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Abstract Determining whether seismicity near volcanoes is due primarily to tectonic or magmatic
processes is a challenging but critical endeavor for volcanic eruption forecasting and detection, especially
at poorly monitored volcanoes. Global statistics on the occurrence and timing of earthquakes near
volcanoes both within and outside of eruptive periods reveal patterns in eruptive seismicity that may
improve our ability to discern magmatically driven seismicity from purely tectonic seismicity. In this
paper, we catalog magnitude four and greater (M4+) earthquakes near volcanoes globally and compute
statistics on their occurrence with respect to various eruptive and volcanic attributes, evaluating their
utility as diagnostic indicators of eruptions. Using a 2-week time window and a 30 km radius around the
volcanoes, we find that 11% of eruptions are preceded by at least one M4+ earthquake, but only 1% of
such earthquakes is followed by eruption. However, earthquakes located 5–15 km from the volcano, those
with normal faulting mechanisms and/or large nondouble-couple components, and those occurring as
groups are more commonly associated with eruptions, providing significant forecasting utility in some
cases. Similarly, certain volcanoes are more likely to exhibit such precursors, such as those with long
repose periods. We illustrate the use of these data in eruption forecasting scenarios, including rapid
identification of analogous earthquake sequences at other volcanoes. When integrated within the context
of multiparametric, multidisciplinary probabilistic assessments of volcanic activity, global earthquake
statistics can improve eruption forecasts, and our work provides a model for use on other rapidly
expanding global volcanological databases.
Plain Language Summary

Magnitude four and larger (M4+) earthquakes in volcanic
regions are only rarely followed rapidly by volcanic eruptions. In fact, most such earthquakes are caused
by normal tectonic activity in the regions hosting the volcanoes. However, quickly determining the
cause of any such earthquake is difficult. In this paper, we compute statistics of M4+ earthquakes near
volcanoes globally in order to reveal patterns in the earthquake data that might be useful for improving
volcano eruption forecasting and detection. Using a 2-week time window and a 30 km radius around the
volcanoes, we find that 11% of eruptions are preceded by at least one M4+ earthquake, but only 1% of
such earthquakes is followed by eruption. However, certain kinds of M4+ earthquakes are more likely to
be directly caused by magma movement and certain kinds of volcanoes are more likely to experience these
earthquakes prior to erupting than others. Our results provide significant forecasting utility in some cases
and provide a model for future statistical analyses of other global volcano data sets, which promise to
further improve volcano eruption forecasting and detection efforts.

1. Introduction
Published 2021. This article is a U.S.
Government work and is in the public
domain in the USA.
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Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided
the original work is properly cited,
the use is non-commercial and no
modifications or adaptations are made.
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Increases in seismicity near volcanoes are frequently used to forecast eruptions worldwide. However, not
all eruptions are preceded by such increases and some eruptions occur without any detectable precursory
changes at all, complicating forecasting efforts. Depending on the characteristics of the volcano and its
monitoring network, seismic precursors to explosive eruptions can occur anywhere on the spectrum from
too subtle to detect (e.g., Fee et al., 2017) to multiple order of magnitude increases in seismic rate and energy
release (e.g., Ruppert et al., 2011). In general, eruptions at frequently active volcanoes are less likely to be
preceded by observable precursory changes in seismicity, whereas long-dormant volcanoes typically exhibit
more pronounced seismicity changes prior to large eruptions (Cameron et al., 2018; Pesicek et al., 2018;
White & McCausland, 2016, 2019). The historical and scientific literature document many cases of precursory behavior prior to explosive eruptions, including some of the largest and deadliest eruptions in history
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(Abe, 1992; Harlow et al., 1996; McNutt, 1996; Pliny the Younger, 1835; Stewart, 1820; Verbeek, 1884;
Voight, 1990; Yokoyama, 2001; Zobin, 2001).
An ultimate goal and grand challenge for volcano scientists is to provide precise and accurate predictions
of future eruptive behavior to decision-makers and to the public. Ideally, predictions could be made using
physicochemical models that incorporate observed seismic, geodetic, geochemical or other monitoring data
in real time (National Academies of Sciences, Engineering, and Medicine, 2017). Unfortunately, most current deterministic modeling efforts are far from accomplishing this at any practicable level, even at extremely well monitored volcanoes (Poland & Anderson, 2020; Sparks, 2003). Thus, eruptive activity is usually
“forecast” rather than predicted and modern forecasting efforts generally rely on probabilistic methods to
estimate the likelihood of future volcanic events based on past behavior, commonly employing Bayesian
event trees (Marzocchi et al., 2004, 2008; Newhall & Hoblitt, 2002; Newhall & Pallister, 2015).
Eruption forecasts at most of the world's volcanoes use a combination of pattern matching between evolving unrest and documented historic unrest coupled with process interpretation of monitoring data within
the context of a conceptual model (Marzocchi & Bebbington, 2012; Sandri et al., 2004; Swanson et al., 1983;
Voight et al., 1998). For any particular volcano, the pattern matching uses spatially and temporally limited data sets of analogous past behavior, either from the individual volcano in question or from some
combination of analogous volcanoes drawn from various sources (Marzocchi & Bebbington, 2012; Ogburn
et al., 2015; Tierz et al., 2019; Wright et al., 2018). Future gains in the field will come from expansion of volcano “big data,” to which data mining and statistical techniques can be better applied (Poland & Anderson,
2020, and references therein).
One of the major impediments to using probabilistic approaches for eruption forecasting is that accounts
documenting volcanic unrest, such as anomalous seismicity, tend to be “eruption-centric,” meaning that
the preponderance of published studies present eruptions and their precursory activity. Analysis of the
anomalous behavior precursory to eruptions informs us about the processes that lead into eruption and
informs our conceptual models of magmatic intrusion and eruption (e.g., Newhall & Pallister, 2015; Roman
& Cashman, 2018; Syahbana et al., 2019; White & McCausland, 2019; Wright et al., 2018). However, eruption-centric studies only inform us about unrest that is followed by a known eruption. In the parlance of
predictive analytics, these cases represent “True Positives,” where unrest (e.g., seismic anomaly) is followed
by eruption; or “False Negatives” (Type II errors), where eruptions are not preceded by unrest. Unfortunately, notable seismicity increases (or other changes in monitoring or observational data) not followed by an
eruption, referred to as “False Positives” or Type I errors, are underreported in comparison to those preceding eruption (Moran et al., 2011) with few exceptions (e.g., Benoit & McNutt, 1996). This situation results
from many innately human factors, including general public and observatory concern about eruptions, publication pressures of scientists, and limited resources of observatory staff. To go beyond the eruption-centric
focus on True Positives and more fully assess the predictive value of seismic phenomena requires more
complete statistics, including analysis of False Positives and False Negatives (Table 1).
In this study, we investigate the relation between seismicity and volcanic eruptions globally and assess the
reliability of earthquakes as predictive indicators of eruptions at various types of volcanoes. In order to
obtain truly global statistics, we focus on earthquakes large enough to be detected and cataloged by global
monitoring agencies, generally M4+ earthquakes. Although far less common near volcanoes than smaller magnitude events, M4+ earthquakes near volcanoes are alarming to local residents and authorities. In
many cases, the potential threat to the public is quite real. Multiple physical mechanisms involving stress
and pore-pressure changes explain how ascending magma can trigger such earthquakes. It is also true however, that volcanoes are located in tectonically active areas, and earthquakes near volcanoes are frequently
unrelated to magmatic processes directly. In rare circumstances, large tectonic earthquakes have also been
invoked as triggering mechanisms for eruptions (Hill et al., 2002; Linde & Sacks, 1998; Walter, 2007). However, the most convincing cases of earthquake-triggered eruptions involved earthquakes of M7 and greater;
even in these cases, large tectonic earthquakes are estimated to have triggered only small percentages of
eruptions globally in the short term (Manga & Brodsky, 2006; Nishimura, 2017; Sawi & Manga, 2018). Thus,
preeruptive earthquakes near a volcano are more likely triggered by magma intrusion than the inverse, and
eruption forecasting must rely on more observations than detection of a solitary large earthquake and its
aftershocks. Unfortunately, in poorly monitored regions without other corroborating evidence, it is often
PESICEK ET AL.
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Table 1
Abbreviations or Variables Used in Text
Abbrevation
TP

Name
True Positive

Notes
(1) Earthquake(s) followed by eruption within t
(preeruptive)
(2) Earthquake(s) during eruption (syneruptive)

FN

False Negative

Eruption lacking TP earthquake(s), also known as
Type II error

FP

False Positive

Earthquake(s) lacking eruption within t, also
known as Type I error

TPR

True Positive Rate = TP/(TP + FN)

Also known as recall or sensitivity

PPV

Positive Predictive Value = TP/(TP + FP)

Also known as precision

M

Magnitude of earthquake

Moment magnitude (Mw), except where
otherwise stated

t

Preeruptive time window, or forecast window

2 weeks, except where otherwise stated

R

Radius (km)

Initially 50, then 30, except where otherwise stated

D

Depth (km)

30, except where otherwise stated

Note. Variables are indicated by italics. The values of variables used in the analysis are given in the “Notes” column.

difficult to quickly and confidently establish a causative link between any particular earthquake and magmatic processes at a nearby volcano.
Importantly, we do not expect that M4+ earthquakes by themselves will be sufficient for providing accurate
eruption forecasts. In most cases, we expect their occurrence to better inform multidisciplinary probabilistic
forecasts (e.g., Wright et al., 2018; Syahbana et al., 2019). Successful eruption forecasting is often based on a
combination of changes in rates and characteristics of overall seismicity, including frequency changes of small
earthquakes and shifts in earthquake characteristics in the context of changes in degassing, deformation, and
other observables (e.g., Buurman et al., 2013; Chouet et al., 1994; Murray, 1992; Power & Lalla, 2010; Power
et al., 1994, 1995; Swanson et al., 1983; White & McCausland, 2016, 2019). This work is instead analogous to
that of Biggs et al. (2014), and Reath et al. (2019, 2020) who quantified the predictive strength of satellite-detected indicators of unrest at various types of volcanoes and assessed their utility for forecasting. However,
anomalous seismicity, owing to nearly ubiquitous seismic networks, is often the earliest observed precursor
to eruption, and for many remote and submarine volcanoes, global seismic networks comprise the only monitoring tool available. In this regard, these seismic networks provide the only truly global data set available
for the ergodic, pattern-matching exercises that are needed to improve future probabilistic eruption forecasts.
Thus, in this paper, we investigate the utility of publicly available earthquake data (Table 2) as a potential eruption-forecasting tool. We search for correlations between eruptive data from the Global Volcanism Program
(GVP; Global Volcanism Program, 2013) and M4+ earthquakes in the proximity of the volcanoes that might
help distinguish between tectonic and magmatically induced seismicity and we provide a framework for the
use of these data in eruption forecasting scenarios, including rapid evaluation of analogous seismic sequences
at other volcanoes. These methods are already in use at the U.S. Geological Survey (USGS) by the Volcano Disaster Assistance Program (VDAP) and we expect to apply them the next time there is an earthquake of concern
near an active volcano, especially when other monitoring data are limited.

2. Data Selection and Processing
Data used in this study come from a variety of publicly available sources (Table 2). Characteristics of volcanoes (location, composition, morphology, etc.) and eruptions (dates, VEI, repose interval, etc.) from the
GVP (GVP, 2013) are used to investigate differences between eruptions, though some categories are combined for simplicity. Although there are over 1,400 volcanoes in the GVP Holocene database, we focus on
the 870 of these with confirmed Holocene eruptions, 439 of which have erupted since 1900 (see Supporting
Information for other GVP data details). Parametric earthquake data used in this study come primarily
PESICEK ET AL.
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Table 2
Data Sources
Abbreviation

Name

Address

Reference

GVP

Global Volcanism Program

http://volcano.si.edu

GVP (2013)

ISC

International Seismological Centre

http://www.isc.ac.uk

ISC Bulletin (2017)

ComCat

Advanced National Seismic System (ANSS)
comprehensive earthquake catalog

https://earthquake.usgs.gov/earthquakes/search/

GCMT

Global Centroid Moment Tensor

http://www.globalcmt.org

JMA

Japan Meteorological Agency

http://www.data.jma.go.jp

SSN

Mexican National Seismological Service

http://www2.ssn.unam.mx:8080/catalogo

Pérez-Campos et al. (2018)

SIL

Icelandic Meteorological Office's South Iceland Lowland
network

http://hraun.vedur.is/ja/viku

Bodvarsson et al. (1996)

IGN

Spanish Instituto Geografico Nacional

http://www.ign.es/web/ign/portal/
sis-catalogo-terremotos

INGV

Italian Instituto Nazionale di Geofisica e Vulcanologia

http://cnt.rm.ingv.it/en

GNS

New Zealand Geological and Nuclear Sciences

https://www.geonet.org.nz/data/types/eq_catalogue

AVO

Alaska Volcano Observatory

https://doi.org/10.3133/sir20195037

Ekström et al. (2012)

Power et al. (2019)

from the International Seismological Centre (ISC) Bulletin (ISC Bulletin, 2017), which provides all reported
hypocenters and Moment Tensors by any agency without imposing any filtering or selection criteria. Additional hypocenter data come from the country-specific monitoring agencies listed in Table 2.
For the 870 volcanoes, we combine all available hypocenter data to produce a composite catalog of seismicity for each volcano. Our ultimate goal is to produce a catalog of historical earthquakes for each volcano
and rapidly query these catalogs for seismic sequences that are analogous to observed seismicity at restless
volcanoes. Toward this goal, we prioritize data quantity in the creation of our volcano catalogs over data
quality. That is, we do not initially exclude poorer quality data or nonuniform data. Instead, we assess the effects of seismic catalog quality, nonuniformity, and other potential data issues using sensitivity tests where
appropriate, as discussed later and further detailed in the Supporting Information. The under-monitored
status typical of most volcanoes and the short history of seismic observations compared to eruptive cycles
necessitates this type of approach.
Because individual earthquakes may be recorded by multiple agencies and several included sources also
contribute (subsets of) data to the ISC, we remove duplicate events using criteria similar to those used by
the USGS's Advanced National Seismic System (ANSS) for creation of the historic ANSS composite earthquake catalog (Table 2). Events with origin time differences of <15 s and whose locations are within 100 km
of each other are tagged as duplicate solutions. For duplicates, the reviewed ISC hypocenter is given preference if available, followed by those from country-specific monitoring agencies. To avoid subduction zone
earthquakes and other events unrelated to crustal volcanic processes, all earthquakes with depths greater
than 30 km are uniformly removed from all catalogs.
When multiple magnitude estimates are available for a given event, the magnitude is chosen hierarchically,
with moment magnitude (Mw) being preferred. When Mw is not available, body (mb) and surface (Ms)
wave magnitudes are converted to Mw using the relations provided by Lolli et al. (2014). Commonly, only
local (ml) and/or duration (Md) magnitudes are available. In such cases, ml is preferred over Md as ml is
generally coincident with Mw for events considered in this study (∼M4–6). For many events, no details of
the magnitude type are provided, and, in these cases, the magnitude is assumed to be ml. We acknowledge
that some of the assigned magnitudes using this approach may still not be strictly comparable to Mw. For
example, the relations provided by Lolli et al. (2014) are only directly applicable to magnitudes computed
by the ISC, while Md requires local calibration and is generally not well suited for larger magnitude events.
Previous studies have avoided similar issues by limiting their analyses to uniformly produced catalogs (e.g.,
Garza-Giron et al., 2018; Pesicek et al., 2018; Shuler et al., 2013a, 2013b; Vidale et al., 2006). Still others apply similar but more limited magnitude conversion strategies (e.g., Holtkamp & Brudzinski, 2011;
PESICEK ET AL.
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Holtkamp et al., 2011). In our preference for data quantity over quality, we retain all available events and
show that the effects of nonuniformly computed magnitudes on our results are minimal (Figure S1; Supporting Information).
After preprocessing the earthquake data, individual earthquakes are linked to volcanoes using specific spatiotemporal criteria. For each earthquake, we find all volcanoes within a specific radius (initially 50 km)
around the earthquake and link that earthquake to a preferred volcano according to the following criteria. If
the earthquake occurs within an eruptive period at a nearby volcano, it is assigned to that eruption and volcano. Otherwise, the earthquake is assigned to the eruption that occurs closest in time following the event,
and its associated volcano. Lag times from the earthquake to the assigned eruption are computed for each
earthquake. If no eruption has yet occurred at any volcano within the search radius following the event, the
event is assigned to the nearest volcano.
After creation of the earthquake catalogs for each volcano, we remove M < 4 earthquakes. Applying such
a cutoff within the seismic continuum, although without physical basis, makes an otherwise intractable
global analysis tractable. Global detection and location of all M4+ earthquakes nominally began in 1996
(ISC Bulletin, 2014). Although this time span is small compared to the repose periods of most volcanoes, its
global scope should provide ergodicity. However, this threshold is applied to the exclusion of events whose
magnitude uncertainty might span the threshold (see Supporting Information), and to the exclusion of the
important magmatic processes that may dominate below the M4 level. Although our current analysis is limited by this cutoff, the choice of threshold is generally flexible and later (Section 9), we discuss the broader
use of these methods.

3. Earthquake and Eruption Timing and Categorization
In this study, cases where we have linked M4+ earthquakes to eruptions using specific spatiotemporal parameters are considered to be True Positive (TP) earthquakes; these are the earthquakes traditionally considered as eruption precursors and are used in eruption-centric studies as the basis for forming conceptual
models of preeruptive processes. In order to define an earthquake as a TP (Table 1), we must choose a temporal window prior to eruption beyond which an earthquake is no longer considered to be preeruptive. The
choice of this window length is nontrivial as run-up times for well-documented eruptions vary by several
orders of magnitude (Passarelli & Brodsky, 2012); thus, the definition of this window length will inevitably
exclude some precursory events at some volcanoes and include some background seismicity at others. In
Figure 1, we illustrate the distribution of observed lag times of M4+ earthquakes in relation to eruptions.
We limit the plot to a maximum radius of 50 km from the GVP defined volcano coordinates and a maximum precursory window of 6 years White and McCausland (2016) showed that precursory TP seismicity
can occur out to 40 km or more from the volcano in some cases, and up to 6 years prior to the eruption, in
agreement with the maximum run-up time documented by Passarelli and Brodsky (2012). For these years,
increasing numbers of events occur in the weeks and months prior to eruption, with a definitive peak in
seismicity immediately preceding eruption (Figure 1a).
In order to minimize the inclusion of noneruptive events in our set of TPs, we choose a rather short 2-week
preeruptive time window (t = 14 days) for analysis, corresponding to the peak in global M4+ rates prior to
eruption (Figure 1a). A 2-week time frame is a common operational forecasting time window (e.g., Wright
et al., 2018) and in prior work, this choice optimized the identification of preeruptive seismic-rate anomalies (Pesicek et al., 2018). Later, we explore the effects of time-window length on the results and the potential run-up times for preeruptive seismicity (Section 6). Using the 2-week, preeruptive window, we divide
the earthquakes into four sets for comparison: (1) all earthquakes assigned to a volcano (volcanic); (2) those
earthquakes not occurring during an eruption nor within the preeruptive time window (noneruptive); (3)
those earthquakes occurring within the time window (t = 14 days) prior to the eruption (preeruptive); and
(4) those earthquakes occurring within defined eruption times (syneruptive; Figure 1b). Sets (2)–(4) are
nonoverlapping subsets of (1). Although uncertainty in the timing of these events can affect the categorization of specific earthquakes, in the Supporting Information we show that GVP eruption time uncertainties (generally much larger than earthquake origin time uncertainties) do not greatly affect the results
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Figure 1. Histogram (2-week bins) of 7,709 M4+ earthquakes (gray) and available Moment Tensor (MT) solutions
(blue) occurring within 50 km of the volcanoes and with depths <30 km. Lag times are relative to the eruption start
times for (a) the 6 years prior to the eruptions (preeruptive), and (b) those occurring during the eruptions (syneruptive).
Event counts peak in both plots in the 2-week bin closest to the eruption start time. Note that we categorize all 4,438
events occurring between eruption start and end times as syneruptive, even for eruptions that last longer than 1 year.
However, only syneruptive events with lags <1 year are shown in (b).

(Figures S2 and S3). Thus, in the following sections, we assess differences in the statistical features of these
sets and interpret robust features in terms of volcanic and eruptive processes.

4. True Positives: M4+ Earthquakes Preceding Eruptions
4.1. Epicenters
For the four defined sets of earthquakes, we first assess their locations relative to their assigned volcano.
Figure 2 shows the distribution of earthquake-to-volcano map distances and focal depths for the volcanic,
noneruptive, preeruptive, and syneruptive groups, plus a fifth set composed of an identically processed
representative sample of global seismicity for comparison, which contains all events housed at the ISC for
the years 2010–2015, regardless of their association with a volcano. In Figure 2, the shape of the distribution
of M4+ hypocenters as a function of distance from volcano (left) and depth (right) appears quite different
in eruptive subsets (d), (e), compared to the parent volcanic set (b). To formally quantify the statistical
significance of this difference, we apply a Monte Carlo bootstrap resampling test. For the population of N
earthquakes in a given subset, we create 1,000 random samples, each of size N, drawn from the larger parent
catalog of volcanic earthquakes and show the 10th and 90th percentiles of variations in these distributions
to illustrate the level of random variability expected solely due to subsampling of the data. When variations
in the distributions lie well outside the ranges defined by the 10th and 90th percentiles, we interpret these
as statistically significant variations.
The earthquake-to-volcano distance distributions of the preeruptive and syneruptive events show differences outside those expected due to random variability (Figure 2). The global volcanic and noneruptive sets
generally show increasing event counts with increasing distance from the volcano, as would be expected for
uniformly distributed seismicity where larger distances correspond to larger areas sampled. However, the
distribution of preeruptive M4+ earthquakes shows that the peak occurs distal to the eruptive center, from 5
to 15 km from the vent, and that the number of preeruptive events drops significantly for distances >30 km.
PESICEK ET AL.
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Figure 2. Distribution and statistical properties of M4+ hypocenters within 50 km of active volcanoes for five sets of earthquakes, as described in text: (a) a
global reference set of ∼70,000 events for the years 2010–2015, 1,721 of which are within 50 km of the volcanoes (b) all events assigned to a volcano (volcanic),
(c) those events not occurring during an eruption or within the (t = 14 days) reference preeruptive time window (noneruptive), (d) those events occurring
within the t preeruptive time window (preeruptive), and (e) those events occurring within defined eruption times (syneruptive). (c)–(e) are nonoverlapping
subsets of (b). Dark gray bars in (c)–(e) show the 10th and 90th percentiles of variations expected due to random subsampling of (b) the volcanic distribution,
as determined from the bootstrap analysis. Boxplots illustrate the medians (red), the 25th and 75th percentiles (blue), and data range (black whiskers) excluding
outliers (red +) beyond 2.7σ (∼99.3%), if any. Earthquakes with fixed depths are removed from the depth (below sea level) plots (right) for all sets, accounting
for the smaller numbers (N) in (b)–(e). For the global reference set (a), depths are shown for all global events, not just those within 50 kms of the volcanoes,
accounting for its larger N. The number of eruptions (e) represented in the preeruptive and syneruptive sets is also listed.

The syneruptive earthquakes are more widely distributed, with peaks closest to the volcano (0–5 km) and at
25–30 km. Neither of these plots shows eruptive M4+ seismicity to be mainly centered directly beneath the
GVP volcano locations. Although we cannot explicitly assess location uncertainty, normally distributed location errors are not expected to produce such patterns and known biases in teleseismic hypocenters (due to
unmodeled subducting slabs in the reference velocity models (e.g., Syracuse & Abers, 2009)) cannot explain
global patterns for all volcano types whose hypocenters are frequently constrained with local seismic data.
These epicentral observations agree well with existing models of precursory seismic energy release being
dominated by seismicity on nearby crustal faults (Coulon et al., 2017; White & McCausland, 2016, 2019),
at least for M4+ earthquakes. The results support interpretations that precursory seismicity can reflect
pressurization occurring over a broad region around the volcano, possibly triggering seismicity on nearby
faults that are already stressed and poised to fail. For such triggered M4+ earthquakes, the results provide
constraints on the distal extent of magmatic influence on seismicity in volcanic regions and emphasize the
need to consider seismicity out to at least 30 km from the active vent for eruption forecasting purposes, as
described by White and McCausland (2016). However, in some cases, seismicity out to five or more km from
the GVP location may still be proximal to an eruption site. Thus, some distal M4+ seismicity in Figure 2 may
PESICEK ET AL.
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be related to conduit opening processes whereby shear faulting and tensile fracturing above intruding magma directly induces seismicity along favorably oriented faults. Unfortunately, in this work, we are not able
to assess the effects of variable volcanic and magmatic system size and geometry, as our results reference a
single GVP location for each volcano and a constant radius.
4.2. Focal Depths
Assessing variations in the earthquake depths is more difficult, due to higher uncertainties inherent in the
determination of focal depth. In fact, many of the cataloged hypocenters are fixed at 0-km or 10-km depth
by locating agencies (Bondár & Storchak, 2011). After removing these fixed-depth solutions from all sets,
we see that the distribution of volcanic focal depths differs considerably from that of the global reference set
(Figure 2). The global set has more uniformly distributed depths with a peak at 10–15 km while the volcanic
seismicity is generally shallower. Depths of the preeruptive subset have fewer of the shallowest events but
are otherwise similar to the volcanic set. The syneruptive subset is depleted in the shallowest and deepest
events and enriched in events with depths between 10 and 20 km.
The depletion of shallow M4+ syneruptive seismicity may reflect the relaxation of shallow stresses once
the pathway for magma and gas expulsion has been established (e.g., Scandone & Malone, 1985; Thelen
et al., 2010). Although this appears true for M4+ earthquakes, we do not necessarily expect this to apply for
smaller magnitude events, which often continue throughout syneruptive periods. The relative enrichment
of deeper events in the syneruptive set may be explained by stress relaxation processes associated with
magma reservoir depletion (e.g., Buurman et al., 2013; Moran, 1994; Mori et al., 1996; Power & Lalla, 2010;
Power et al., 1994), and/or magma recharge events (e.g., Linde et al., 2016; Moran, 1994).
4.3. Aftershock and Outlier Sequences
We next assess properties of the frequency-magnitude distributions of volcanic earthquakes. Based on the
sharp dropoff in earthquakes in Figure 2 beyond 30 km from the volcano, we now limit the analysis to
events within a 30 km radius in order to further exclude noneruptive events. Figure 3 shows the 83 TP eruptions where at least one M4+ earthquake preceded the eruption within 2 weeks, along with the timing of
M4+ events within those 2 weeks for each eruption. The vast majority of these earthquakes (∼95%) occur
within 7 days of the eruption, with increasing numbers closer to eruption. In fact, the median lag for the 83
first occurring TP M4+ earthquakes is 4.2 days, indicating the general rapidity of eruption following such
earthquakes.
Figure 3 also shows that several individual eruptions have relatively high numbers of M4+ preeruptive
earthquakes (e.g., Dabbahu volcano, 2005). This raises the possibility that one or a few particularly vigorous
seismic sequences or eruptions are dominating the global statistics, potentially biasing the observed features. To investigate this possibility, we first consider whether the high numbers of preeruptive M4+ earthquakes for some eruptions result from aftershocks of a few particularly large earthquakes. Declustering the
catalogs to remove aftershocks (see Supporting Information) reduces the numbers of included earthquakes
(Figure 3) as expected but does not remove the relative temporal and spatial patterns seen in Figures 1–3
and others discussed later. It is still possible however that one or more eruptions with extremely vigorous
M4+ seismicity are biasing the overall preeruptive and syneruptive group statistics. To examine this, we
identify and remove outlier eruptions with extreme numbers of M4+ earthquakes and reexamine the statistical features of the remaining eruptions. The results (Figure S4) show that these outlier eruptions have
a notable effect on the distribution of syneruptive earthquake locations, but not the preeruptive locations.
The peak in syneruptive seismicity at 25–30-km distance (Figure 2) is not observed in the filtered data set,
as many of outliers are related to dike intrusions distal to the GVP volcano location (see Supplementary
Information). However, the syneruptive locations remain enriched in earthquakes located proximal to the
volcanoes compared to the noneruptive group.
We also investigate the aftershock productivity of the M4+ earthquakes. Anomalous b-values for swarms of
events are often reported at volcanoes and are typically interpreted as being caused by high pore pressures,
low applied stresses, or heterogeneous materials (e.g., McNutt & Roman, 2015). Studies of temporal and/or
spatial variations in b-values typically involve seismic activity well below the M4 level at densely monitored
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volcanoes (e.g., Farrell et al., 2009). In contrast, our global analysis of M4+ events is not capable of deciphering such detailed changes but may instead inform us about the deviations in aftershock productivity near
volcanoes, above the M4 level. In general, we find that aftershock productivity for M4+ events in volcanic
areas to be broadly similar to nonvolcanic areas, in agreement with other recent findings (Garza-Giron
et al., 2018), and overall the b-values for the M4+ events do not differ significantly in preeruptive or syneruptive periods compared to others (Figure S5). Thus, we find no deviations in the frequency-magnitude
distributions that might help to distinguish M4+ eruptive seismicity from tectonic seismicity.

4.4. Moment Tensors
Next, we explore aspects of the available source mechanisms in volcanic areas. Magmatic activity is often invoked
to explain earthquake Moment Tensors (MTs) that deviate from pure double-couple (DC) shear slip (e.g., Miller
et al., 1998; Shuler et al., 2013a) and are thought to result from a variety of mechanisms, including shear failure
on volcanic ring faults, tensile faulting, and fluid transport (Julian et al., 1998; Shuler et al., 2013b). However,
some percentage of the non-DC component for any single event is often attributed to data noise and/or modeling
inaccuracies. As a result, it is often difficult to attribute non-DC components in volcanic areas solely to source
process, for both the volumetric and Compensated Linear Vector Dipole (CLVD) components (e.g., Panza &
Saraò, 2000; Pesicek et al., 2012). Furthermore, individual reporting agencies use different methods to compute
their solutions and attempt to limit such effects in various ways. For example, the largest source of MT solutions
comes from the Global Centroid Moment Tensor (GCMT) project (Table 2), whose solutions are constrained to
be deviatoric. Unfortunately, this constraint limits our ability to directly investigate the volumetric components
that are commonly attributed to magmatic processes (e.g., Julian et al., 1998). However, there is a known tradeoff
between the volumetric component and vertical CLVD components for GCMTs determined by surface wave
modeling and it is impossible to constrain the relative contributions of each (Shuler et al., 2013b). Thus, although
we cannot expect to isolate the volumetric component, investigating the total non-DC component of the MTs
likely includes many volcanic volumetric source processes in addition to CLVD source processes.
For the MT analysis, we limit the volcanic catalog to those MTs within 30 km of the volcanoes in order to
better distinguish volcanic from nonvolcanic events. This cutoff is based on the sharp falloff observed in
the preeruptive events in Figure 2 at 30 km, but also on the analysis of Shuler et al. (2013a), who found that
∼90% of the GCMTs they linked to volcanic unrest fell within 30 km of their respective volcanoes. For the
MTs, we investigate several aspects of the solutions and assess the non-DC components in two ways, (1) by
overall non-DC percentage in the solution, which is regularly reported by the USGS for their rapid MT solutions (Benz, 2017) and (2) by the parameter∈, which is commonly reported in studies of non-DC MTs (e.g.,
Julian et al., 1998). The parameter ∈ provides the relative proportions of DC vs. deviatoric components in
terms of the eigenvectors of the MT. Pure DC events have ∈ = 0 while pure CLVD events have ∈ = +/-0.5.
Positive (negative) ∈ corresponds to extensional (compressional) polarity of the major dipole of the CLVD
component. Finally, we also assess the plunges of the principal axes of the solutions and categorize the MTs
by faulting type, using the method of Kagan (2005; as implemented by Álvarez-Gómez, 2014). Figures 4 and
5 illustrate the variations in these values for all MTs in each of the four volcanic populations and the global
population along with the results of the bootstrap test to validate the significance of the variations.
The results show that MTs computed in volcanic areas tend to have larger non-DC components and higher
numbers of strike-slip and normal faulting mechanisms compared to the overall global population. The
number of preeruptive MTs is small (N = 60), but the set is statistically distinguishable from the larger volcanic population. The preeruptive events are more commonly normal faulting (Figure 5) and have non-DC
components that are statistically significant at the extrema of the parameter ranges (Figure 4). Syneruptive
MTs are more numerous (N = 213), are dominated by normal faulting mechanisms, and contain higher

Figure 3. M4+ earthquakes (black x) for all 83 True Positive (TP) eruptions, defined as those eruptions that were preceded by at least one M4+ earthquake
within 30 km of the volcano and within the t = 14 days prior to the eruption. Eruptions are sorted by minimum lag time and labeled by their GVP name (except
for P-CC*, which abbreviates Puyehue-Cordon Caulle) and year of eruption. The histograms show the overall count of M4+ earthquakes per eruption and red
dots show eruption VEI (right) and counts of M4+ earthquakes per day within the 14-days window (bottom). Colored lines indicate counts of M4+ earthquakes
per day for four different declustering methods as discussed in the Supporting Information. VEI, volcanic explosivity index.
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Figure 4. Distribution and statistical properties of the nondouble-couple (non-DC) components of the MT solutions (depths ≤ 30 km). Overall percent of
nondouble-couple component (left) and the parameter ∈ (right) are computed for (a) all global crustal MTs, (b) the set within 30 km of active volcanoes, (c)
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and 90th percentiles of values expected due to random subsampling of the global (volcanic) catalog, as determined from a bootstrap analysis. See Figure 2 for
additional details. MT, Moment Tensor.

non-DC components than others over a broader range. Together, the results suggest that MTs with large
(>60%;∈ ≤ -0.3) non-DC components are the most likely to be linked to eruptive processes. Finally, we note
that these observations do not change significantly when we limit the MT catalog to those uniformly computed by the GCMT (Figures S6 and S7).
For the non-DC components, we compare our results to those of Shuler et al. (2013a), who performed a
detailed analysis of vertical CLVD type events globally near volcanoes. They recomputed GCMT solutions
for 313 volcanic earthquakes with large non-DC components and assessed their timing in relation to volcanic unrest. They suggest that vertical-T (∈ > 0.20; T-axis plunge > 60°) CLVD earthquakes generally occur
before the start of volcanic unrest while vertical-P (∈ < −0.20; P-axis plunge > 60°) CLVD earthquakes
occur after the start of volcanic unrest. Though the unrest time windows examined by Shuler et al. (2013a)
differ from our uniformly defined preeruptive time windows, we find general agreement with their results
in that our syneruptive set contains large negative ∈ values (Figure 4) and large P-axis plunges (Figure 5).
These events generally correspond to their vertical-P events, which tend to occur after their defined unrest/
eruption start times.
The presence of large non-DC components in many, but not all of the preeruptive and syneruptive earthquakes likely reflects several influencing factors. For the preeruptive events, the relative dearth of large
non-DC components is well explained by precursory seismicity triggering nearby faults that were previously tectonically loaded. These events might be expected to be dominantly shear and comprise the bulk
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of moment release in the days to weeks preceding eruptions. Earthquakes closest to the eruption onset
and immediately following eruption are more likely to directly reflect the processes of magma migration
and eruption and may exhibit larger volumetric or CLVD source processes. Those occurring later in the
eruption might reflect magma evacuation and collapse processes with complex sources that result in
higher non-DC components, such as the ring faulting favored by Shuler et al. (2013b). The dominance of
normal faulting events associated with eruptions may reflect several factors. Volcanoes commonly exist
in local extensional or transtensional stress regimes, even where located in large scale compressive subduction zones. As a result, intruding magma may preferentially trigger preexisting normal faults. Vertical
diffusion of fluids (aqueous, gaseous, and magmatic) is enhanced in areas of local extension where the
least-compressive principal stress is in the horizontal plane. Fracture meshes involving vertical and subvertical faulting are likely common in volcanic areas (Hill, 1977; Shelly et al., 2015). In addition, normal
faulting may be directly induced above inflating dikes (e.g., Belachew et al., 2013; Passarelli et al., 2015).
Finally, preferential normal faulting may also be explained by motion along dipping faults beneath the
volcanic edifice in response to stress adjustments around perturbed magmatic storage zones (e.g., Ekström, 1994; Saunders, 2000).
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5. False Negatives: Eruptions Lacking M4+ Earthquake Precursors
A primary challenge in assessing the relation between earthquakes and eruptions comes not from finding when earthquakes preceded eruptions (TPs), but rather from determining which eruptions were not
preceded by earthquakes. These False Negative (FN) cases are critical for evaluating the True Positive Rate
(TPR; Table 1) of any predictive indicator, as well as the performance of our conceptual models of eruption.
To find the FNs and compute the TPR, we must determine when earthquakes could have been detected in
association with eruptions but weren't. In other words, we must find those eruptions that had a sufficient
magnitude of completeness (Mc) to confirm a lack of earthquakes. The Mc of the reviewed ISC data is known
to vary regionally (Woessner & Wiemer, 2005) and it may not be appropriate to assume that volcanoes in
high-latitude regions, where instrument coverage is sparse, are as well monitored as those in more densely
instrumented areas. Thus, for this work, we individually estimate the Mc of each eruption using all magnitude earthquakes for each volcano.
We seek Mc estimates that accurately reflect the state of monitoring of each eruption, where conditions
range from monitoring with a dense local seismic network to having only data from global networks. To this
end, we adopted a fast, reliable, robust, and commonly used catalog-based technique that relies on the maximum curvature of the frequency-magnitude distribution, which is assumed to approximate a power-law
(Mignan, 2012; Wiemer & Wyss, 2000). Furthermore, we choose a relatively high minimum event (Nmin)
threshold (200 events) to ensure accurate estimates of Mc (Woessner & Wiemer, 2005). Finally, as maximum
curvature methods are known to underestimate Mc in some cases, we apply a correction factor of 0.2 to our
Mc threshold (e.g., Llenos & Michael, 2019; Woessner & Wiemer, 2005) and only use eruptions where the
Mc is estimated to be 3.8 or less.
We estimate the Mc of each eruption using all earthquakes within a cylindrical volume around the volcano
specified by a radius (R) and maximum depth (D) occurring in the 6 years preceding the eruption. The relatively large time window over which we compute Mc further ensures conservative Mc estimates and later
(Section 6) allows us to assess variations in the t window up to the 6-year maximum run-up time (Section 3;
Figure 1). We first attempt to estimate Mc for an eruption using those events located closest to the volcano
(R = 30 km, D = 30 km). In cases where the Nmin criterion is not met, we progressively expand R up to 50 km
until Nmin events are found. In cases where Nmin is still not met, we instead use only reviewed ISC solutions
to estimate Mc. In these cases, we use D = 70 km and a maximum radius (R) of up to 200 km from the volcano. If, after following this procedure for a given eruption, we still have not met the Nmin criterion, we assume
that the Mc is too large, and the eruption is excluded from consideration as a FN.
Using this strategy, we attempt to alleviate issues related to the composite character of the earthquake data
while retaining as many eruptions for analysis as possible. However, our conservative approach means we
are likely underestimating the true eruption FN count. However, we err on the side of excluding some sufficiently monitored eruptions rather than including insufficiently monitored eruptions, in order to ensure
that any lack of precursory earthquakes (“evidence of absence”) is not due to insufficient monitoring (“absence of evidence”). For t = 14 days, we find 645 FN eruptions where seismic monitoring was sufficient to
detect all M4+ earthquakes based on our analysis of Mc, but where none were recorded prior to the eruption
(Figure 6), including several well monitored VEI four eruptions (e.g., Budi-Santoso et al., 2013; Johnson
et al., 2010; Power et al., 1995; Sigmundsson et al., 2010) and many others where no local earthquake data
are available (e.g., those with Mc ∼ 3.5–3.8 from 2000 on).

6. Eruption True Positive Rate
Having now categorized the eruptions as either TP or FN, we compute the TPR (Table 1). The results (Figure 7) illustrate the populations of eruptions where one or more M4+ earthquakes were detected within
14 days of eruption (TP) or where they could have been detected based on our analysis of Mc (Figure 6)
but weren't (FN). The overall TPR for these eruptions indicates that 11% of sufficiently monitored eruptions globally were preceded by at least one M4+ earthquake. In addition, the results show significant
variations in TPR based on different volcano and eruption attributes derived from the GVP data. Variations
in the TPR for these subsets range from <10% to 100%, although many of the subset variations cannot
be distinguished from random subsampling of the data, as illustrated by the bootstrap results (Figure 7).
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Figure 6. Plot showing computed magnitude of completeness (Mc) vs. eruption date for 645 False Negative (FN)
eruptions. The black line shows the average Mc from the reviewed global ISC catalog (ISC Bulletin, 2017) while the red
line shows the Mc = 3.8 threshold used to assign FN eruptions. The Mc is estimated over the 6-years preeruptive period
for each eruption.

Variations in preeruptive TPR due to volcano or eruption attributes may inform us about where and under what circumstances we are more likely to observe large magnitude earthquake eruption precursors.
However, care must be taken in interpreting these variations, as the groups defined by the GVP categories
comprise overlapping subsets. Furthermore, the variations themselves depend critically on the choice of t.
It is important to note that the TPR value necessarily increases with larger t windows, reflecting the recategorization of more events from noneruptive to preeruptive. For longer t windows, TPR values may capture
more truly precursory earthquakes, but are also more affected by tectonic seismicity rates. Shorter windows
reflect seismicity temporally closer to eruptions whose source processes are more likely to be magmatic but
may not capture the complete seismic run-up sequence. Thus, although TPR always increases with t, the
variations in this increase may provide insight into both eruption run-up time variations and background
M4+ seismicity rates in different volcanic environments (Figure 8). Overall, the TPR vs. t curves resemble
asymptotic functions whose y-axis (TPR) asymptote reflects the return to the background, long-term rate of
M4+ events, while the different shapes of the curves away from the asymptote (toward t = 0) reflects their
differences in run-up times before eruption.

Figure 7. True Positive Rate (TPR; Table 1) comparing all eruptions that have at least one M4+ event within t = 14 days prior to eruption (TPs) to those
eruptions (FNs) where none were recorded, but monitoring was sufficient to record them (Mc  3.8). The TP (FN) count for each subcategory is shown at the
top of each bar in black (white). Only subcategories with at least one TP are shown. Bars are colored by attribute and include chemistry (blue), morphology
(red), crustal type (yellow), tectonic setting (purple), vent openness (green) at the time of the eruption, and VEI (cyan). Volcanic vents are defined as “open”
if the eruption occurred within 15 years of the previous eruption. The overall TPR is 12% and is shown in black. The gray vertical bars show the 10th and 90th
percentiles of the results of the bootstrap test for each subcategory, as discussed in the text. VEI, volcanic explosivity index.
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In many cases, a particular attribute is not statistically distinguishable from the overall trend, and this
gives us insight into the dominance of that attribute in the overall eruption population and TPR. For
example, the TPR vs. t curve for eruptions at subduction volcanoes is lower but statistically indistinguishable from the overall TPR curve for all t, illustrating how the total TPR is dominated by this largest of all
groups (Figure 8d). While the numbers of eruptions at intraplate and rift volcanoes are much lower than
for subduction zones, their higher TPR is statistically significant. For these curves, the lower smoothness
is a function of both seismicity rate and eruption sample size, as larger groups of eruptions in highly
seismogenic regions have the smoothest TPR curves (e.g., subduction zones). Smoother curves also imply
broader transitions (higher variability) from background rate to run-up time for these groups and thus
more difficulty distinguishing the two. In contrast to subduction zones, the TPR for intraplate eruptions
climbs more quickly with increasing t and no new TP earthquakes are identified for t > 3 years, suggesting both shorter run-up times and reduced tectonic seismicity rates, and thus higher TPR. In between
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these two are the rift type eruptions, which are fewest in number but still significantly higher in TPR than
subduction eruptions.
In general, subduction zones are highly tectonically active areas with time variable criticality. The earthquake cycle of loading, rupture, and reloading may occur over a faster time scale in subduction zones
than in intraplate and rift settings. Interestingly, remote dynamic earthquake triggering occurs more
rarely in seismically and volcanically active subduction zones in Japan and Alaska as compared to some
intraplate and extensional tectonic settings (Harrington & Brodsky, 2006; Prejean & Hill, 2018), suggesting that the subduction zone environments are poised at criticality a smaller percentage of the time.
Thus, higher stress changes may be required to trigger M4+ earthquakes in subduction zones than in
other environments. Furthermore, eruptions in rift and intraplate settings are often related to mafic dike
intrusions whereby magma injects into the surrounding country rock (e.g., Belachew et al., 2013; Neal
et al., 2018; Passarelli et al., 2015) rather than ascending through well established and preferred pathways
to central vents, which may result in large magnitude induced earthquakes. Finally, mid-ocean ridge volcanoes often locate near associated transform faults, which tend to have smaller maximum magnitudes
and shorter recurrence intervals than other tectonic environments (e.g., Boettcher & Jordan, 2004), which
would also tend to increase the TPR.
Eruptions related to mafic dike intrusions in oceanic crust may also explain other volcano and eruption
attributes that produce higher TPRs—for example, the relatively high TPR for VEI 0 eruptions. For VEI ≥ 1
eruptions, there is a correlation between VEI and TPR for small t (Figure 7), with higher TPRs for larger
VEIs. This may be expected since more explosive eruptions are more likely to have larger and more numerous seismic precursors as more work is required to move larger volumes of magma from depth to the
surface, perturbing larger regions of the tectonically stressed crust. In addition, rapidly ascending magma
can lead to rapid fluid exsolution, which can overpressurize the crust, further inducing seismicity. However,
VEI 0 eruptions are fundamentally different from VEI ≥ 1 eruptions, as the former are entirely effusive and
often occur at basaltic calderas and shield systems in oceanic crust (such as Kilauea, Hawaii, e.g.). As such,
these eruptions often also involve rapid movement of large volumes of magma through the subsurface,
often as propagating dikes.
Although eruptions with the attributes common to dike intrusions (intraplate, rift, oceanic, VEI 0,
shield) tend to have higher TPRs (and shorter run-up times) than eruptions in other settings, other
attributes produce high TPRs as well. For example, silicic volcanoes have higher TPR than both mafic
(most t) and intermediate (all t) volcanoes (Figures 7 and 8a). Many of the more evolved silicic volcanoes are calderas, which also have relatively high TPRs for larger t (Figure 8b). In addition, background M4+ seismicity rates near these volcanoes appear lower; no additional M4+ earthquakes (and
thus TPs) are added beyond t > ∼3 years. In these cases, large, highly evolved magma storage regions
frequently erupt diverse magmas from various locations with ephemeral connections to the magma
sources. These types of eruptions may also require more work to open pathways for magma expulsion.
Alternatively, overpressurized crust and the frequent inflation and deflation of many restless calderas, resulting from geothermal activity, and/or magmatic gas exsolution, may facilitate more frequent,
smaller earthquakes. Finally, many M4+ earthquakes observed in these environments are associated
with syneruptive processes (e.g., caldera collapses) rather than run-up processes and are not represented in Figures 7 and 8.
A final attribute correlating with a higher TPR is long repose periods preceding eruptions. To illustrate
the relation between repose and TPR, we classify volcanic vents as either “open” or “closed” system at the
time of eruption based upon whether the previous eruption occurred less than or greater than 15 years
before, respectively (see also Cameron et al., 2018; Pesicek et al., 2018). Eruptions at closed-system volcanoes have higher TPRs and are more commonly preceded by M4+ earthquakes than those at open-system
volcanoes (Figures 7 and 8e). This increase in TPR for closed systems is insensitive to small changes to
the 15-years criterion (10 ≤ t ≤ 20 years; Table S1) and may be underestimated, considering how the GVP
defines eruption start and stop times (see Supplementary Information). These findings are consistent
with prior work showing that larger eruptions from long-dormant systems tend to have more obvious
seismic precursors than open, frequently active systems (e.g., Cameron et al., 2018; Pesicek et al., 2018;
White & McCausland, 2019).
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7. Use in Eruption Forecasting
In the previous sections, we focused on bulk characteristics of earthquakes that precede eruption onsets
(e.g., their locations, magnitudes, MTs) and then considered how frequently different types of eruptions at
different volcanoes experience such precursors. In this section, we shift focus to uses of global earthquake
data where no association with an eruption is presumed, and where the ultimate goal is assessing the utility
of these earthquakes for eruption forecasting. This necessarily expands our analysis to include seismicity
at all volcanoes considered active, even those without monitored eruptions. That is, we now explore the occurrence of False Positive (FP) earthquakes that are NOT followed by eruption, which are rarely considered
in eruption-focused literature. When combined with other geologic and geophysical observables, such as
ground deformation, degassing, and fumarole activity, significant improvements to probabilistic eruption
forecasts can be achieved, even for M4+ earthquakes.

7.1. M4+ Earthquake Positive Predictive Value
During a seismic crisis or immediately following a large-magnitude earthquake near a remote volcano lacking local monitoring, we might want to know the probability of an eruption following the earthquake within a specific time period based on the global database of similar earthquakes. In order to compute such a
probability, we must know the prevalence of FPs. This allows us to compute the Positive Predictive Value
(PPV) of the seismic event for forecasting within the chosen time window, without regard to source process.
The PPV (Table 1) depends on the number of TPs and FPs but not FNs, and thus does not explicitly depend
on the estimation of Mc (Section 5). In order to calculate the PPV, we specifically define a FP as a t-day window in which at least one M4+ earthquake occurred without a subsequent eruption. In this sense, we are
not counting individual earthquakes per se, but time windows with earthquakes, such that t windows with
multiple M4+ earthquakes that are not followed by an eruption are only counted once.
For all M4+ earthquakes and t = 14 days, we calculate an overall PPV of 1%, illustrating that the vast
majority of such earthquakes are not rapidly followed by eruptions at nearby active volcanoes. Additional
sensitivity tests on this value show little variation in the result. For example, the PPV only increases by 0.1%
if we limit the volcano population to those with historic eruptions, rather than using the larger Holocene
population. Furthermore, variations due to specific GVP attributes of the volcano cause changes in the overall PPV value that are <1%, most of which cannot be distinguished from random subsampling of the data
(Figure S10). Similarly, applying the suite of aftershock removal methods (Section 4.2; Supporting Information) changes the overall PPV by <1%. Finally, we note that smaller radii (R) correlate with larger PPVs,
but only minimally (e.g., for R = 10 km, PPV = 2%). Thus, although M4+ earthquakes commonly precede
eruptions (Figures 1, 3, 7, and 8) the occurrence of a single M4+ earthquake by itself is a poor predictor of
subsequent eruption occurrence. However, the occurrence of distinctive types or sequences of earthquakes
can be more diagnostic. For example, preeruptive M4+ events are usually normal faulting events (Figure 5)
with high percentages of non-DC components (Figure 4) and many eruptions are preceded by multiple
M4+ earthquakes over short time periods (Figure 3). Computing the PPV for certain types or specific groups
of M4+ may be more informative for forecasting purposes.
Figure 9a illustrates the relation between the number of M4+ earthquakes that preceded the eruptions
(Figure 3), the number of similar sized sequences that did not precede eruptions (the FPs), and the resulting
PPV. In this case we use t = 7 days, which contains ∼95% of the events shown in Figure 3. Although FPs are
far more common (low PPV) when considering small numbers of M4+ earthquakes, the ratio of TPs to FPs
(and thus PPV) generally increases with increasing minimum sequence size. For example, in cases where
25 or more M4+ earthquakes occurred within a 7-days window (32 cases), an eruption followed within
7 days 19% of the time (6 TPs; 26 FPs). When at least 50 M4+ earthquakes occurred within 7 days (7 cases),
an eruption has followed twice (PPV = 29%). For the one case where >100 M4+ earthquakes occurred
within 7 days near a volcano (Dabbahu volcano, 2005; Figure 3), an eruption also followed. Although the
total number of identified cases decreases with increasing sequence size, the increasing PPV illustrates both
the increasing likelihood that the earthquakes are magmatic (beyond what would be expected for purely
tectonic sequences) and the increasing likelihood that unrest leads to eruption with higher numbers of
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Figure 9. Positive Predictive Value (PPV) vs. the count of M4+ earthquakes for t = 7 days, which contains ∼95% of the events shown in Figure 3. (a)
Histograms of True Positive (blue) and False Positives (gray) are used to compute PPV (black) for eruption TP counts shown at right in Figure 3. (b) Comparison
of PPV computed using four different declustering methods discussed in the Supporting Information.

similar-sized earthquakes. Thus, although a single M4+ earthquake is not predictive of an eruption, increasing numbers of such events provide an increasing probability of eruption in the days following.
In the computation of PPV for Figure 9a, we have not attempted to remove aftershocks from the analysis.
This is partly due to the difficulties of declustering (Section 4.2; Supporting Information), but also because
during a volcanic seismic crisis, it is usually not easy to rapidly and confidently differentiate and remove
aftershocks from sustained high seismicity rates due to magma intrusion. Moreover, when we apply these
declustering methods, the slope of the PPV trend steepens, suggesting an even stronger relation between
numbers of M4+ events and eruptions (Figure 9b).
7.2. Application
Taken together, these results further illustrate the frequent association of seismic rate increases prior to
many large eruptions, observable even at the M4+ level. The results support existing observatory practices,
as increasing numbers and energy of earthquakes leading into eruption has been a cornerstone of eruption
forecasting for decades (e.g., Tokarev, 1971). The occurrence of so many M4+ earthquakes in the few days
prior to eruption emphasizes the need to evaluate seismicity quickly to determine if the volcano is showing
other signs of unrest (such as increases in fumarolic activity, deformation, degassing, etc.). Observatories
need to determine if the earthquakes are decaying like an aftershock sequence (thus more likely tectonic),
or if they are continuing to occur in increasing numbers, implying continued pressurization, and evolution of seismicity toward more fluid-driven events (long-period events, tremor, etc.) (e.g., White & McCausland, 2019). Next, we describe two case studies illustrating these concepts in forecasting scenarios at
Kasatochi (Alaska) and Rinjani (Indonesia) volcanoes.
7.2.1. Kasatochi Volcano, Alaska, United States
On August 7, 2008, a VEI four eruption began at Kasatochi volcano in the Aleutian Islands of Alaska. In
the days prior to the eruption, a vigorous seismic swarm including >12 M4+ earthquakes (Figure 3) was
recorded and located using regional stations (Ruppert et al., 2011). Because the volcano was not locally
monitored, distinguishing whether these events had tectonic or magmatic origins was initially difficult.
However, increasing numbers and magnitudes of earthquakes with time, and ultimately, the detection of
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volcanic tremor made it clear that the activity was magmatic. The eruption was successfully forecast (Cameron et al., 2018), including forecast
of high explosivity based on high earthquake magnitudes, reaching M5.6.
7.2.2. Rinjani Volcano, Lombok, Indonesia

A more recent example comes from a vigorous seismic sequence near
Rinjani volcano in 2018. In this case, the methods and data discussed
herein were compared to USGS rapid solutions provided by the National
−8.4°
Earthquake Information Center (Benz, 2017) and the results were used
directly to frame eruption likelihood estimates during the sequence. On
2018/08/19
2018/08/05
2018/07/28
2018/08/19
July 28, 2018, an M6.4 earthquake struck ∼20 km north of Rinjani volcano at a depth of 14 km. It was followed by an M6.9 earthquake on Au−8.6°
gust 5, ∼10 km to the west at 34-km depth. Then, 13 days later an M6.3
10 km
occurred (16-km depth) ∼20-km to the northeast of Rinjani, which was
followed 10 h later by another M6.9 event at 21-km depth. All four M6+
events had MTs with characteristics of back-arc thrusting, with strikes
JUL
AUG
SEP
roughly parallel to the subduction trench (Figure 10). Non-DC components
for the four events ranged from 7% to 28%. Prior to 2018, only a
Figure 10. M4+ seismicity near Rinjani Volcano (white square), Lombok
handful of teleseismically recorded earthquakes had been reported withIsland, Indonesia in 2018. Earthquake data from the USGS ComCat
(Table 2). Moment Tensors are shown for M6+ events, as discussed in the
in 30 km of Rinjani volcano, the most recent of which was in 2005. Rintext. Dashed circle shows the 30 km radius used to associate earthquakes
jani volcano is frequently active, last erupting in 2016 and was the site of
with volcanoes.
a VEI seven eruption in 1257 A.D. Currently, over one million people live
within 30 km of the volcano and the spate of M6+ events caused over
500 fatalities and widespread destruction on Lombok Island (Supendi
et al., 2020). At Rinjani volcano, these earthquakes caused remobilization of ash and landslides, resulting in
one fatality and necessitating the rescue of 690 climbers (GVP, 2018). Although no other signs of volcanic
unrest were observed, the proximity of these large events to Rinjani, the lack of similar historical seismicity
in the area, and the potential swarm-like nature of the events all raised concerns that they could be signaling awakening of the volcano.
Immediately following the second M6.9 earthquake, we compared our volcano earthquake catalogs to rapid
earthquake solutions reported by the USGS National Earthquake Information Center (Benz, 2017) (sourced
from the USGS ComCat; Table 2). As the results of any query of the global volcano earthquake catalogs
depend critically on the parameters of the search and the exact form of the query, we explored a range of
reasonable parameters to identify analogous historical sequences near other volcanoes. We first searched
for other cases where four M6+ events occurred near a volcano (R = 30 km) over the same number of days
(t = 25) as the Rinjani events, excluding syneruptive sequences. We found only one other matching case
near Karkar volcano, Papua New Guinea in 1984. However, in the case of Karkar, the M6+ events occurred
several years after the previous eruption in 1979 and the next eruption did not occur until 2012; thus, these
earthquakes were post-eruptive, this analog is classified as a FP, and the PPV = 0. Next, we broadened the
search to explore for other possible analogs, including cases where at least two M6.5+ events were recorded
within t = 25 days of each other and within R = 50 km of a volcano. We found two additional cases, neither of which can be plausibly associated with eruptive activity, one at an unnamed volcano (GVP volcano
number: 281030) offshore Taiwan in 1951 and the other at Izu-Tobu volcano in Japan in 1923. Lowering the
magnitude threshold to M6+ identifies several additional earthquake sequences that could be potentially
associated with magmatic systems (Mammoth Mountain, 1980; Asosan, 2016; Hakoneyama, 1923; Reventador, 1987), but none of these were followed by an eruption within t = 6 months of the events (PPV = 0).
In addition, reverse faulting events like those at Rinjani are the least likely type to precede an eruption
(Figure 5) and the relatively low level of non-DC component for these events was not indicative of eruption
(Figure 4). Finally, and most importantly, there were no changes in other volcano monitoring parameters (D.
Syahbana, pers. comm.). Taken together, these observations rapidly provided an assessment that suggested
the seismicity would not be preeruptive. Later detailed analysis of the sequence using regional seismic data
supports this assessment (Supendi et al., 2020). High precision relocations of the sequence revealed three
separate regions of seismicity and support interpretations that the initial event triggered subsequent slip
on back-arc faults east and west of the August 5 M6.9, closest to Rinjani. Although it remains possible that
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8. Use in Eruption Detection
The previous section focused on the utility of M4+ earthquake occurrence for forecasting eruption onsets and excluded syneruptive events
from the PPV calculations. We extend the analyses here in order to test
the utility of M4+ earthquakes for eruption detection, which is also extremely valuable, especially for remote or submarine volcanoes.
8.1. Nondouble-Couple M4+ Earthquakes

In Section 4, we showed that preeruptive and syneruptive earthquakes
have common features that help distinguish them from noneruptive
earthquakes (Figures 2, 4, and 5) that may be useful for probabilistic
eruption detection. For example, syneruptive earthquakes often have
large non-DC components (Figure 4) that, similar to seismicity rates (Figure 9), may be useful as diagnostics indicators of eruption. Inclusion of
syneruptive MTs greatly increases the number of MTs available for consideration, allowing better statistical comparisons between sequences.
Figure 11 illustrates how we might use the full population of eruptive
MTs rapidly following a large earthquake to inform forecasts. Using the statistics of the GCMT solutions
for earthquakes within 30 km of active volcanoes and the eruption timing information, we formulate a PPV
for the percentage of non-DC component occurring during the 7-days preeruptive window (t) or a syneruptive period as defined by the eruption start and stop times. The results show that earthquakes with very
large non-DC components are much more likely to be related to an eruption than those with smaller ones.
Earthquakes with >50% non-DC component are more likely than not (PPV > 50%) to be associated with an
eruption. If an earthquake near a volcano has >90% non-DC component, the probability that the event is
associated with an eruption is quite high (PPV = ∼70%). This may be particularly useful when conditions
prevent visual confirmation of eruption onsets, such as at night, during poor atmospheric conditions, or for
submarine volcanoes.

Figure 11. Positive Predictive Value (PPV; Table 1) vs. percentage
of nondouble-couple (non-DC) component of the GCMT solutions.
Histograms of True Positive (blue) and False Positive (gray) are used to
compute PPV (black) for increasing minimum non-DC percentages. In
contrast to previous figures, TPs are defined as events within the t = 7-days
window or the syneruptive window.

8.2. Application: Mayotte Island, Comoros Islands, France
An example where these methods were applied directly for eruption detection comes from the recent seismicity near Mayotte volcano. On May 10, 2018, a seismic crisis began ∼50 km east of Mayotte Island (Cesca
et al., 2020). The sequence of events continued into early 2020 and included over 200 M4+ earthquakes,
the largest of which was an M5.9 on May 15, 2018 whose MT suggests strike-slip faulting with negligible
non-DC component (2%). A pause in activity of ∼2 months began in July, with M4+ activity resuming again
in September, farther west, closer to Mayotte Island (Figure 12). On November 11, 2018, a large monochromatic very low frequency (VLF) event lasting 20 min was recorded by stations around the world, piquing the
interest of seismologists worldwide and receiving global media coverage. No seismicity had been located by
the USGS in this area prior to May 2018. Recent analysis of available seismic and deformation data points to
the explosive birth of a new submarine volcano east of Mayotte Island (Cesca et al., 2020). However, prior to
acquisition of new bathymetric data in May 2019, confirmation of an eruption east of Mayotte was not possible, and detailed analysis of the timing of eruption with respect to the seismic sequence remains unclear.
Shortly after the 11 November VLF event, we searched our global volcano earthquake catalogs for prior seismic sequences with similar characteristics to the real-time earthquake data reported by the USGS National
Earthquake Information Center (Benz, 2017). We estimated the Mc of the real-time catalog in the area to be
4.4 and we searched for analogous sequences where at least 104 M4.4+ events had occurred over 183 days,
which corresponds to the time period between the first such event east of Mayotte and the November 11
globally recorded VLF. We found 11 matching earthquake sequences, six of which were positively associated
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Figure 12. M4+ seismicity near Mayotte Island volcano (white square), Comoros Islands, France in 2018–2019.
Earthquake data from the USGS ComCat (Table 2). All available Moment Tensors are shown, including for the largest
event (M5.9) on 15 May.

with eruptions (St. Helens volcano, 1980; East Gakkel Ridge, 1999; Miyakejima volcano, 2000; Dabbahu volcano, 2005; Bardarbunga volcano, 2015; Kilauea volcano, 2018) and five that were not (PPV = 55%).
The sequence east of Mayotte also included 19 M5+ events occurring over the course of 1 year. Using these
parameters as filters narrows the list of analogous sequences to two TP eruptions at Miyakejima volcano in
2000 and Bardarbunga volcano in 2015 (PPV = 100%). Thus, our analysis of global analog data for this level
of sustained seismicity concurs with later detailed analyses that indicate eruptive diking at Mayotte was
considerably more likely to be the cause of the earthquake swarms than purely tectonic activity. But was this
seismicity preeruptive or syneruptive? One way to search the data is by the timing of the largest magnitude
event. The PPV of a single M5.9+ event within 30 km of global volcanoes occurring within a syneruptive
period is only 6% based on prior occurrences. Similarly, the likelihood of the M5.9 event being followed by
an eruption before the large VLF event occurred (t = 181 days) is 9%. Thus, deciphering eruption timing
based solely on the single largest magnitude event, even at the ∼M6 level, is not particularly diagnostic.
However, we have shown that rates of large magnitude events can be much more diagnostic (Figure 9),
where at Mayotte there were 14 M5+ events in the first swarm over the course of ∼60 days (Figure 12).
We find eight other similar cases globally using these criteria, six of which are known to be syneruptive
(PPV = 75%). Thus, the overall high association of eruptions with similar past sequences suggests that there
is a high probability that an eruption was already underway by the start of the second swarm in September.

9. Discussion
9.1. Eruption Forecasting and Detection Using Global Earthquake Data
The global compilation of M4+ earthquakes near volcanoes has highlighted several associations between
these events and eruptive activity and allowed us to determine the global prevalence of these eruption precursors. The results in turn allow us to update and improve our conceptual models of magma intrusion and
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ascent, a goal in line with many prior eruption-centric studies. Few studies have fully quantified the prevalence of similar anomalies outside of eruptive periods (the FPs). In this study, we establish that globally, 1%
of M4+ events within 30 km of active volcanoes are followed by eruption within 2 weeks. Thus, although
common prior to eruptions, any single M4+ earthquake by itself is a poor predictor of eruptive behavior.
Determining the prevalence of these and other precursors outside of eruptive periods is critical for properly
weighing their importance within probabilistic eruption forecasts.
Although a single M4+ earthquake has low predictive value, the PPV is greatly affected by the individual
characteristics of the events and their temporal occurrence with respect to other such anomalies. For example, we have shown that larger numbers of M4+ events occurring over the forecast window increase the
PPV (Figure 9), as do larger percentages of non-DC component (Figure 11). Ultimately, the definition of the
anomaly, the chosen forecast window, and other specifics of the data and query employed determine the
value and relevance of the results. In forecasting scenarios, the users of such queries must properly evaluate
both the characteristics of importance of the anomalous activity and the associated errors and uncertainties
of the queried data. For example, the occurrence of a large, shallow, normal faulting event closely located
to a restless volcano does not necessarily imply that we should exclude strike-slip and reverse mechanism
events from analog searches of global data. In this case, the faulting type may be unique to the local stress
conditions and less important than its magnitude and shallow location beneath the active vent. Similarly,
excluding events deeper than the earthquake of interest does not account for uncertainties in focal depth,
which can be 10 km or more in many cases. These and other similar issues illustrate the susceptibility of the
query results to errors in the data and to artificial binning and filtering of phenomena that naturally occur
over a continuum.
In this study, we have conducted a variety of tests to assess the robustness of the results with respect to various parameter and binning choices and other data quality issues (see Supplementary Information). Overall,
we find the patterns and results discussed herein to be stable with respect to data quality and categorization.
None of these tests revealed significant changes in the results and in general confirm the robustness of the
statistical features revealed and thus their value to better inform conceptual models of precursory phenomena. Nevertheless, when detailed queries are used in a forecasting context to identify analog sequences or
to assess the PPV of a particular anomaly, the results of the query depend critically on its exact formulation
and the parameter choices. For simple queries with large populations of analogs, the parameters matter less.
But for more complicated queries with fewer matching sequences, the specifics of the query and data can
be critical. In these cases, it is important to fully explore the sensitivity of the results within the uncertainty
of the data in order to identify appropriate analogs. In Sections 7 and 8, we illustrated two such applications
using real-time data reported by the USGS near Rinjani and Mayotte volcanoes and explored the changes in
the results due to simple variations in the query formulation.
The analysis presented here has focused on a single indicator of unrest, defined specifically to ensure ergodicity of the results. Although useful for this global analysis, there is no technical limit to applying this
query process above or below the M4 cutoff, and we have done so in other cases where circumstances of
ongoing unrest have dictated. For real-time comparisons, the Mc of the earthquake data at the volcano of
interest is the ultimate limiter of the analog searches. For the example near Rinjani volcano (Section 7.2.2),
the earthquakes of interest were well above global real-time completeness thresholds while for those near
Mayotte volcano (Section 8.2), we estimated the Mc of the real-time data and adapted the data queries accordingly, ensuring that the results were global in scope. In contrast, using earthquake data below the nominal M4 completeness threshold of the global earthquake catalogs risks breaking the ergodic assumption, as
the results will become geographically limited to more densely instrumented regions. Nevertheless, quantitative searches such as these, even when regionally limited, provide unbiased sets of analogs for further
comparison. In the framework of a multidisciplinary probabilistic eruption forecast, the query results and
their inherent limitations (geographic and otherwise) can be properly weighed in the context of all available data from other monitoring streams. Furthermore, in volcanic crises where local data are limited, these
queries provide an important source of baseline information for forecasts of eruptive phenomena, even if
only regional. So many of the world's active volcanoes lack the necessary monitoring data over the multiple
eruptive cycles needed to build metrics for their specific eruptive behavior. Only by leveraging observations
of analogous volcanic behavior at other volcanoes, along with local data when available, can we hope to
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overcome the limited temporal span of observations at any given volcano and fully explore the range of
possible eruption scenarios and their precursors.
9.2. Future Forecasting and Detection Using Improved, Multidisciplinary Data Sets
As volcano monitoring continues to improve and databases of monitoring data (e.g., WOVOdat; Newhall
et al., 2017) expand, similar global analyses of smaller magnitude earthquakes will become more feasible, allowing us to test whether these observations may also apply to precursors occurring below our imposed M4
threshold. Previous studies using smaller magnitude earthquakes have documented clear seismic precursors prior to closed-system eruptions (e.g., Pesicek et al., 2018; White & McCausland, 2016). In other cases,
we may not always expect similar results for smaller seismic anomalies. For example, we see no statistically
significant distinction between the frequency-magnitude distributions of eruptive periods and noneruptive
periods for the M4+ catalog (Figure S4). For smaller earthquakes however, we might expect differences in
aftershock productivity, as have been observed in association with volcanic and geothermal activity (e.g.,
Farrell et al., 2009; McNutt & Roman, 2015), and hydraulic fracturing (e.g., Skoumal et al., 2015).
Importantly, the inclusion of smaller magnitude earthquakes and local seismic data (particularly in real-time) will allow for more robust analysis of other aspects of seismic unrest, including earthquake rates,
locations, types, RSAM, reduced displacement, etc., as well as seismic metrics not yet commonly tracked,
but which show potential forecasting value. For example, temporal changes in earthquake families (e.g.,
Buurman & West, 2010; Rodgers et al., 2013; Rowe et al., 2004) and seismic velocity (e.g., Bennington
et al., 2018; Brenguier et al., 2008; Machacca-Puma et al., 2019) have been observed preceding some eruptions. Although studies of these changes inform our conceptual models of intrusion and eruption, their
forecasting value is limited without more complete statistics on their overall occurrence in relation to eruptions, including analysis of their FNs and FPs. The lack of such statistics, even for the most basic monitoring
metrics, remains an impediment to improving future multidisciplinary probabilistic eruption forecasts.
To facilitate such analyses, more observatories would need to submit data from local monitoring networks
to global databases such as WOVOdat and the ISC. However, even if this were accomplished globally, significant challenges exist in the standardization of seismic unrest indicators in order for such methods to be
applied. In general, seismic metrics tracked at one volcano are not easily comparable to other volcanoes unless the metrics are standardized. This is well illustrated by the earthquake catalogs analyzed herein, where
many data issues had to be addressed in the creation of the hypocenter catalogs for each volcano (Section 2).
The development of standardized metrics and their potential utility for forecasting remains an outstanding
issue for the wider application of these statistical techniques. Although this problem appears tractable for
seismic data (e.g., Pérez et al., 2020; this study), it may be less so for other types of equally important monitoring data, including deformation, gas geochemistry, and remote sensing data, among others. As more of
these data become broadly available, similar global analyses become feasible, both individually (e.g., Biggs
et al., 2014; this study) and within the context of multiparametric statistical analyses of unrest (e.g., Reath
et al., 2020). Multidisciplinary approaches that synthesize data from multiple sources have the potential to
outperform those that rely on only one data stream.
Finally, future improvements in probabilistic eruption forecasting also require more detailed eruption chronologies. The analysis in this paper focuses on forecasting eruption onsets, largely because eruption start
and end dates are the most easily obtainable eruption chronology information available, despite their limitations (see Supplementary Information). Current efforts are underway by our group and others to establish
more detailed eruption chronologies globally, which will facilitate a more event-based statistical analysis of
monitoring data and allow for forecasting changes in eruptive size or style after an eruption has begun. For
example, with more detailed information on explosion sizes and dates during eruptions, the analysis in this
paper could be extended to intraeruptive explosions or changes in syneruptive behavior.

10. Conclusions
Global statistical analyses of eruption precursors and their variations due to volcanic and eruptive attributes
can improve conceptual models of magmatic intrusion and eruption, greatly benefiting eruption forecasts.
Statistics of global eruptive data reveal patterns that may not be obvious in more limited data sets where
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errors and uncertainties have greater effects. In this study, we have presented a framework for such efforts
by evaluating the forecasting value of M4+ earthquakes as proxies for volcanic unrest and by computing
baseline statistics on their global occurrence with respect to eruptions. We used metrics borrowed from
predictive analytics (Table 1) and applied them to global volcanic and earthquake data (Table 2) to reveal
patterns in eruptive data and to quantify their prevalence both within and outside of eruptive periods. We
have not only examined the characteristics of commonly studied preeruptive seismicity (TPs) on a global
scale, but also those eruptions without such seismicity (FNs) and earthquakes not followed by eruptions
(FPs). This examination of FNs and FPs is generally lacking in the volcanological literature. Finally, the
use of predictive indicators (e.g., PPV) on monitoring anomalies and the unbiased groups of analogs that
they provide promise to further improve future probabilistic eruption forecasts. When used during a crisis,
the queries and parameters used (e.g., Table 1) can be dynamically updated as changes in monitoring data
dictate, providing rapid quantitative assessments of similar historical volcanic activity, improving eruption
forecasts and the decisions that rely on them.
Specific conclusions from our analysis include:
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• M
 ost precursory M4+ earthquakes (TPs) occur in the few days immediately preceding eruption (Figures 1 and 3), 5–15 km from the volcanoes (Figure 2), and most commonly have normal faulting mechanisms (Figure 5) (Section 4)
• Syneruptive M4+ earthquakes tend to locate over a broad spatial area, with events often occurring
farther from the volcanic center and deeper than preeruptive seismicity (Figure 2). Syneruptive earthquakes also most commonly occur on normal faults (Figure 5), often with large non-DC components
(Figure 4) (Section 4)
• We find that 83 out of 728 total eruptions (TPR = 11%) were preceded by a M4+ earthquake within
30 km of the volcano and within 2 weeks of the eruption (Figure 7; Section 6). The median lag from the
first such earthquake to eruption is ∼4 days (Figure 3; Section 4.3)
• We find 645 FN eruptions where no M4+ precursor was recorded, yet there was monitoring adequate to
detect them (Figure 6; Section 5)
• Several types of volcanoes are correlated with higher occurrences of M4+ earthquake precursors (TPR
up to 40%) including shield volcanoes and calderas, volcanoes on oceanic crust, in rift and intraplate
settings, those with silicic and mafic lavas, and those with long repose times (Figures 7 and 8; Section 6)
• Effusive VEI 0 eruptions are frequently associated with M4+ earthquake precursors (Figures 7 and 8f).
These eruptions commonly occur at shield volcanoes in intraplate, rift, and oceanic settings, attributes
which also show higher predilection for M4+ earthquake precursors and where mafic diking is also
common (Section 6)
• For explosive eruptions (VEI ≥ 1), the occurrence of M4+ precursors increases with increasing VEI
(Figures 7 and 8f)
• Globally, 1% of M4+ earthquakes occurring within 30 km of active volcanoes are followed by an eruption
within 2 weeks (PPV = 1%) (Section 7.1). However, larger numbers of M4+ earthquakes (Figure 9) and
larger degrees of non-DC component in the MT (Figure 11) increase the PPV and can be diagnostic in
some cases

Data Availability Statement
All data used in this study are available from the data sources listed in Table 2 (http://volcano.si.edu; http://
www.isc.ac.uk; https://earthquake.usgs.gov/earthquakes/search/; https://www.globalcmt.org; http://www.
data.jma.go.jp; http://www2.ssn.unam.mx:8080/catalogo; http://hraun.vedur.is/ja/viku; http://www.ign.
es/web/ign/portal/sis-catalogo-terremotos; http://cnt.rm.ingv.it/en; https://www.geonet.org.nz/data/
types/eq_catalogue; https://doi.org/10.3133/sir20195037). The primary source of parametric earthquake
data used is the International Seismological Centre (ISC) Bulletin (ISC Bulletin, 2017).
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