
P- and S-waves. The wavefield is then captured by the magma
chamber and the conduit, both of which have a lower velocity
(Figure 2B). Within the simulated magmatic chamber, multiple
reflected intersecting wavefronts constructively interfere and
lead to resonances. The main mechanism for the resonance
generation is the capturing of the wavefield by a drop of the
seismic velocity between the host rock and the magma. In ad-
dition to these resonances, wavefronts are reflected multiple
times off the boundaries of the chamber and conduit, which
leads to general reverberations of the signal. These resonances
and reverberations can persist for an extended duration of sev-
eral seconds (Figure 2C and Figure 3D). Some of their energy
is also transmitted back into the surrounding rock. Compared
to transient signals from earthquakes (P- and S-wave) with a
relatively broad spectrum, resonances are typically character-
ized by prolonged and amplified periodic oscillations at dis-
tinct frequencies. This phenomenon is shown in more detail
in Figure 3, discussed subsequently.

3.2 Effects of magma chamber size and conduit width

We further explore the influence of the size of the magma
chamber and with of the conduit on the resulting resonances
within both the chamber and conduit. Seismograms shown
in Figure 3A–D and Figure 4A reveal that the resonances un-
dergo significant changes as the size of the magma chamber
increases: The separation of P- and S-wave arrivals becomes
less clear, and their peak amplitudes (especially after the first
S-wave arrivals) become more equal over time. The most
pronounced resonances are observed at central stations above
and near the 20 mwide conduit (Figure 3). For smaller magma
chambers, resonant S-waves impact a range of up to 50 m
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Figure 1: Computational model of the volcano edifice featuring a chamber with varying radius of R = 0 m, 50 m, 100 m, 200 m and
a conduit with varying width of D = 20 m, 30 m, 40 m, 50 m. A double-couple source is positioned at (x, y ,z) = (–200, 0, 1000)
and is characterized by a 10 Hz Ricker wavelet. The properties of the host rock and magma are similar to those described in
Jousset et al. [2004]. except for the (non-zero) VS velocities inside the mushy magmatic system. Absorbent layers are attached
to the actual model domain of 800 × 800 × 2500 m, however, the absorbent layers are not depicted in the following figures.

away from the center. This range of impact decreases as the
chamber size increases.

Furthermore, the initial P- and S-wavefront are observable
across the entire edifice (Figure 3). However, this wavefield
becomes significantly more dispersed and scattered for larger
simulated magma chambers (as seen in Figure 3D and 4C).
Within the conduit itself, waves undergo multiple reflections
off its boundaries. This behavior is influenced by both fre-
quency and conduit width. To accurately determine the fre-
quency content of the resonances, we separate the onset of
the primary wave (P-wave) before 0.65 s from the subsequent
S-wave and other longer-lasting resonances after 0.65 s (see
Figure 4). Our analysis confirms that both the chamber size
and the width of the conduit influence the S-wave magni-
tude and dominant frequencies (see Figure 4A–B). Contrar-
ily, it is interesting to note that the frequency content of the
P-wave (before 0.65 s) remains largely unaffected, exhibiting
only minor variations in response to changes in the sizes of
the magma chamber and conduit. The corresponding spec-
tra exhibit a broad-peak amplitude centered at about 18 Hz
for small magma chambers with radii up to 50 m. For larger
chamber sizes (e.g. 200 m radius), this peak splits up into sev-
eral narrow peaks with dominant (resonant) frequencies of 16,
18, and 21 Hz (Figure 4A). Irregular splitting of spectral peaks,
albeit at lower frequencies, also occurs as the conduit width
increases (Figure 4B)—even for smaller chambers. This sug-
gests that relatively low-frequency resonances observed near

the conduit result from a wider conduit, while a larger magma
chamber tends to broaden the spectrum, also towards higher
frequencies.
Based on our results at greater distances from the conduit
(Figure 4C), we infer that a significantly intensified scattered
wavefield, characterized by a broad frequency range with a
distinctly peaked spectrum, is also indicative of a large magma
chamber within the edifice. While the primary source fre-
quency is centered at 10 Hz, the recorded resonance frequen-
cies reach up to 23 Hz. This indicates substantial shifts in
dominant frequencies, which are mainly related to the con-
duit, as the effects occur even without a magma chamber
(Figure 4A). For instance, with a conduit width of D = 20 m,
the frequency spectrum predominantly spans from 13 Hz to
22 Hz. In contrast, a conduit width of D = 50 m exhibits a
range between 5 Hz and 16 Hz (Figure 4B).

3.3 Effects of reduced S-wave velocity in the magma

We investigate the impact of a reduced S-wave velocity in the
magmatic conduit on the resonances and compare the results
to those of an acoustic magma (Figure 5). In case of a rela-
tively high S-wave velocity (Vs = 750 m s−1 or 450 m s−1),
the onset of the P- and S-wave are distinctly detectable in the
seismogram (Figure 5A and B). With decreasing wave velocity
in the magma, the resonances show a prolonged duration and
the onset of the S-wave is muted or smeared. In case of an
acoustic fluid (Figure 5D), the amplitude of the P-wave onset
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Figure 2: The wavefield (z-component) at various time steps, Ti, for the model with a magma chamber radius R = 100 m and
conduit width D = 20 m. The vertical axis (horizontal axis) in the figure represents the vertical z-axis (horizontal x-axis) of the
model (Figure 1). [A] Excitation of the wavefield at a source within the edifice below themagma chamber. [B] The reduced seismic
velocities within themagma chamber and conduit lead to capturing of the incident wavefield. [C] The wavefield within themagma
chamber-conduit system reflects at its internal boundaries. [D] The reverberations within the magma chamber-conduit system
induce ‘calabash resonances’, similar to a calabash fruit’s shape. The wavefields in [A]–[D] are individually normalized to the
maximum amplitude of the wavefield to enhance the visualization of small amplitudes.

is reduced as well, however, resonant signals in the seismo-
gram are significantly prolonged up to a duration of several
seconds. These observations imply that pronounced and pro-
longed resonances, particularly of the S-wave, are indicative
for wave velocity characteristics in the magma that could pro-
vide rheological information about the magma, which is dis-
cussed later. For simplification and reducing numerical costs,
the models used in this section neglect the magma chamber
and are two-dimensional (see details in Supplementary Mate-
rial 1 Figure S4).

3.4 Effects of a far-field plane wavefield

We model an incoming plane P-wave (Ricker wavelet) from
the bottom of the model to account for possible interactions of
the magma chamber with waves from a more distant earth-
quake. We chose a dominant frequency of the plane wave
of 2 Hz and 10 Hz, to examine frequency-dependent behav-
ior (Figure 6). We find that the wave-capturing process is
wavelength-dependent. In case of a 10 Hz wave (Figure 6D),

resonances are clearly observable in the center of the seis-
mic profile, however, in case of a 2 Hz wave (Figure 6C), the
resonances are negligible. This implies that lower-frequency
regional and teleseismic wavefields have only limited inter-
action with a local magma chamber-conduit system, reduc-
ing the chance of detecting resonance signals at the surface
that are generated by a wave-field capturing process. This
highlights the importance of taking local seismic activity into
account.

4 DISCUSSION
The results underscore the significance of resonances within
the magma chamber and conduit system, triggered by seis-
mic waves excited by an external source. Unlike previous
studies that utilized 2D models and considered seismic events
within a conduit without magma chamber [e.g. Jousset et al.
2004; Sturton and Neuberg 2006; Cadena and Sánchez 2022],
we have conducted simulations in 3D that incorporate both a
conduit and a magma chamber. Furthermore, we included a
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Figure 3: [A]–[D] Synthetic seismograms (z-component) obtained from the receiver line across the conduit along the x-axis of
the model. Amplitude and duration of the resonances correlate with the increasing size of the magma chamber from R = 0 m
to R = 200 m. Long-lasting ‘calabash resonances’ are most prominent in the immediate vicinity of the conduit. A larger magma
chamber leads to a more dispersed scattered wavefield on both sides of the conduit which results from internal reverberations
(most notably in [D]). All seismograms are commonly scaled.

local seismic source outside the conduit to simulate a volcanic-
tectonic event (see Figure 1).
The results show that resonances, excited by an external
seismic source, are significantly influenced by both the width
of the conduit and the size of the magma chamber (see Fig-
ure 4). The resonant and related scattered wavefields that re-
sult from the interaction of the incident waves with the magma
chamber-conduit system are observable not just near the con-
duit, consistent with findings from previous studies [Jousset
et al. 2004], but also at more distant seismic stations, several
hundred meters away from the center. The amplitudes and
frequency characteristics of the ‘calabash resonances’ (see Fig-
ure 2) vary significantly based on the receiver locations (Fig-
ure 3, 4). Notably, we detect an amplification of the resonant
wavefield towards higher frequencies at receivers positioned
close to the conduit, especially when the conduit is narrow
and the magma chamber is large (Figure 4).
We studied the physical link between resonance charac-
teristics and wave velocity by systematically decreasing the
S-wave velocity in the magma, which in turn means an in-
crease of the Vp/Vs ratio (Figure 5). A significantly decreased

S-wave velocity represents a very liquid magma with higher
mobility and lower density than a denser and less mobile ma-
terial, which could be a consequence of a higher proportion of
crystals in the magmatic mush, for example. The correlation
between seismo-elastic parameters and the overall rheology
of the magma was previously explored in laboratory studies,
e.g. by Caricchi et al. [2008]. Their research revealed that Vs
exhibits an increment with an increase in magma crystallinity.
According to these findings, our study underscores the poten-
tial utility of seismograms, particularly resonances, recorded at
volcanic sites to infer rheological characteristics of the magma
within the volcanic edifice.
We further consider the potential effects of modifications
to our model assumptions. Relevant figures are provided in
the supplementary materials. To account for different inci-
dence angles and scenarios of the wave entering the magmatic
structures, we simulated the seismic wavefield for a source
positioned above the chamber adjacent to the conduit (Sup-
plementary Material 1 Figure S1). Prolonged reverberations
are evident, suggesting that the resonances in our study can
occur in various situations: a seismic source below the mag-

Presses universitaires de �rasbourg Page 465

https://doi.org/10.30909/vol.07.02.461470
https://doi.org/10.30909/vol.07.02.461470
https://doi.org/10.30909/vol.07.02.461470


Seismic resonances in the magma chamber-conduit system Limberger & Rümpker 2024

Figure 4: [A] Synthetic seismograms (z-components) and spectra for a receiver at the center of the conduit (at x = 0 m) for
different magma chamber sizes. The amplitude spectra are calculated separately for times <0.65 s (solid line) and >0.65 s
(dashed line) to enhance the resonant wavefields (>0.65 s). [B] Seismograms and spectra at the same position for different
widths of the conduit. [B] Seismograms and spectra for a receiver off the center, at x = –100 m, for different sizes of the magma
chamber. All waveforms and spectra are commonly scaled to the maximum amplitude within the four waveforms (spectra).
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Figure 5: Effect of the ratio between the S-wave velocities ofmagma and the host rock on the resonances (with receiver located at
x = 0m) for various velocities: [A] Vs,Magma = 750ms–1, [B] Vs,Magma = 450ms–1, [C] Vs,Magma = 150 s–1, and [D] Vs,Magma = 0.These
are compared to the resonances for an acoustic fluid magma [D]. Due to the numerical limitations of the software utilized,
simulations are conducted in 2D, the model does not incorporate a magma chamber, and the conduit width is D = 20 m.

matic structure (Figure 2), next to the conduit (Supplementary
Material 1 Figure S1) and a distant earthquake (Figure 6). In
general, the wave is refracted and is reflected as it enters the
chamber and conduit, as indicated by the wave fronts in the
magma chamber in Figure 2 and as shown by prolonged re-
verberations (e.g. Figure 3). However, our results indicate
that the incidence angle is not a key aspect for the genera-
tion of resonances. Additionally, we compared seismograms
obtained from a receiver line oriented along the y-axis (per-
pendicular to vertical plane depicted in Figure 2) to those from
receivers set along the x-axis. We observed consistent reso-
nances at all receivers (refer to Supplementary Material 1 Fig-
ure S2), which illustrates the capability to detect both scattered
and resonance wavefields from any direction within the vol-
canic edifice. Furthermore, we modeled the impact of very
high-frequency waves (up to 60 Hz) to investigate the seismic
response of structures that are considerably large compared
to the length of an incoming wave (Supplementary Material
1 Figure S3). Our findings suggest that these waves may not
possess the capability to effectively induce resonances in mag-
matic structures. This conclusion is primarily attributed to
the limited wavelength of these waves in comparison to the
dimensions of the structures.
Resonances produced by fluid tubular and spherical in-
clusions have also been quantified using analytically derived
dispersion relationships [e.g. Paillet and White 1982; Schnei-

der et al. 2017]. However, given the combined effects of the
chamber-conduit system and the complexities arising from
considering both P- and S-waves propagating within the mag-
matic structures, we assume that the resonant wavefield ob-
tained through the numerical simulations surpasses the con-
straints of analytical approximations. Consequently, we utilize
an idealized structural model comprising a sphere attached
to a tube, along with a fixed source frequency and topogra-
phy. The aim is to emphasize the fundamental wave dynam-
ics of the ‘calabash resonances’ resulting from the interaction
between a wavefield and a magmatic structure. In order to
further advance the understanding of this phenomenon, fu-
ture investigations should explore the effects of more intri-
cate structures situated at various depths. Additionally, forth-
coming models ought to incorporate topographic effects and
a heterogeneous velocity model to examine the chances and
limitations of recording resonances and scattering across the
edifice. The comparison between Figure 4A and 4C reveals
that the location of the receiver significantly impacts the spec-
tral and temporal characteristics of the seismograms, which
can be further influenced by a more complex and detailed
surface topography.
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Figure 6: Wavefields and seismograms simulate an incoming plane wave from the bottom of the computational model to approx-
imate a distant earthquake with dominant frequencies of 2 Hz ([A] and [C]) and 10 Hz ([B] and [D]). Corresponding seismic traces
([C] and [D]) reveal that the 2 Hz incoming wavefield does not induce significant resonances, compared to the 10 Hz incoming
wavefield. This implies that the resonances depend on the wavelength of the incoming wave. The wave-capturing process is
more sufficient in case of a shorter wavelengths that are able to resolve the magmatic structures ([B] and [D]). The vertical axis
(horizontal axis) in [A] and [B] represent the vertical z-axis (horizontal x-axis) of the model (Figure 1).

5 CONCLUSION

This study employs numerical models to simulate seismic res-
onances in a magma-filled chamber and conduit system when
induced by an externally excited wavefield. Our results reveal
that the resonances are influenced by multiple factors, includ-
ing magma chamber size, conduit width, magma rheology,
receiver location, and signal frequency.
Central to our findings is the observation that larger magma
chambers and wider conduits enhance resonant behavior at
the tested frequency. This is evident from the significant split-
ting in the amplitude spectra. Wide conduits yield lower-
frequency resonances, while larger magma chambers gener-
ally broaden the spectrum of the seismic response, also to-
wards higher frequencies. Intriguingly, the frequency content
of the P-wave remains consistently unaffected by these varia-
tions, highlighting the complex interplay between the magma
chamber, conduit, and the seismic wavefield. Furthermore,
we demonstrate that the characteristics of resonances mea-

sured at the volcano’s surface correlate systematically with
the shear wave velocity in the magma, having the potential
to unveil crucial insights to the rheological characteristics of
the magma.
By studying the wavefields arising from the combined in-
fluence of both the conduit and magma chamber, our numer-
ical results provide important insights into the relationship
between waveform characteristics and magmatic structures,
especially in scenarios where analytical methods face limi-
tations. We are hopeful that our study will inspire further
observational and analytical research to identify and analyze
the described ‘calabash resonances’ in seismic recordings from
volcanoes worldwide.
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