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Abstract
Volcano seismology has been fundamental to our current understanding of crustal magma migration and eruption. The 
increasing availability of portable seismic networks with the creative use of seismic sources and ambient noise has led to 
a better understanding of the volcanic structure of many volcanoes and is producing increasingly detailed images of the 
volcanic subsurface. The past decade (2010-2020) has seen advances in our understanding of seismic sources under and sur-
rounding volcanoes through precise locations, and through analysis of source mechanisms from seismic signals that are more 
varied and smaller in magnitude, reaching beyond traditional techniques. In tandem with continued research on fundamental 
physics-based understanding of volcano-seismic sources, new advances in computational analyses including machine learn-
ing methods will push our understanding of volcanic processes into the future. Incorporation of multidisciplinary geophysi-
cal observations (especially infrasound) has become commonplace, and our understanding of infrasound propagation and 
sources will feed back into our ability to monitor ongoing eruptions and surficial mass movements. Open-source codes will 
permit widespread evaluation and adoption of new methodologies for volcano-seismic analysis and inversion. Combined 
with quantitative and conceptual source models using improved structural constraints, these new methodologies will better 
characterize the range of volcano-seismic signal evolution scenarios and hold promise for creating better short-term forecasts. 
Finally, permanent instrumentation is available on an expanding range of volcanoes, and open data policies are increasingly 
making these data available to the scientific community in near real time.
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Introduction

Many volcanic processes, occurring both above and below 
the surface, generate seismic energy, and thus, the study of 
volcano seismology is a fundamental piece of volcano sci-
ence. Seismology is a relatively mature field, having vol-
canic roots in the mid-nineteenth century and early twen-
tieth century (Zobin 2017). This long history has led to a 
steadily improving understanding of the volcanic structure 
and processes that drive unrest and sometimes lead to erup-
tions (e.g., Minakami (1960), Omori (1911) Tokarev (1963); 
Eaton and Murata 1960).

A milestone multi-decadal comprehensive review by 
Chouet and Matoza (2013) provided a review of volcano 
seismology and attempted to forecast the future directions 
in the field. That publication, along with several others 
(e.g., Neuberg 2011; Nishimura and Iguchi 2011; Kawakatsu 
and Yamamoto 2015; McNutt and Roman 2015; Zobin 2017; 
Saccorotti and Lokmer 2021), provides a review of the “state 
of the art,” including an in-depth discussion of volcanic 
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event types and source models, tying in fluid mechanics 
along the way.

With respect to future directions, Chouet and Matoza 
(2013) summed up the future of volcano seismology as 
follows:

The key to a better understanding of volcanic processes 
lies in a sustained effort aimed at cross-fertilization 
between increasingly realistic numerical and experi-
mental models of the fluid dynamics and elastodynam-
ics, spatially and temporally dense field measurements 
of diverse geophysical signals at all frequencies, and 
chemical and physical evidence recorded in the erup-
tive products.

This forecast of sorts has been largely true, especially as 
it pertains to numerical models, where the so-called physics-
based models have become more commonplace (Anderson 
et al. 2019). There have also been considerable advances 
in obtaining increasingly detailed measurements of seismic 
signatures of unrest and eruption (observational seismology) 
with a plethora of different instrumentation and methodolo-
gies, as we will explore below.

In this paper, we aim to summarize succinctly the past 
10 years of progress and attempt to project future trends. 
The topic is worthy of an entire volume, so we have chosen 
to focus on methods and trends within volcano seismology 
that improve our ability to forecast volcanic eruptions. For 
more in-depth discussions of volcano seismology as a field, 
we refer the reader to the summary publications above.

Illuminating the magmatic plumbing system

Understanding the subsurface structure of a volcano, includ-
ing the magmatic and hydrothermal plumbing system, is cru-
cial to building a conceptual model of the volcano and offers 
a framework from which to interpret seismicity occurring in 
different parts of the volcano.

Seismology currently broadly offers three main ways to 
obtain constraints on the spatiotemporal structure volcanic 
subsurface fluid pathways: (1) tomographic imaging of elas-
tic parameters, (2) mapping seismicity distributions and 
characteristics, and (3) waveform inversions for moment-
tensor and single-force representation of sources, which can 
constrain geometries of key elements in the fluid pathway 
structure. The three topics above are complementary, and 
each offers insights at different scales and resolutions.

Seismic tomography (broadly defined) continues to be 
a fundamental tool for understanding volcanic structure 
(e.g., Iyer and Dawson (1993); Lees 2007; Koulakov and 
Shapiro 2021). Ambient noise tomography studies, often in 
conjunction with other methods, have imaged the S-wave 
structure under volcanoes (Lin et al. 2014; Kiser et al. 2016; 

Ulberg et al. 2020), where S-wave travel times are sparse 
in the seismic catalog (Nagaoka et al. 2012; Jaxybulatov 
et al. 2014; Flinders and Shen 2017; Heath et al. 2018; 
Green et al. 2020; Miller et al. 2020). Towards the end of 
the 2010-2019 decade Janiszewski et al. (2020) and Portner 
et al. (2020) have illuminated the mid and lower crust of 
volcanoes using receiver functions within sparse networks. 
Advances in time-dependent (4D) tomography (Koulakov 
et al. 2013; Vargas et al. 2017; Koulakov and Vargas 2018) 
have revealed temporal changes in the ratio between the 
p-wave velocity and s-wave velocity, which have been inter-
preted as relating to magma storage and transport structures. 
Full-waveform inversion tomography (FWI; Beachly et al. 
2012; Heath et al. 2018) has also improved the spatial reso-
lution where applicable. Currently, the best resolution lies 
between about 2 and 10 km depth, with the shallower depths 
limited by station spacing and frequency content and the 
deeper areas limited by the difficulty of maintaining a dense 
station coverage within a large aperture network and by lack 
of deep local earthquakes. We note that the majority of shal-
low pre- and co-eruptive seismicity occurs at depths < 5 km; 
thus, imaging the shallow structure remains an important 
target of future work.

Imaging of the magmatic plumbing system is improving 
through denser instrumentation and active seismology strate-
gies and techniques, borrowed in part from industry explo-
ration seismology (e.g., Sheriff and Geldart 1995; Keho 
and Kelamis 2012; Nishimura et al. 2021). Full-waveform 
inversion (FWI) applied to experiments carried out over 
mid-ocean ridges (e.g., Arnulf et al. 2012, 2014; Carbotte 
et al. 2021) has delineated mush zones, melt rich zones, and 
conduits. Transferring this resolution to rugged and remote 
subaerial volcanoes will be difficult not only because of the 
difference in impedance contrasts but also because remote 
seismometer placement is strenuous and artificial seismic 
sources are difficult to permit in wilderness, sacred areas, 
or fragile ecosystems. The proliferation of highly portable, 
low-cost seismometer/digitizer combinations, commonly 
called nodes, may mitigate some of this difficulty. Whereas 
experiments with fully buried sensors and power systems at 
the surface were considered state-of-the-art in the late 2000s 
(e.g., Aoki et al. 2009; Zandomeneghi et al. 2010, 2013; 
Beachly et al. 2012), experiments with many hundreds or 
thousands of instruments, including nodes, were occurring 
throughout the 2010s (Mount St. Helens (iMUSH): Kiser 
et al., 2016; Ulberg et al. 2020; Yellowstone: Garcia 2017; 
Wu et al. 2017; Ward and Lin 2017) (Fig. 1). One new type 
of instrument currently in its infancy and developed in the 
oil and gas industry is distributed acoustic sensing (DAS), 
which uses fiber-optic cables to sense strain rates at meter-
scale spatial sampling along the length of the fiber (Lind-
sey et al. 2017). Temporary fiber-optic cables have been 
installed on some volcanoes such as Iceland (Jousset et al., 
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2018), Mount Etna (Currenti et al. 2021), Azuma volcano 
(Nishimura et al. 2021), and Mount Meager (Klaasen et al. 
(2021)), but the real potential in the short term is in using 
existing fiber-optic cables (dark fiber) that run along roads 
around some volcanoes (e.g., Ajo-Franklin et al. 2019).

Natural earthquake sources and artificial blasts gener-
ate seismic waves with wavelengths that are significantly 
larger than most structures within a magma transport sys-
tem, resulting in a smeared or blurry tomographic image. 
Recently, active seismic sources common in exploration 
geophysics, such as vibroseis trucks, have been deployed 

in volcanic settings. Waves from these seismic sources, 
when recorded on a large number of instruments, can 
image the crust in much greater detail than traditional 
active source or passive experiments because the seismic 
energy that is transmitted is broadband and well charac-
terized. This strategy has been recently applied at Solfa-
tara volcano (Bruno et al. 2017), Yellowstone (Brandon 
Schmandt, pers. Comm.), and is proposed at the summit 
of Kilauea in 2023 (Roger Denlinger, pers. Comm.). Crea-
tive uses of active sources, natural earthquake sources, and 
ambient noise in combination with large numbers of nodes 
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Fig. 1   Comparison of deployments and instrument improvements 
through the last decade. A An 80-station network on Erebus volcano, 
Antarctica, carried out in 2008 (Zandomeneghi et  al. 2010). Red 
triangles are the broadband stations. In the inset is the typical setup 
for this experiment, where the power and digitization occur above 
ground (inside the orange box) and the instrument is buried under-
ground (Photo Credit: Tomo Erebus and IRIS PASSCAL field team). 
B A subset of stations (red triangles) deployed for the iMush experi-
ment at Mount St. Helens in 2014 (Hansen and Schmandt 2015). In 
this experiment, approximately 900 nodes were deployed. The inset 
on the bottom is a picture of a node, illustrating the small size and 

compact nature of the seismic instrument (Photo Credit: Amanda 
Thomas). Both maps in A and B are plotted at the same scale. C 
Improvements in seismic and infrasound instrumentation on Alas-
kan volcanoes. Maps consider instrumentation up to 2010 (C.), 2022 
(D.), and infrasound instrumentation in 2022 (E.). Red triangles refer 
to analog short period seismic instruments, triangles refer to digital 
broadband seismic instruments, and black triangles refer to infra-
sound sensors. GNSS sites are not shown. All maps in C, D, and E 
are plotted at the same scale. Maps were created with pyGMT (Uieda 
et al. 2021) and GMT (Wessel et al. 2019). Erebus digital elevation 
model from the REMA dataset (Howat et al. 2019)
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or fiber optic cables will continue to sharpen our image of 
the subvolcanic structure for decades to come.

Tracking magma dynamics

As magma, magmatic gases, and subsurface fluids move 
through the crust, they may change local stresses or build 
up pressure that is released in the form of earthquakes and/
or tremor. In the past decade, one well-demonstrated new 
technique is the use of network-wide matched filtering, using 
larger earthquakes to detect smaller earthquakes. Matched 
filtering combined with high-precision earthquake location 
studies of swarms at several volcanoes (e.g., Shelly and 
Hill 2011; Matoza et al. 2014; Shelly et al. 2015; Hotovec-
Ellis et al. 2018; Wech et al. 2020) has shown that the small 
earthquakes connect the dots between the larger earthquakes, 
showing us details of magma and fluid migration that aren’t 
obvious using the standard seismic catalog alone.

Especially during times of unrest or eruption, much of 
the seismic energy release may be in the form of tremor, 
long-period or very-long period earthquakes; those types of 
events often attributed to fluid and gas movement through 
the crust. Yet, there remains ambiguity in the source pro-
cesses responsible for such events, which is especially prob-
lematic in the midst of an unrest sequence when assessing 
the volcanic hazard is critical. The past decade has seen 
advances in our ability to detect and locate some of these 
nontraditional sources (e.g., Dawson et al. 2010; O’Brien 
et al. 2011; Haney 2014; Soubestre et al. 2018), and when 
interpreted within the context of a well-determined concep-
tual model, these advances have improved our understanding 
of magma dynamics.

Understanding the source mechanisms of earthquakes 
within a period of unrest can give critical insights into impor-
tant components of the magmatic plumbing system (such 
as a geometrical conduit discontinuity). Source mechanism 
solutions have become increasingly available, especially for 
larger earthquakes and/or very long periods (e.g., Chouet 
and Dawson 2011; Ágústsdóttir et al. 2019; Roman et al. 
2021; Alvizuri et al. 2021). Polarity-derived source mecha-
nisms can be resolved at smaller magnitudes by using the 
sign of the cross-correlation coefficient of similar events or 
by stacking (Shelly et al. 2016; Wech et al. 2020), and in 
areas with improved constraints on structure and velocity 
(see above), full-waveform inversion has become possible 
on increasingly smaller events by detecting and stacking 
similar events (Matoza et al. 2015; Lyons et al. 2016). On 
the other hand, extending waveform inversion to higher fre-
quencies in the LP band (0.5 to 5 Hz) will rely on the ability 
to create Green’s functions that accurately take into account 
topography and small-scale velocity heterogeneities, espe-
cially in the shallowest hundreds of meters (Gabrielli et al. 

2020). Characterizing the near-surface velocity structure 
should become more feasible with the future use of nodes 
in dense deployments above volcano-seismic sources. Future 
development in this area will continue to focus on obtaining 
broadband seismic source mechanisms for a larger number 
and variety of events and for higher source frequencies with 
improved velocity models. Moving beyond a point-source 
representation of the seismic source, extended (finite source) 
inversions (Ji et al. 2002) may become increasingly feasible 
in volcano seismology (Nakano et al. 2007; Chouet et al. 
2008).

Insights into near‑surface processes

Shallow volcanic processes such as fissuring, explosions, 
and surface flows can pose immediate hazards to nearby 
populations and infrastructure while also creating infra-
sonic waves in the atmosphere (Matoza et al. 2019; Watson 
et al. (n.d.)). Combining seismic and infrasound observa-
tions has been fruitful for understanding near-surface pro-
cesses (Matoza et al. 2009; Lyons et al. 2016; Allstadt et al. 
2018; McKee et al. 2018; Neal et al. 2019; Fee et al. 2021), 
and atmospheric propagation conditions commonly permit 
remote detection (> 250 km) of large explosive eruptions 
(Matoza et al. 2011, 2017; De Angelis et al. 2012). There 
has been significant exploration of the effects of the atmos-
phere and topography on recorded infrasound waveforms 
in the last 10 years, which has demonstrated the need to 
consider topography especially at local (< 15 km) to regional 
(15–250 km) distances (Kim et al. 2015) and illustrated the 
utility and present limitations of operational atmospheric 
models for understanding infrasound recording in the far 
field (Schwaiger et al. 2019). Taken together, these advances 
have allowed study into more sophisticated explosive erup-
tion source models (Matoza et al. 2013; Haney et al. 2018). 
A better understanding of the explosion source type and 
impacts on recorded waveforms holds the promise in the 
future of making infrasound a useful tool for estimating the 
mass discharge rate of an explosion, a critical component in 
ash modeling and hazard assessment (e.g. Lamb et al. 2015; 
Fee et al. 2017; Perttu et al. 2020).

Many types of surface flows (avalanches, rockfall, debris 
flows) are recorded both seismically and infrasonically and 
represent a type of volcanic hazard that is independent of 
unrest. Recent observations of debris flows with infrasound 
(e.g., Kogelnig et al. 2014; Johnson and Palma 2015; Mar-
chetti et al. 2019) illustrate the utility of infrasound to record 
debris flows and, along with seismic instrumentation, can 
form the basis for lahar and debris flow warning systems. 
While debris flow detection is feasible in an operational 
setting, calculating volumes and other flow characteristics 
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represents significant challenges moving forward (Allstadt 
et al. 2018).

Advances in computing

The rise in availability of cloud and cluster computing 
resources, as well as continued improvements in personal 
computing, has enabled the scale of modeling complexity 
and processing of large volcanic datasets to expand; how-
ever, large volumes of data generated by new technologies, 
such as nodes and DAS, currently present problems for data 
archiving, processing, and sharing. Emerging techniques in 
data processing can now produce additional time series (e.g., 
seismic velocity change from ambient noise interferometry 
(Brenguier et al. 2008)) to supplement traditional seismic 
monitoring. Further, Green’s functions and synthetic seis-
mograms are being extended to higher frequencies, improv-
ing FWI tomography and full moment tensor inversions of 
seismic and infrasound data. Following broader trends in 
the software community, many codes for techniques dis-
cussed in this paper are open source and freely available. 
This represents a huge step forward in volcano seismology 
for two reasons: (1) techniques can be more easily applied 
and evaluated on additional eruption data, and (2) open-
source codes have a better chance of being operationalized 
in an observatory environment, potentially improving real-
time eruption forecasts. The inclusion of code specifically 
designed to reproduce published results (e.g. Jupyter Note-
books) is also an exciting recent trend.

During unrest, high earthquake rates can easily over-
whelm analysts and offer an opportunity for automated 
techniques, including machine learning, to locate and clas-
sify earthquake signals. In the 2010s, there was a revolu-
tion in machine learning that has enabled the development 
of new methods and applications with the use of industry 
standard open-source libraries (e.g., Scikit-learn, Pedregosa 
et al. 2011; TensorFlow, Abadi et al. 2015; PyTorch, Paszke 
et al. 2019). While machine learning approaches have been 
used previously in volcano seismology for event classifica-
tion (e.g,. Falsaperla et al. 1996; Benítez et al. 2007; Hibert 
et al. 2017) and detection (Dawson et al. 2010), differences 
in station density, local path effects, and event definitions 
between volcanic centers have previously limited the wide-
spread application of machine learning despite the increas-
ing availability of computational resources (see Carniel 
and Raquel Guzmán 2021, for an in-depth review). Recent 
analyses of synthetic datasets have been used with success to 
create new generic detectors and locators that hold the prom-
ise to perform well in high-event rate environments where 
standard pickers break down (e.g,. Zhu and Beroza (2019); 
Ross et al. 2019; Walter et al. 2021). Another approach sim-
plifies the creation of a training dataset by using the existing 

seismic catalog in Hawaii for a convolutional neural network 
to detect and locate earthquakes (Shen and Shen 2021). Both 
approaches have open-source codes available, making their 
application to other systems simpler (Walter et al. 2021; 
Shen and Shen 2021). Automated earthquake classifica-
tion using machine learning has seen advances in multi-
station approaches (Maggi et al. 2017) and multi-volcano 
approaches (Bueno et al. 2020; Cortés et al. 2021).

The next decade (2020-2029) of volcano seismology will 
inescapably include machine learning, applied to a variety 
of problems using open-source codes on more readily avail-
able high-performance computing (HPC) resources. Still, 
at present, machine learning remains a sophisticated type of 
pattern matching and thus is not sufficient by itself without 
also incorporating an understanding of fundamental underly-
ing physical processes that give rise to seismicity.

New datasets

Over the past decade, advances in low-power electronics, 
compact broadband instruments and recording systems, and 
direct burial instruments have accelerated the installation 
of a wide range of instrumentation at a broader suite of vol-
canoes, such as broadband seismometers, infrasound, and 
real-time GNSS (Fig. 1). Within the USA and a few other 
localities, real-time data are available publicly within a few 
seconds of being acquired. The utility of high-quality, real-
time data availability was most recently illustrated during 
the 2018 Kīlauea eruption, where publications have been 
varied and numerous. The proliferation of diverse and high-
quality instrumentation has the potential to provide more 
high-quality datasets for more unrest and eruption sequences 
on a range of different volcanoes. While this represents an 
opportunity for scientists to apply their favorite algorithms, 
it is important to coordinate with the individuals or groups 
with which the data originated. Communication will be 
important to enable collaboration and prevent duplicate 
efforts between groups with common interests and efforts. 
The next 10 years will inevitably see more instrumentation 
density on a broader range of volcanoes and installation of 
new equipment. This instrumentation will ideally act as a 
backbone for large collaborative community experiments at 
volcanoes of interest. Challenges also remain in the timeli-
ness of instrument deployments during periods of unrest, 
especially at undermonitored volcanoes.

Summary

Improving volcanic forecasts is a goal that underpins much 
of volcano seismology. Advances in our understanding 
of the structure of the magmatic plumbing system and 
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improved constraints on the processes within that sys-
tem can feed into the development of a conceptual model 
that is useful for forecasting, which will have the most 
impact on the short-term forecasts of activity on well-
instrumented volcanoes. Machine learning techniques will 
help in improving short-term forecasts; however, to extend 
the forecast window beyond our current capabilities, the 
magmatic system constraints from volcano seismology 
need to be incorporated with constraints from other dis-
ciplines into physics-based models (Chouet and Matoza 
2013; Manga et al. 2017) (Fig. 2). Contributions from 
laboratory experiments and field observations will also 
elucidate plausible source mechanisms (e.g.,, Kendrick 
et al. 2014; Arciniega-Ceballos et al. 2015; Capponi et al. 
2017; Spina et al. 2018). While there are common char-
acteristics at many volcanoes, each is unique with its own 

unrest and eruptive characteristics. Physics-based models 
will be needed to capture these differences and attempt to 
understand what is going on during the inter-eruptive time 
periods between the end of the last eruption and the start 
of precursory unrest.

The next 10 years of volcano seismology promise to take 
advantage of several broader trends in hardware technology, 
open-source software development, and high-performance 
computing resources to push our understanding of volca-
noes forward. There currently exists a gap between those 
techniques published in the literature and those operational-
ized in an observatory environment. HPC and open-source 
software concepts will help to close the gap between the 
research and operational worlds, eventually improving our 
ability to provide accurate and timely forecasts of volcanic 
activity.

Improvements in each of 
the parameters above 
factor into an improved 

forecast, either by 
improving short-term 

accuracy or extending 
the forecast window 
backward in time.

Better Forecasts!
Where sufficient 

constraints are available, 
a conceptual model may 
lead to a physics-based 
model to answer a single 

question or suite of 
questions about the 

volcano and its behavior. 

Physics-based Models

% evacuated

Conceptual models capture 
disparate observations into a 
conceptual framework that is 
useful for interpreting unrest 

and assessing volcanic hazard.
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Conceptual Models

Observations based on 
field analysis of volcanic 
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realistic seismic source 
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Volcanic Structure

Fig. 2   Flowchart showing how the different constraints of volcano 
seismicity integrate into a better forecast of volcanic activity. Vol-
canic structure image from Heath et al. (2015). Source process figure 

from Wech et al. (2020). Physics-based models image modified from 
Anderson et al. (2019). Photographs are courtesy of the USGS

26   Page 6 of 10 Bulletin of Volcanology (2022) 84: 26



1 3

Acknowledgements  The authors would like to acknowledge the 
reviews by Diana Roman, Matt Haney, and an anonymous reviewer. 
Their thoughtful comments led to a better paper. We would also like to 
thank the editors for the invitation to give our opinions on what is new 
and exciting. RSM was supported by NSF grants EAR-1446543 and 
EAR-1847736. WT would like to thank GIS ninja Joe Bard for assis-
tance with the Antarctica DEM. Station locations were extracted from 
IRIS web services (https://​servi​ce.​iris.​edu/), including the following 
networks: (1) MSH nodes (1D); (2) Tomo Erebus (ZW; Zandome-
neghi et al. 2010; Zandomeneghi et al. 2013); (3) the Alaska Volcano 
Observatory Stations (AV; AVO 1988); and (4) the Alaska Earthquake 
Center (AK; AEC 1987).

References

Abadi M, Agarwal A, Barham P, Brevdo E, Chen Z, Citro C, Corrado 
GS, Andy Davis A, Dean J, Devin M, Ghemawat S, Goodfellow 
I, Harp A, Irving G, Isard M, Jozefowicz R, Jia Y, Kaiser L, 
Kudlur M, Levenberg J, Mané D, Schuster M, Monga R, Moore 
S, Murray D, Olah C, Shlens J, Steiner B, Sutskever I, Talwar 
K, Tucker P, Vanhoucke V, Vasudevan V, Viégas F, Vinyals O, 
Warden P, Wattenberg M, Wicke M, Yu Y, Zheng X (2015) Ten-
sorFlow: large-scale machine learning on heterogeneous systems, 
software available from https://​www.​tenso​rflow.​org/​about/​bib

Ágústsdóttir T, Winder T, Woods J, White RS, Greenfield T, Brands-
dóttir B (2019) Intense seismicity during the 2014–2015 Bárðar-
bunga-Holuhraun rifting event, Iceland, reveals the nature of 
dike-induced earthquakes and caldera collapse mechanisms. J 
Geophys Res Solid Earth 124(8):2018JB016010. https://​doi.​org/​
10.​1029/​2018J​B0160​10

Ajo-Franklin JB, Dou S, Lindsey NJ, Monga I, Tracy C, Robertson 
M, Rodriguez Tribaldos V, Ulrich C, Freifeld B, Daley T, Li X 
(2019) Distributed acoustic sensing using dark fiber for near-
surface characterization and broadband seismic event detection. 
Sci Rep 9(1):1328. https://​doi.​org/​10.​1038/​s41598-​018-​36675-8

Alaska Earthquake Center, Univ. of Alaska Fairbanks (1987) Alaska 
Regional Network [data set]. International Federation of Digital 
Seismograph Networks. https://​doi.​org/​10.​7914/​SN/​AK

Alaska Volcano Observatory/USGS (1988) Alaska Volcano Observa-
tory [data set]. International Federation of Digital Seismograph 
Networks. https://​doi.​org/​10.​7914/​SN/​AV

Allstadt KE, Matoza RS, Lockhart AB, Moran SC, Caplan-Auerbach 
J, Haney MM, Thelen WA, Malone SD (2018) Seismic and 
acoustic signatures of surficial mass movements at volcanoes. J 
Volcanol Geoth Res 364:76–106. https://​doi.​org/​10.​1016/j.​jvolg​
eores.​2018.​09.​007

Alvizuri CR, Matoza RS, Okubo PG (2021) Earthquake collapse 
mechanisms and periodic, migrating seismicity during the 2018 
summit collapse at K¯ ılauea caldera. Earth Planet Sci Lett 
562:116819. https://​doi.​org/​10.​1016/j.​epsl.​2021.​116819

Anderson KR, Johanson IA, Patrick MR, Gu M, Segall P, Poland MP, 
Montgomery-Brown EK, Miklius A (2019) Magma reservoir 
failure and the onset of caldera collapse at Kīlauea volcano in 
2018. Science, 366 (6470). https://​doi.​org/​10.​1126/​scien​ce.​aaz18​
22

Aoki Y, Takeo M, Aoyama H, Fujimatsu J, Matsumoto S, Miyamachi 
H, Yamawaki T (2009) P-wave velocity structure beneath Asama 
volcano, Japan, inferred from active source seismic experiment. 
J Volcanol Geotherm Res 187(3):272–277. https://​doi.​org/​10.​
1016/j.​jvolg​eores.​2009.​09.​004

Arciniega-Ceballos A, Alatorre-Ibargüengoitia M, Scheu B, Dingwell 
DB (2015) Analysis of source characteristics of experimen-
tal gas burst and fragmentation explosions generated by rapid 

decompression of volcanic rocks. J Geophys Res Solid Earth 
120(7):5104–5116. https://​doi.​org/​10.​1002/​2014J​B0118​10

Arnulf AF, Harding AJ, Singh SC, Kent GM, Crawford W (2012) Fine-
scale velocity structure of upper oceanic crust from full wave-
form inversion of downward continued seismic reflection data at 
the Lucky Strike volcano, Mid-Atlantic Ridge. Geophys Res Lett 
39 (8). https://​doi.​org/​10.​1029/​2012G​L0510​64

Arnulf AF, Harding AJ, Kent GM, Carbotte SM, Canales JP, 
Nedimović MR (2014) Anatomy of an active submarine vol-
cano. Geology 42(8):655–658. https://​doi.​org/​10.​1130/​G35629.1

Beachly MW, Hooft EEE, Toomey DR, Waite GP (2012) Upper crustal 
structure of Newberry volcano from P-wave tomography and 
finite difference waveform modeling. J Geophys Res B Solid 
Earth 117(B10):1–17. https://​doi.​org/​10.​1029/​2012J​B0094​58

Benítez C, Ramírez J, Segura JC, Rubio A, Ibañez JM, Almendros 
J, García-Yeguas A, Cortés G (2007) Continuous HMM-based 
seismic event classification at Deception Island, Antartica. IEEE 
Trans Geosci Remotesens 45(1):138–147

Brenguier F, Shapiro NM, Campillo M, Ferrazzini V, Duputel Z, Cou-
tant O, Nercessian A (2008) Towards forecasting volcanic erup-
tions using seismic noise. Nat Geosci 1:126–130. https://​doi.​org/​
10.​1038/​ngeo1​04

Bruno PPG, Maraio S, Festa G (2017) The shallow structure of 
Solfatara volcano, Italy, revealed by dense, wide-aperture 
seismic profiling. Sci Rep, 7 (1). https://​doi.​org/​10.​1038/​
s41598-​017-​17589-3

Bueno A, Benitez C, De Angelis S, Diaz Moreno A, Ibanez JM (2020) 
Volcano-seismic transfer learning and uncertainty quantification 
with Bayesian neural networks. IEEE Trans Geosci Remote Sens 
58(2):892–902. https://​doi.​org/​10.​1109/​TGRS.​2019.​29414​94

Capponi A, Lane SJ, James MR (2017) The implications of gas slug 
ascent in a stratified magma for acoustic and ground deforma-
tion source mechanisms in Strombolian eruptions. Earth Planet 
Sci Lett 468:101–111. https://​doi.​org/​10.​1016/j.​epsl.​2017.​04.​008

Carbotte SM, Marjanović M, Arnulf AF, Nedimović MR, Canales JP, 
Arnoux GM (2021) Stacked magma lenses beneath mid‐ocean 
ridges: insights from new seismic observations and synthesis 
with prior geophysical and geologic findings. Journal of Geo-
physical Research: Solid Earth, 126(4). https://​doi.​org/​10.​1029/​
2020J​B0214​34

Carniel R, Raquel Guzmán S (2021) Machine learning in volcanology: 
a review. In Updates in Volcanology - Transdisciplinary Nature 
of Volcano Science. IntechOpen. https://​doi.​org/​10.​5772/​intec​
hopen.​94217

Chouet B, Dawson P (2011) Shallow conduit system at Kilauea vol-
cano, Hawaii, revealed by seismic signals associated with degas-
sing bursts. J Geophys Res, 116(B12). https://​doi.​org/​10.​1029/​
2011J​B0086​77

Chouet B, Dawson P, Martini M (2008) Shallow-conduit dynamics 
at Stromboli volcano, Italy,imaged from waveform inversions, 
in fluid motions in volcanic conduits: a source of seismic and 
acoustic signals, eds Lane SJ, Gilbert JS, Geological Society, 
London, Special Publications vol. 307(1), pp. 57–84, https://​doi.​
org/​10.​1144/​SP307.5

Chouet BA, Matoza RS (2013) A multi-decadal view of seismic meth-
ods for detecting precursors of magma movement and eruption. 
J Volcanol Geoth Res 252:108–175. https://​doi.​org/​10.​1016/j.​
jvolg​eores.​2012.​11.​013

Cortés G, Carniel R, Lesage P, Mendoza MÁ, Della Lucia I (2021) 
Practical volcano-independent recognition of seismic events: 
VULCAN.ears project. Front Earth Sci 8(January):1–11. https://​
doi.​org/​10.​3389/​feart.​2020.​616676

Currenti G, Jousset P, Napoli R, Krawczyk C, Weber M (2021) On 
the comparison of strain measurements from fibre optics with 
a dense seismometer array at Etna volcano (Italy). Solid Earth 
12(4):993–1003. https://​doi.​org/​10.​5194/​se-​12-​993-​2021

Page 7 of 10    26Bulletin of Volcanology (2022) 84: 26

https://service.iris.edu/
https://www.tensorflow.org/about/bib
https://doi.org/10.1029/2018JB016010
https://doi.org/10.1029/2018JB016010
https://doi.org/10.1038/s41598-018-36675-8
https://doi.org/10.7914/SN/AK
https://doi.org/10.7914/SN/AV
https://doi.org/10.1016/j.jvolgeores.2018.09.007
https://doi.org/10.1016/j.jvolgeores.2018.09.007
https://doi.org/10.1016/j.epsl.2021.116819
https://doi.org/10.1126/science.aaz1822
https://doi.org/10.1126/science.aaz1822
https://doi.org/10.1016/j.jvolgeores.2009.09.004
https://doi.org/10.1016/j.jvolgeores.2009.09.004
https://doi.org/10.1002/2014JB011810
https://doi.org/10.1029/2012GL051064
https://doi.org/10.1130/G35629.1
https://doi.org/10.1029/2012JB009458
https://doi.org/10.1038/ngeo104
https://doi.org/10.1038/ngeo104
https://doi.org/10.1038/s41598-017-17589-3
https://doi.org/10.1038/s41598-017-17589-3
https://doi.org/10.1109/TGRS.2019.2941494
https://doi.org/10.1016/j.epsl.2017.04.008
https://doi.org/10.1029/2020JB021434
https://doi.org/10.1029/2020JB021434
https://doi.org/10.5772/intechopen.94217
https://doi.org/10.5772/intechopen.94217
https://doi.org/10.1029/2011JB008677
https://doi.org/10.1029/2011JB008677
https://doi.org/10.1144/SP307.5
https://doi.org/10.1144/SP307.5
https://doi.org/10.1016/j.jvolgeores.2012.11.013
https://doi.org/10.1016/j.jvolgeores.2012.11.013
https://doi.org/10.3389/feart.2020.616676
https://doi.org/10.3389/feart.2020.616676
https://doi.org/10.5194/se-12-993-2021


1 3

Dawson P, Benítez M, Chouet B, Wilson D (2010) Monitoring very-
long-period seismicity at Kilauea volcano, Hawaii. Geophys 
Res Lett, 37, L18306.https://​doi.​org/​10.​1029/​2010G​L0444​18

De Angelis S, Fee D, Haney M, Schneider D (2012) Detecting hid-
den volcanic explosions from Mt. Cleveland volcano, Alaska 
with infrasound and ground-coupled airwaves. Geophys Res 
Lett, 39(21), L21312. http://​www.​agu.​org/​pubs/​cross​ref/​2012/​
2012G​L0536​35.​shtml

Eaton JP, Murata KJ (1960) How volcanoes grow. Science 
132(3432):925–938

Falsaperla S, Graziani S, Nunnari G, Spampinato S (1996) Automatic 
classification of volcanic earthquakes by using multi-layered 
neural networks. Nat Hazards 13(3):205–228

Fee D, Izbekov P, Kim K, Yokoo A, Lopez T, Prata F, Kazahaya R, 
Nakamichi H, Iguchi M (2017) Eruption mass estimation using 
infrasound waveform inversion and ash and gas measurements: 
evaluation at Sakurajima volcano, Japan. Earth Planet Sci Lett 
480:42–52. https://​doi.​org/​10.​1016/j.​epsl.​2017.​09.​043

Fee D, Toney L, Kim K, Sanderson RW, Iezzi AM, Matoza RS, 
De Angelis S, Jolly AD, Lyons JJ, Haney MM (2021) Local 
explosion detection and infrasound localization by reverse time 
migration using 3-D finite-difference wave propagation. Front 
Earth Sci 9:620813. https://​doi.​org/​10.​3389/​feart.​2021.​620813

Flinders AF, Shen Y (2017) Seismic evidence for a possible deep 
crustal hot zone beneath Southwest Washington. Sci Rep 
7(1):7400. https://​doi.​org/​10.​1038/​s41598-​017-​07123-w

Gabrielli S, De Siena L, Napolitano F, Del Pezzo E (2020) Under-
standing seismic path biases and magmatic activity at Mount 
St Helens volcano before its 2004 eruption. Geophys J Int 
222(1):169–188. https://​doi.​org/​10.​1093/​gji/​ggaa1​54

Garcia Susana I (2017) “Investigation of earthquake and geyser 
activity from short-term nodal array deployment centered at 
Old Faithful geyser”. Open Access Theses Dissertations. 456. 
https://​digit​alcom​mons.​utep.​edu/​open_​etd/​456. Accessed 15 
July 2021

Green RG, Sens-Schönfelder C, Shapiro N, Koulakov I, Tilmann F, 
Dreiling J, Luehr B, Jakovlev A, Abkadyrov I, Droznin D, Gor-
deev E (2020) Magmatic and sedimentary structure beneath 
the Klyuchevskoy Volcanic Group, Kamchatka, from ambient 
noise tomography. J Geophys Res Solid Earth, 125(3). https://​
doi.​org/​10.​1029/​2019J​B0189​00

Haney MM (2014) Backprojection of volcanic tremor. Geophys Res 
Lett 41(6):1923–1928. https://​doi.​org/​10.​1002/​2013G​L0588​36

Haney MM, Matoza RS, Fee D, Aldridge DF (2018) Seismic equiva-
lents of volcanic jet scaling laws and multipoles in acoustics. 
Geophys J Int 213(1):623–636. https://​doi.​org/​10.​1093/​gji/​
ggx554

Hansen SM, Schmandt B (2015) Automated detection and location of 
microseismicity at Mount St. Helens with a large-N geophone 
array. Geophys Res Lett 42(18):7390–7397. https://​doi.​org/​10.​
1002/​2015G​L0648​48

Heath BA, Hooft EE, Toomey DR, Bezada MJ (2015) Imaging the 
magmatic system of Newberry volcano using joint active 
source and teleseismic tomography. Geochem Geophys Geo-
syst 16(12):4433–4448. https://​doi.​org/​10.​1002/​2015G​C0061​
29

Heath BA, Hooft EE, Toomey DR (2018) Autocorrelation of the seis-
mic wavefield at Newberry volcano: reflections from the mag-
matic and geothermal systems. Geophys Res Lett 45(5):2311–
2318. https://​doi.​org/​10.​1002/​2017G​L0767​06

Hibert C, Provost F, Malet JP, Maggi A, Stumpf A, Ferrazzini V 
(2017) Automatic identification of rockfalls and volcano-tec-
tonic earthquakes at the Piton de la Fournaise volcano using a 
random forest algorithm. J Volcanol Geoth Res 340:130–142. 
https://​doi.​org/​10.​1016/j.​jvolg​eores.​2017.​04.​015

Hotovec-Ellis AJ, Shelly DR, Hill DP, Pitt AM, Dawson PB, Chouet 
BA (2018) Deep fluid pathways beneath mammoth mountain, 
California, illuminated by migrating earthquake swarms. Sci Adv 
4(8):1–8. https://​doi.​org/​10.​1126/​sciadv.​aat52​58

Howat IM, Porter C, Smith BE, Noh M-J, Morin P (2019) The Refer-
ence Elevation Model of Antarctica. Cryosphere 13:665–674. 
https://​doi.​org/​10.​5194/​tc-​13-​665-​2019

Janiszewski HA, Wagner LS, Roman DC (2020) Aseismic mid-crustal 
magma reservoir at Cleveland volcano imaged through novel 
receiver function analyses. Sci Rep 10 (1). https://​doi.​org/​10.​
1038/​s41598-​020-​58589-0

Jaxybulatov K, Shapiro NM, Koulakov I, Mordret A, Landès M, Sens-
Schönfelder C (2014) A large magmatic sill complex beneath 
the Toba caldera. Science 346(6209):617–619. https://​doi.​org/​
10.​1126/​scien​ce.​12585​82

Ji C, Wald DJ, Helmberger DV (2002) Source description of the 1999 
Hector Mine, California, earthquake, part II: complexity of slip 
history. Bull Seismol Soc Am 92(4):1208–1226. https://​doi.​org/​
10.​1785/​01200​00917

Johnson JB, Palma JL (2015) Lahar infrasound associated with Volcán 
Villarrica’s 3 March 2015 eruption. 6324–6331. https://​doi.​org/​
10.​1002/​2015G​L0650​24

Jousset P, Reinsch T, Ryberg T, Blanck H, Clarke A, Aghayev R, Her-
sir GP, Henninges J, Weber M, Krawczyk CM (2018) Dynamic 
strain determination using fibre-optic cables allows imaging 
of seismological and structural features. Nat Commun 9:2509. 
https://​doi.​org/​10.​1038/​s41467-​018-​04860-y

Kawakatsu H, Yamamoto M (2015) Volcano seismology. In Treatise 
on Geophysics (pp. 389–419). Elsevier. https://​doi.​org/​10.​1016/​
B978-0-​444-​53802-4.​00081-6

Keho TH, Kelamis PG (2012) Focus on land seismic technology: the 
near-surface challenge. Leading Edge 31(1):62–68. https://​doi.​
org/​10.​1190/1.​36793​29

Kendrick JE, Lavallée Y, Hirose T, Di Toro G, Hornby AJ, De Angelis 
S, Dingwell DB (2014) Volcanic drumbeat seismicity caused by 
stick-slip motion and magmatic frictional melting. Nat Geosci 
7(6):438–442. https://​doi.​org/​10.​1038/​ngeo2​146

Kim K, Fee D, Yokoo A, Lees JM (2015) Acoustic source inversion 
to estimate volume flux from volcanic explosions. Geophys Res 
Lett 42(13):5243–5249. https://​doi.​org/​10.​1002/​2015G​L0644​66

Kiser E, Palomeras I, Levander A, Zelt C, Harder S, Schmandt B, 
Hansen S, Creager K, Ulberg C (2016) Magma reservoirs from 
the upper crust to the Moho inferred from high-resolution Vp and 
Vs models beneath Mount St Helens, Washington State, USA. 
Geology 44(6):G37591.1. https://​doi.​org/​10.​1130/​G37591.1

Klaasen, S.A., Paitz, P., Lindner, N., Dettmer, J., & Fichtner, A. 
(2021). Glacial Environments—Mount Meager, British Colum-
bia. Journal of Geophysical Research: Solid Earth, 126(11). 

Kogelnig A, Hübl J, Suriñach E, Vilajosana I, McArdell BW (2014) 
Infrasound produced by debris flow: propagation and frequency 
content evolution. Nat Hazards 70(3):1713–1733. https://​doi.​org/​
10.​1007/​s11069-​011-​9741-8

Koulakov I, Gordeev EI, Dobretsov NL, Vernikovsky VA, Senyukov 
S, Jakovlev A, Jaxybulatov K (2013) Rapid changes in magma 
storage beneath the Klyuchevskoy group of volcanoes inferred 
from time-dependent seismic tomography. J Volcanol Geoth Res 
263:75–91. https://​doi.​org/​10.​1016/j.​jvolg​eores.​2012.​10.​014

Koulakov I, Shapiro N (2021) Seismic tomography of volcanoes. In 
Encyclopedia of Earthquake Engineering: Vol. d (pp. 1–18). 
Springer Berlin Heidelberg. https://​doi.​org/​10.​1007/​978-3-​642-​
36197-5_​51-1

Koulakov I, Vargas CA (2018) Evolution of the magma conduit beneath 
the Galeras volcano inferred from repeated seismic tomography. 
Geophys Res Lett 45(15):7514–7522. https://​doi.​org/​10.​1029/​
2018G​L0788​50

26   Page 8 of 10 Bulletin of Volcanology (2022) 84: 26

https://doi.org/10.1029/2010GL044418
http://www.agu.org/pubs/crossref/2012/2012GL053635.shtml
http://www.agu.org/pubs/crossref/2012/2012GL053635.shtml
https://doi.org/10.1016/j.epsl.2017.09.043
https://doi.org/10.3389/feart.2021.620813
https://doi.org/10.1038/s41598-017-07123-w
https://doi.org/10.1093/gji/ggaa154
https://digitalcommons.utep.edu/open_etd/456
https://doi.org/10.1029/2019JB018900
https://doi.org/10.1029/2019JB018900
https://doi.org/10.1002/2013GL058836
https://doi.org/10.1093/gji/ggx554
https://doi.org/10.1093/gji/ggx554
https://doi.org/10.1002/2015GL064848
https://doi.org/10.1002/2015GL064848
https://doi.org/10.1002/2015GC006129
https://doi.org/10.1002/2015GC006129
https://doi.org/10.1002/2017GL076706
https://doi.org/10.1016/j.jvolgeores.2017.04.015
https://doi.org/10.1126/sciadv.aat5258
https://doi.org/10.5194/tc-13-665-2019
https://doi.org/10.1038/s41598-020-58589-0
https://doi.org/10.1038/s41598-020-58589-0
https://doi.org/10.1126/science.1258582
https://doi.org/10.1126/science.1258582
https://doi.org/10.1785/0120000917
https://doi.org/10.1785/0120000917
https://doi.org/10.1002/2015GL065024
https://doi.org/10.1002/2015GL065024
https://doi.org/10.1038/s41467-018-04860-y
https://doi.org/10.1016/B978-0-444-53802-4.00081-6
https://doi.org/10.1016/B978-0-444-53802-4.00081-6
https://doi.org/10.1190/1.3679329
https://doi.org/10.1190/1.3679329
https://doi.org/10.1038/ngeo2146
https://doi.org/10.1002/2015GL064466
https://doi.org/10.1130/G37591.1
https://doi.org/10.1007/s11069-011-9741-8
https://doi.org/10.1007/s11069-011-9741-8
https://doi.org/10.1016/j.jvolgeores.2012.10.014
https://doi.org/10.1007/978-3-642-36197-5_51-1
https://doi.org/10.1007/978-3-642-36197-5_51-1
https://doi.org/10.1029/2018GL078850
https://doi.org/10.1029/2018GL078850


1 3

Lamb OD, De Angelis S, Lavallée Y (2015) Using infrasound to con-
strain ash plume rise. J Appl Volcanol 4(1):20. https://​doi.​org/​
10.​1186/​s13617-​015-​0038-6

Lees JM (2007) Seismic tomography of magmatic systems; large silicic 
magma systems. J Volcanol Geotherm Res, 167(1–4), 37–56. 
https://​doi.​org/​10.​1016/j.​jvolg​eores.​2007.​06.​008

Lin G, Shearer PM, Matoza RS, Okubo PG, Amelung F (2014) 
Three-dimensional seismic velocity structure of Mauna Loa and 
Kilauea volcanoes in Hawaii from local seismic tomography. J 
Geophys Res Solid Earth 119(5):4377–4392. https://​doi.​org/​10.​
1002/​2013J​B0108​20

Lindsey NJ, Martin ER, Dreger DS, Freifeld B, Cole S, James SR, 
Biondi BL, Ajo‐Franklin JB (2017) Fiber‐optic network observa-
tions of earthquake wavefields. Geophys Res Lett, 44(23). https://​
doi.​org/​10.​1002/​2017G​L0757​22

Lyons JJ, Haney MM, Werner C, Kelly P, Patrick M, Kern C, Trusdell 
F (2016) Long period seismicity and very long period infrasound 
driven by shallow magmatic degassing at Mount Pagan, Mariana 
Islands. J Geophys Res Solid Earth 121(1):188–209. https://​doi.​
org/​10.​1002/​2015J​B0124​90

Iyer, H.M., Dawson, P.B. (1993) Imaging volcanoes using teleseis-
mic tomography. In: Iyer, H.M., Hirahara, K. (Eds.), Seismic 
Tomography: Theory and Practice. Chapman and Hall, Chap-
ter 17, 466–492

Maggi A, Ferrazzini V, Hibert C, Beauducel F, Boissier P, Amemoutou 
A (2017) Implementation of a multistation approach for auto-
mated event classification at Piton de la Fournaise volcano. 
Seismol Res Lett 88(3):878–891. https://​doi.​org/​10.​1785/​02201​
60189

Manga M, Carn SA, Cashman KV, Clarke AB, Connor CB, Cooper 
KM, Fischer T, Houghton B, Johnson JB, Plank TA, Roman DC, 
Segall P, McNutt S, Whitney G, Arscott RL, Cameron C, Ewing 
RC, Harden CP, Harrison TM, … Chappetta RM (2017) Vol-
canic eruptions and their repose, unrest, precursors, and timing. 
Washington, DC: the National Academies Press. https://​doi.​org/​
10.​17226/​24650

Marchetti E, Walter F, Barfucci G, Genco R, Wenner M, Ripepe M, 
McArdell B, Price C (2019) Infrasound array analysis of debris 
flow activity and implication for early warning. J Geophys Res 
Earth Surf 124(2):567–587. https://​doi.​org/​10.​1029/​2018J​F0047​
85

Matoza RS, Chouet BA, Dawson PB, Shearer PM, Haney MM, Waite 
GP, Moran SC, Mikesell TD (2015) Source mechanism of small 
long-period events at Mount St. Helens in July 2005 using tem-
plate matching, phase-weighted stacking, and full-waveform 
inversion. J Geophys Res 120(9):6351–6364. https://​doi.​org/​10.​
1002/​2015J​B0122​79

Matoza RS, Garcés MA, Chouet BA, D’Auria L, Hedlin MAH, De 
Groot Hedlin C, Waite GP (2009) The source of infrasound asso-
ciated with long‐period events at Mount St. Helens. J Geophys 
Res 114 (B4). https://​doi.​org/​10.​1029/​2008J​B0061​28

Matoza RS, Fee D, Neilsen TB, Gee KL, Ogden DE (2013) Aeroacous-
tics of volcanic jets: acoustic power estimation and jet velocity 
dependence. J Geophys Res Solid Earth 118:6269–6284. https://​
doi.​org/​10.​1002/​2013J​B0103​03

Matoza R, Fee D, Green D, Mialle P (2019) Volcano infrasound and the 
International Monitoring System, in “infrasound monitoring for 
atmospheric studies: challenges in middle-atmosphere dynam-
ics and societal benefits”, ed. A. Le Pichon, E. Blanc, and A. 
Hauchecorne, Ch 33, pp 1023–1077 Springer, Cham, https://​doi.​
org/​10.​1007/​978-3-​319-​75140-5_​33, ISBN:978–3–319–75140–5

Matoza RS, Green DN, Le Pichon A, Shearer PM, Fee D, Mialle P, 
Ceranna L (2017) Automated detection and cataloging of global 
explosive volcanism using the International Monitoring System 
infrasound network. J Geophys Res Solid Earth 122:2946–2971. 
https://​doi.​org/​10.​1002/​2016J​B0133​56

Matoza RS, Le Pichon A, Vergoz J, Herry P, Lalande JM, ilLee H, Che 
IY, Rybin A (2011) Infrasonic observations of the June 2009 
Sarychev Peak eruption, Kuril Islands: implications for infra-
sonic monitoring of remote explosive volcanism. J Volcanol 
Geotherm Res 200(12):35–48. https://​doi.​org/​10.​1016/j.​jvolg​
eores.​2010.​11.​022

Matoza RS, Shearer PM, Okubo PG (2014) High-precision reloca-
tion of long-period events beneath the summit region of Kilauea 
volcano, Hawai`i, from 1986 to 2009. Geophys Res Lett 3413–
3421:41. https://​doi.​org/​10.​1002/​2014G​L0598​19

McNutt SR, Roman DC (2015) Volcanic seismicity. In The Encyclo-
pedia of Volcanoes (Second Edi). Elsevier Inc. https://​doi.​org/​
10.​1016/​b978-0-​12-​385938-​9.​00059-6

McKee K, Fee D, Haney M, Matoza RS, Lyons J (2018) Infrasound sig-
nal detection and back azimuth estimation using ground-coupled 
airwaves on a seismo-acoustic sensor pair. J Geophys Res Solid 
Earth 123(8):6826–6844. https://​doi.​org/​10.​1029/​2017J​B0151​32

Miller D, Bennington N, Haney M, Bedrosian P, Key K, Thurber C, 
Hart L, Ohlendorf S (2020) Linking magma storage and ascent to 
eruption volume and composition at an arc caldera. Geophys Res 
Lett, 47 (14). https://​doi.​org/​10.​1029/​2020G​L0881​22

Minakami, T (1960) Fundamental reserach for predicting volcanic 
eruptions, Part 1. Bulletin of the Earthquake Research Institute, 
University of Tokyo. Volume 38, 497–544. https://​doi.​org/​10.​
15083/​00000​33840

Nagaoka Y, Nishida K, Aoki Y, Takeo M, Ohminato T (2012) Seismic 
imaging of magma chamber beneath an active volcano. Earth 
Planet Sci Lett 333–334:1–8. https://​doi.​org/​10.​1016/j.​epsl.​2012.​
03.​034

Nakano M, Kumagai H, Chouet B, Dawson P (2007) Waveform inver-
sion of volcano-seismic signals for an extended source. J Geo-
phys Res-Solid Earth 112(B2):B02306

Neal CA, Brantley SR, Antolik L, Babb JL, Burgess M, Calles K, Cap-
pos M, Chang JC, Conway S, Desmither L, Dotray P, Elias T, 
Fukunaga P, Fuke S, Johanson IA, Kamibayashi K, Kauahikaua 
J, Lee RL, Pekalib S, … Damby D (2019) The 2018 rift eruption 
and summit collapse of Kīlauea volcano. Science, 363 (6425), 
367–374. https://​doi.​org/​10.​1126/​scien​ce.​aav70​46

Neuberg JW (2011) Earthquakes, Volcanogenic (Issue January 2011, 
pp. 261–269). https://​doi.​org/​10.​1007/​978-​90-​481-​8702-7_​159

Nishimura T, Emoto K, Nakahara H, Miura S, Yamamoto M, Sugimura 
S, Ishikawa A, Kimura T (2021) Source location of volcanic 
earthquakes and subsurface characterization using fiber-optic 
cable and distributed acoustic sensing system. Sci Rep, 11 (1). 
https://​doi.​org/​10.​1038/​s41598-​021-​85621-8

Nishimura T, Iguchi M (2011) Volcanic Earthquakes and Tremor in 
Japan. Kyoto University Press

O’Brien GS, Lokmer I, De Barros L, Bean CJ, Saccorotti G, Metaxian 
JP, Patane D (2011) Time reverse location of seismic long-period 
events recorded on Mt Etna. Geophys J Int 184(1):452–462. 
https://​doi.​org/​10.​1111/j.​1365-​246X.​2010.​04851.x

Omori, F (1911) The Usu-san eruption and earthquake and elevation 
phenomena. Bulletin of the Imperial Earthquake Investigation 
Committee 5, 1–38

Paszke A, Gross S, Massa F, Lerer A, Bradbury J, Chanan G, Killeen T, 
Lin Z, Gimelshein N, Antiga L, Desmaison A, Kopf A, Yang E, 
DeVito Z, Raison M, Tejani A, Chilamkurthy S, Steiner B, Fang 
L, … Chintala S (2019) PyTorch: an imperative style, high-per-
formance deep learning library. In Wallach H, Larochelle H, Bey-
gelzimer A, d'Alché-Buc F, Fox E, Garnett R (Eds.), Advances 
in Neural Information Processing Systems 32 (pp. 8024–8035

Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel 
O, Blondel M, Prettenhofer P, Weiss R, Dubourg V, Vanderplas 
J, Passos A, Cournapeau D, Brucher M, Perrot M, Duchesnay É 
(2011) Scikit-learn: Machine Learning in Python. J Mach Learn 

Page 9 of 10    26Bulletin of Volcanology (2022) 84: 26

https://doi.org/10.1186/s13617-015-0038-6
https://doi.org/10.1186/s13617-015-0038-6
https://doi.org/10.1016/j.jvolgeores.2007.06.008
https://doi.org/10.1002/2013JB010820
https://doi.org/10.1002/2013JB010820
https://doi.org/10.1002/2017GL075722
https://doi.org/10.1002/2017GL075722
https://doi.org/10.1002/2015JB012490
https://doi.org/10.1002/2015JB012490
https://doi.org/10.1785/0220160189
https://doi.org/10.1785/0220160189
https://doi.org/10.17226/24650
https://doi.org/10.17226/24650
https://doi.org/10.1029/2018JF004785
https://doi.org/10.1029/2018JF004785
https://doi.org/10.1002/2015JB012279
https://doi.org/10.1002/2015JB012279
https://doi.org/10.1029/2008JB006128
https://doi.org/10.1002/2013JB010303
https://doi.org/10.1002/2013JB010303
https://doi.org/10.1007/978-3-319-75140-5_33
https://doi.org/10.1007/978-3-319-75140-5_33
https://doi.org/10.1002/2016JB013356
https://doi.org/10.1016/j.jvolgeores.2010.11.022
https://doi.org/10.1016/j.jvolgeores.2010.11.022
https://doi.org/10.1002/2014GL059819
https://doi.org/10.1016/b978-0-12-385938-9.00059-6
https://doi.org/10.1016/b978-0-12-385938-9.00059-6
https://doi.org/10.1029/2017JB015132
https://doi.org/10.1029/2020GL088122
https://doi.org/10.15083/0000033840
https://doi.org/10.15083/0000033840
https://doi.org/10.1016/j.epsl.2012.03.034
https://doi.org/10.1016/j.epsl.2012.03.034
https://doi.org/10.1126/science.aav7046
https://doi.org/10.1007/978-90-481-8702-7_159
https://doi.org/10.1038/s41598-021-85621-8
https://doi.org/10.1111/j.1365-246X.2010.04851.x


1 3

Res, 12(85), 2825–2830. http://​jmlr.​org/​papers/​v12/​pedre​gosa1​
1a.​html. Accessed 18 July 2021

Perttu A, Taisne B, De Angelis S, Assink JD, Tailpied D, Williams RA 
(2020) Estimates of plume height from infrasound for regional 
volcano monitoring. J Volcanol Geoth Res 402:106997. https://​
doi.​org/​10.​1016/j.​jvolg​eores.​2020.​106997

Portner DE, Wagner LS, Janiszewski HA, Roman DC, Power JA (2020) 
Ps-P tomography of a midcrustal magma reservoir beneath 
Cleveland volcano, Alaska. Geophys Res Lett, 47(22). https://​
doi.​org/​10.​1029/​2020G​L0904​06

Roman DC, Soldati A, Dingwell DB, Houghton BF, Shiro BR (2021) 
Earthquakes indicated magma viscosity during Kīlauea’s 2018 
eruption. Nature 592(7853):237–241. https://​doi.​org/​10.​1038/​
s41586-​021-​03400-x

Ross ZE, Yue Y, Meier MA, Hauksson E, Heaton TH (2019) 
PhaseLink: a deep learning approach to seismic phase associa-
tion. J Geophys Res Solid Earth 124(1):856–869. https://​doi.​org/​
10.​1029/​2018J​B0166​74

Saccorotti G, Lokmer I (2021) A review of seismic methods for moni-
toring and understanding active volcanoes. In Forecasting and 
Planning for Volcanic Hazards, Risks, and Disasters. Elsevier 
Inc. https://​doi.​org/​10.​1016/​b978-0-​12-​818082-​2.​00002-0

Schwaiger HF, Iezzi AM, Fee D (2019) AVO-G2S: A modified, open-
source hround-to-space atmospheric specification for infrasound 
modeling. Comput Geosci 125(November 2018):90–97. https://​
doi.​org/​10.​1016/j.​cageo.​2018.​12.​013

Shelly DR, Hardebeck JL, Ellsworth WL, Hill DP (2016) A new strat-
egy for earthquake focal mechanisms using waveform-correla-
tion-derived relative polarities and cluster analysis: application 
to the 2014 Long Valley Caldera earthquake swarm. J Geophys 
Res Solid Earth 121(12):8622–8641. https://​doi.​org/​10.​1002/​
2016J​B0134​37

Shelly DR, Hill DP (2011) Migrating swarms of brittle-failure earth-
quakes in the lower crust beneath Mammoth Mountain, Califor-
nia. Geophys Res Lett 38(20):6. https://​doi.​org/​10.​1029/​2011G​
L0493​36

Shelly DR, Taira T, Prejean SG, Hill DP, Dreger DS (2015) Fluid-
faulting interactions: fracture-mesh and fault-valve behavior in 
the February 2014 Mammoth Mountain, California, earthquake 
swarm. Geophys Res Lett 42(14):5803–5812. https://​doi.​org/​10.​
1002/​2015G​L0643​25

Sheriff RE, Geldart LP (1995) Exploration Seismology (2nd ed.). Cam-
bridge University Press. https://​doi.​org/​10.​1017/​CBO97​81139​
168359

Shen H, Shen Y (2021) Array-based convolutional neural networks 
for automatic detection and 4D localization of earthquakes in 
Hawai‘i. Seismol Res Lett. https://​doi.​org/​10.​1785/​02202​00419

Soubestre J, Shapiro NM, Seydoux L, de Rosny J, Droznin DV, Ya 
Droznina S, Senyukov SL, Gordeev EI (2018) Network-based 
detection and classification of seismovolcanic tremors: exam-
ple from the Klyuchevskoy Volcanic Group in Kamchatka. J 
Geopys Res Solid Earth 123:564–582. https://​doi.​org/​10.​1002/​
2017J​B04726

Spina L, Morgavi D, Cannata A, Campeggi C, Perugini D (2018) An 
experimental device for characterizing degassing processes and 

related elastic fingerprints: analog volcano seismo-acoustic 
observations. Rev Sci Instrum 89 (5). https://​doi.​org/​10.​1063/1.​
50200​04

Tokarev, P.I. (1963) On the possibility of forecasting of Bezymianny 
volcano eruptions according to seismic data. Bulletin of Volcan-
ology, Volume 26, 379–386386

Uieda L, Tian D, Leong W, Jones M, Schlitzer W, Toney L, Grund M, 
Yao J, Magen Y, Materna K, Newton T, Anant A, Ziebarth M, 
Quinn J, Wessel P (2021) PyGMT: a Python interface for the 
Generic Mapping Tools. (Zenodo,2021,10), https://​doi.​org/​10.​
5281/​zenodo.​56072​55

Ulberg CW, Creager KC, Moran SC, Abers GA, Thelen WA, Levander 
A, Kiser E, Schmandt B, Hansen SM, Crosson RS (2020) Local 
source Vp and Vs tomography in the Mount St. Helens region 
with the iMUSH Broadband Array. Geochem Geophys Geosyst 
21(3):1–19. https://​doi.​org/​10.​1029/​2019g​c0088​88

Vargas CA, Koulakov I, Jaupart C, Gladkov V, Gomez E, El Khrepy 
S, Al-Arifi N (2017) Breathing of the Nevado del Ruiz volcano 
reservoir, Colombia, inferred from repeated seismic tomography. 
Sci Rep, 7. https://​doi.​org/​10.​1038/​srep4​6094

Walter JI, Ogwari P, Thiel A, Ferrer F, Woelfel I (2021) easyQuake: 
putting machine learning to work for your regional seismic net-
work or local earthquake study. Seismol Res Lett 92(1):555–563. 
https://​doi.​org/​10.​1785/​02202​00226

Ward KM, Lin FC (2017) On the viability of using autonomous three-
component nodal geophones to calculate teleseismic PS receiver 
functions with an application to Old Faithful, Yellowstone. Seis-
mol Res Lett 88(5):1268–1278. https://​doi.​org/​10.​1785/​02201​
70051

Watson et al., (n.d.)
Wech AG, Thelen WA, Thomas AM (2020) Deep long-period earth-

quakes generated by second boiling beneath Mauna Kea vol-
cano. Science 368(6492):775–779. https://​doi.​org/​10.​1126/​scien​
ce.​aba47​98

Wessel P, Luis JF, Uieda L, Scharroo R, Wobbe F, Smith WHF, Tian 
D (2019) The Generic Mapping Tools Version 6. Geochem Geo-
phys Geosyst 20(11):5556–5564. https://​doi.​org/​10.​1029/​2019G​
C0085​15

Wu SM, Ward KM, Farrell J, Lin FC, Karplus M, Smith RB (2017) 
Anatomy of Old Faithful from subsurface seismic imaging 
of the Yellowstone Upper Geyser Basin. Geophys Res Lett 
44(20):10240–10247. https://​doi.​org/​10.​1002/​2017G​L0752​55

Zandomeneghi D, Aster R, Kyle P, Barclay A, Chaput J, Knox H (2013) 
Internal structure of Erebus volcano, Antarctica imaged by high-
resolution active-source seismic tomography and coda interfer-
ometry. J Geophys Res Solid Earth 118(3):1067–1078. https://​
doi.​org/​10.​1002/​jgrb.​50073

Zandomeneghi D, Kyle P, Miller P, Snelson CM, Aster R (2010) Seis-
mic tomography of Erebus volcano, Antarctica: Eos Trans. AGU 
91(6):53–55

Zobin V (2017) Introduction to Volcanic Seismology (Third Edit). 
Elsevier

Zhu, W., Beroza, G. C. (2019). PhaseNet: A deep-neural-network-based 
seismic arrival-time picking method. Geophys J Int 216(1), 261–
273.https://​doi.​org/​10.​1093/​gji/​ggy423

26   Page 10 of 10 Bulletin of Volcanology (2022) 84: 26

http://jmlr.org/papers/v12/pedregosa11a.html
http://jmlr.org/papers/v12/pedregosa11a.html
https://doi.org/10.1016/j.jvolgeores.2020.106997
https://doi.org/10.1016/j.jvolgeores.2020.106997
https://doi.org/10.1029/2020GL090406
https://doi.org/10.1029/2020GL090406
https://doi.org/10.1038/s41586-021-03400-x
https://doi.org/10.1038/s41586-021-03400-x
https://doi.org/10.1029/2018JB016674
https://doi.org/10.1029/2018JB016674
https://doi.org/10.1016/b978-0-12-818082-2.00002-0
https://doi.org/10.1016/j.cageo.2018.12.013
https://doi.org/10.1016/j.cageo.2018.12.013
https://doi.org/10.1002/2016JB013437
https://doi.org/10.1002/2016JB013437
https://doi.org/10.1029/2011GL049336
https://doi.org/10.1029/2011GL049336
https://doi.org/10.1002/2015GL064325
https://doi.org/10.1002/2015GL064325
https://doi.org/10.1017/CBO9781139168359
https://doi.org/10.1017/CBO9781139168359
https://doi.org/10.1785/0220200419
https://doi.org/10.1002/2017JB04726
https://doi.org/10.1002/2017JB04726
https://doi.org/10.1063/1.5020004
https://doi.org/10.1063/1.5020004
https://doi.org/10.5281/zenodo.5607255
https://doi.org/10.5281/zenodo.5607255
https://doi.org/10.1029/2019gc008888
https://doi.org/10.1038/srep46094
https://doi.org/10.1785/0220200226
https://doi.org/10.1785/0220170051
https://doi.org/10.1785/0220170051
https://doi.org/10.1126/science.aba4798
https://doi.org/10.1126/science.aba4798
https://doi.org/10.1029/2019GC008515
https://doi.org/10.1029/2019GC008515
https://doi.org/10.1002/2017GL075255
https://doi.org/10.1002/jgrb.50073
https://doi.org/10.1002/jgrb.50073
https://doi.org/10.1093/gji/ggy423

	Trends in volcano seismology: 2010 to 2020 and beyond
	Abstract
	Introduction
	Illuminating the magmatic plumbing system
	Tracking magma dynamics
	Insights into near-surface processes
	Advances in computing
	New datasets
	Summary
	Acknowledgements 
	References


